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Abstract

The phenomenon of filtering particles by a fluidized bed is complex and the parameters that affect the control efficiency of filtration have
not yet been clarified. The major objective of the study focuses on the effect of characteristics of ash and filter media on filtration efficiency
in a fluidized bed. The performance of the fluidized bed for removal of particles in flue gas at various fluidized operating conditions, and then
the mechanisms of collecting particles were studied. The evaluated parameters included (1) various ashes (coal ash and incinerator ash); (2)
bed material size; (3) operating gas velocity; and (4) bed temperature.
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The results indicate that the removal efficiency of coal ash increases initially with gas velocity, then decreases gradually as veloc
ome specific value. Furthermore, the removal of coal ash enhance with silica sand size decreasing. When the fluidized bed is ope
emperature, diffusion is a more important mechanism than at room temperature especially for small particles. Although the inertia
s the main collection mechanism, the “bounce off” effect when the particles collide with the bed material could reduce the removal
ignificantly. Because of layer inversion in fluidized bed, the removal efficiency of incinerator ash is decreased with increasing of ga
2005 Elsevier B.V. All rights reserved.
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. Introduction

The use of relatively fine particles as heating or cooling
edia for coarse materials in gas-solid fluidized beds has
een proposed with wide applications in incineration, chemi-
al, food and metallurgical processes. Due to its high heating
alue, high mass transfer and the ability of continuous
perating and capturing harmful material, the fluidized bed
eactor has been gradually applied on incineration process.
n previous study, fluidized bed could control the pollutants
uch as acid gases[1], organic compounds[2,3], heavy
etals[2] and particulates[3,4] during incineration.
Although the fixed-bed type is the most common device

or use in the granular filtration, but the moving bed and
uidized bed have the advantages of continuous operation
nd regeneration over fixed bed. The collection mechanisms

∗ Corresponding author. Tel.: +886 4 22852455; fax: +886 4 22862587.
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of moving bed resemble that of fixed bed which is develo
already [5]. Most recent study on granular bed filtrat
focused on the applications of moving bed[6–8], not the
collection mechanisms. However, the ability and mecha
to remove particulates by a fluidized bed reactor w
less studied than the fixed and moving bed. In 1970
1980s, the studies of particle filtration by fluidized beds w
proceeded because the new type of energy production s
such as integrated gasification combined cycle (IGCC)
developed. Knettig and Beeckmans[9], Doganoglu et a
[10] and other workers focused on the efficiency of par
filtration with different parameters mainly on superfic
gas velocity, static bed height, different collector parti
and distributor. Most of them used the particle generat
produce monodispersed particles (usually about 1�m). The
liquid particles or collector particles coating with a n
volatile liquid were mostly used to prevent re-entrainm
of dust in distinguishing between collection and reten
of dust. In 1976, Tardos et al.[11] use a numerical solutio
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of diffusion equation to calculate a single sphere efficiency
of small particles for a fluidized bed. Peters et al.[12],
Ushiki and Tien[13,14]developed other simulation models
to calculate the aerosol removal, the re-entrainment were all
neglected to avoid complexity. Ghadiri et al.[15] considered
the re-entrainment of the particles from the bed material
and noticed that the removal efficiency would decline
extensively. However, there are queries to apply these
results to the application of fluidized bed on the filtration of
combustion gas, especially the chemical compositions of the
fly ash are quite different from the dust used in those papers.

Using a fluidized bed filter to filtrate particles, collisions
between the particles and bed material occur initially so
particles are captured by filter grains. The collection mech-
anisms include interception, inertial impaction, diffusion,
gravitational settling and electrostatic attraction. Each
mechanism is mainly related to the characteristics of the
particle, collecting media and exhaust gas such as flow
velocity and temperature. However, particles captured by
the bed material are lost and eluted from fluidized beds in
the meantime, so the exit concentration varies. The attrition
and elution of particles must be understood as they influence
the removal efficiency of particles. The main effects of
the attrition and elutriation in fluidized beds are operating
flow rate [16–22], bed temperature[18,23], the adhesion
of the particles[20,24–27]and the bed material diameter
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Fig. 1. Fluidized bed reactor: (1) blower; (2) flow meter; (3) fly ash feeder;
(4) electrical heater; (5) thermocouples; (6) PID control; (7) fluidized bed
filter; (8) sampling location; (9) induced fan.

blocks stapled onto an aluminum tetrahedral, insulate the
whole facility. The bed temperature was measured by a
K-type thermocouple welded on the wall and linked to a
proportional integral derivative (PID) controller to regulate
the bed temperature. The fluidized bed filter was fitted with
a distributor made of stainless plate with mesh #35.

2.2. Composition of fly ash

The fly ash serving in the study was sampled from a coal
fired power plant and an incinerator in Taiwan. The main
chemical compositions of the coal ash and incinerator ash
are listed inTable 1. There are large variances in the compo-
sitions of the different fly ashes. The main compositions of
the coal ash are SiO2, Al2O3, CaO and Fe2O3, but the main
compositions of the incinerator ash are CaO and Cl−. The
particle size distribution of the fly ash was analyzed with
a laser-diffraction particle sizer (FRITSCH Analysette 22
COMPACT, analyze range: 0.31–300.74�m) before experi-
ment.Figs. 2 and 3show the particle size distribution of the
coal ash and incinerator ash.

Table 1
Chemical compositions of the fly ash from a coal fired power plant and
municipal solid waste incinerator

Compositions Coal ash Incinerator ash

S
A
C
F
M
K
T
C

17,21,22,26]. The parameters have influences on fluid
ed filtration, as the elutriation of particles captured by fi
rains increases the exit concentration of particles.

Because of the potential of simultaneous removal of o
ollutants in combustion gas, the particle filtration by
uidized bed reactor deserves to be investigated. The ch
eristics of ash, filter media and treated gas are importa
ltering particles by a fluidized bed. In the present work,
y ash from a coal fired power plant and a municipal s
aste incinerator were utilized to understand the possi
f using the fluidized bed to remove the fly ash if the fluidi
ed is really applied. The evaluated parameters include
arious ash (coal ash and incinerator ash); (2) bed mater
meter (silica sand, 600.5, 770.5, 920.0�m); (3) gas velocity
Uf ) (which correspond to flow rate of 400, 500, 600 L/m
t 30◦ C); and (4) bed temperature (36, 100, 200, 300◦ C).
he particle size distributions and surface/volume diam
dsv) exiting the fluidized bed filter were also studied.

. Experimental

.1. Experimental apparatus

The fluidized bed filter used in this study is illustra
n Fig. 1. The fluidized bed reactor was made of A
10 stainless steel. A fluidized bed filter included (1)

eeder; (2) fluidized bed with a inner diameter of 15.5
nd a height of 80 cm; (3) electrical heaters by tetrahe
0 cm× 50 cm and 50 cm high, and the alumina–si
iO2 (%) 42.9 7.6
l2O3 (%) 22.2 3.4
aO (%) 7.5 35.8
e2O3 (%) 7.7 1.2
gO (%) 2.2 1.4

2O (%) 0.6 –
iO2 (%) 1.0 –
l− (%) – 17.7
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Fig. 2. Particle size distribution of coal ash.

2.3. Experimental procedure

Before the experiment was processed, the inner column
of the fluidized bed and all apparatus were clean-up to avoid
error during the experiment. Then the bed material was put
into the fluidized bed and preheated to the setting temperature
of each experiment.

The gas flow rate (at room temperature) was set at 400,
500, and 600 L/min. The air is supplied by a blower and
an induced fan then be heated until the set temperature
is reached. The attrition and elutriation of bed materials
increased the concentration of coal ash. The system keeps
operating for 3 h to reach a steady state before the injection
of fly ash. The elutriation rate of the bed material is measured
and subtracted from the data of the collecting particles.
Then, the simulated fly ash was injected into the fluidized
bed at the rate of 0.83–0.93 g/min. The isokinetic sampling
at outlet of the fluidized bed was also started simultaneously.
The polytetrafluoroethelene filter was renewed every 6 min
during sampling period and was weighed by an ultramicro-
balance.

The fluidized bed was maintained at steady state (i.e. de-
sired temperature and steady operating conditions) for each
run and rerun for three times at each condition. Experiments
show good reproducibility in this study.

2.4. Analysis of simulated fly ash

The flue gas containing fly ash was sampled after flowing
through the fluidized bed filter. The filters containing fly
ash were weighed and compared with that before sampling.
Finally, the fly ash was scraped from the polytetrafluoroethy-
lene filters and analyzed with a laser-diffraction particle sizer
to study the variation of particle size distribution passing
through the fluidized bed and the removal efficiency of
submicron fly ash under various operating conditions.

3. Results and discussion

3.1. Removal efficiency of coal ash under various
operating gas velocity

The minimum fluidization velocity (Umf) is determined
using the formula derived by Wen and Yu[28] to elucidate
the influence of operating velocity on the removal efficiency.
Fig. 4shows the effect of operating gas velocity on removal
efficiency of coal ash. The removal efficiency of coal ash
increased with the increasing of operating gas velocity be-
tween 0.55 (which correspond toUf /Umf = 1.4) and 0.69 m/s
(Uf /Umf = 1.7), then is decreased as gas velocity increases
between 0.69 and 0.83 m/s (U /U = 2.0). The removal effi-
c rom
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Fig. 3. Particle size distribution of incinerator ash.
f mf
iency that is increased with a increasing of gas velocity f
.55 to 0.69 m/s is attributed to the also increasing of Sto
umber (St). IncreasingStnumber will enhance capture e
iency for inertial impaction of the particles. In addition,

nclined gas velocity improved well mixing of the bed m
erial and fly ash which also increased the capture effici
f coal ash due to the enhancement of impact. The l
fficiency with the increasing of gas velocity between 0
nd 0.83 m/s may be the fact that dust particles collided
ilica sand at relatively high gas velocity then bounced
n contact. The result is similar to that found by Fayed

ig. 4. Effects of operating gas velocity on removal efficiency of coa
sand particle size: 770.5�m, bed temperature: 200◦C, static bed heigh
1 cm).
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Otten[29]. The efficiency due to diffusion is dependent on
the dimensionless Peclet number (Pe), wherePe is directly
proportional to operating velocity. The removal efficiency
for diffusion should decrease asPe increase. In addition, the
elutriation of fines reduces the removal efficiency of particle
filtration with an increasing of gas velocity[21,27].

3.2. Removal efficiency of coal ash under various silica
sand diameter

The effect of sand particle diameter on removal efficiency
of coal ash is shown inFig. 5. The removal efficiency of
coal ash decreased with increasing of silica sand diameter
between 600.5 and 920.0�m. The results are attributed to
the surface area of bed material decreased with an increasing
of silica sand diameter. Due to high surface area in fluidized
bed, coal ash is captured easily. Moreover, the capture of
coal ash by interception and inertial impaction mechanisms
is enhanced with high surface area under the same flow rate.
This result is similar to Lozano et al.[30] who found that
removal efficiency of ash decreased with increasing of bed
material diameter.

3.3. Removal efficiency of coal ash under various bed
temperatures
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gas velocity increased 1.21 and 1.53 times and the viscosity
increased 1.14 and 1.35 times. Therefore, theStnumber in-
creased about 1.06 and 1.13 times respectively. The removal
efficiency of coal ash increased with increasing of bed tem-
perature because the inertial impaction was dominant as the
Stnumber increased. The diffusion also raises the removal
efficiency for smaller particles. When the bed temperature
increased from 200 to 300◦C, the velocity increased 1.22
times but viscosity increased 1.53 times, soSt number de-
creased to 0.8 times and the removal efficiency declined. The
bounce off and elutriation of particles also reduced the re-
moval efficiency at high temperature.

3.4. Removal efficiency of coal ash under various
operating time

The concentration of the fines in the fluidized bed will in-
crease due to accumulation and affect the capture efficiency.
Therefore, the filtration process is rather a dynamic process
than a steady one. A longer operating period was performed
to see the influence of time.Fig. 7 depicts the removal effi-
ciency of coal ash under various operating time. The capture
efficiency declined as operating time increased. When oper-
ating time reached 133 min, the efficiency decreased to zero
which demonstrated that the accumulation and elutriation of
t y the
b d ma-
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b
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Fig. 6 plots the effect of bed temperature on remova
ciency of coal ash. The result revealed that the rem
fficiency of coal ash increased with increasing of bed
erature between 36 and 200◦C, then decreased betwe
00 and 300◦C. The influences of temperature on part
emoval are: (1) The operating gas velocity and visco
ncrease with the increasing of temperature, soSt number
aries. (2) The removal of smaller particles is enhanced
he diffusion mechanism at high temperature. (3) Elutria
ate increases as the temperature increases[31]. (4) Particles
ounce off from the bed material as above mentioned. W
ed temperature increased from 36 to 100◦C and 200◦C, the

ig. 5. Effects of sand particle diameter on removal efficiency of coa
flow rate: 500 L/min, bed temperature: 200◦C, static bed height: 21 cm)
he fines gradually overcame the capture of particles b
ed material. So the regeneration and renewing of the be

erial must be considered in the application of the fluid
ed.

.5. Removal efficiency of incinerator ash under variou
perating gas velocity

Fig. 8 shows the effects of operating gas velocity
he removal efficiency of incinerator ash. The experime
esults revealed that increasing gas velocity resulte
he reduction of the removal efficiency of incinerator a
oreover, the partial of the particle removal were thro

ig. 6. Effects of bed temperature on removal efficiency of coal ash
ate: 500 L/min, sand particle size: 770.5�m, static bed height: 21 cm).
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Fig. 7. Removal efficiency of coal ash under various operating time (flow
rate: 500 L/min, sand particle size: 600.5�m, bed temperature: 200◦C, static
bed height: 21 cm).

Fig. 8. Effects of gas velocity on removal efficiency of incinerator ash (sand
particle size: 770.5�m, bed temperature: 36◦C, static bed height: 21 cm).

the gas distribute plenum under gas velocity between 0.32
(15%) and 0.41 m/s (11.5%) at cold-modal. However, the
removal by gas distribute plenum was not found for operating
flow rate between 0.45 and 0.54 m/s. It was interesting that
the removal efficiency was noted to be zero under 0.54 m/s.

The influence of the gas velocity on the removal efficiency
of coal ash was different than that of the presence of in-
cinerator ash. This is because the density of incinerator ash
(3.2 g/cm3) is heavier than coal ash (2.3 g/cm3), and that is

Fig. 9. The layer inversion phenomenon of the incinerator ash (flow rate:
500 L/min, sand particle size: 770.5�m, bed temperature: 36◦C, static bed
height: 21 cm).

heavier than silica sand (2.6 g/cm3), too. The fluidized bed
changed to binary system by incinerator ash feeding and the
layer inversion phenomenon[32] occurred if the gas veloc-
ity increased. With further increase in gas velocity, the bed
may completely segregate opposite of the initial condition.
Therefore, the declined removal efficiency of incinerator ash
with an increasing of gas velocity from 0.32 to 0.54 m/s was
because of layer inversion in fluidized beds. The existing of
the incinerator ash on the top surface of the bed shown in
Fig. 9 elucidated the layer inversion phenomenon. The dif-
ference between the removal of the incinerator and coal ash
is mainly attributed to the different compositions of both, so
the influence of physical/chemical characteristics of ash on
fluidized bed filtration needs to be discussed in advance.

3.6. Variation of particle size distribution after flowing
through fluidized bed

Because of the outlet particle size distribution of all runs
in the present study have similar characteristics (in bimodal
distribution), the surface/volume diameters (dsv) of the outlet
particles under various operating conditions are chosen to
discuss.Table 2 lists the surface/volume mean diameter
(dsvm) of coal ash at outlet of fluidized bed filter andTable 3
lists the cumulative fraction of coal ash for different particle
s t

Table 2
Surface/volume mean diameter (dsvm) of coal ash at outlet of fluidized bed reac

Run Bed temperature (◦C) Gas velocity (m/s) Static b

3 36 0.55 21
11 100 0.65 21
16 200 0.69 21
19 200 0.69 21
20 200 0.83 21
22 200 0.69 21
28 300 1.00 21

a Initial dsvm of coal ash is 2.31�m.
ize. Runs 19 and 20 depict thatdsvm of particles at outle

tor under various operating conditions

ed height (cm) Particle size (�m) dsvm (�m) at 26–30 mina

770.5 3.63
770.5 8.27
920 4.37
770.5 4.49
770.5 6.39
600.5 5.00
770.5 5.13
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Table 3
Cumulative fraction of coal ash (by volume) with various particle size at outlet of fluidized bed reactor under various operating conditions

Particle size (�m) Cumulative volume fraction (%)

Run 3 Run 11 Run 16 Run 19 Run 20 Run 22 Run 28

<1.0 5.55 2.18 4.47 4.24 3.13 3.93 3.96
<10.0 42.96 17.55 36.71 39.00 24.00 30.78 30.22
<50.0 90.53 66.75 86.13 74.75 54.99 97.74 91.16
<100.0 100.00 100.00 98.35 100.00 94.30 100.00 100.00
<200.0 100.00 100.00 99.34 100.00 99.16 100.00 100.00

Table 4
Surface/volume mean diameter (dsvm) of incinerator ash at outlet of fluidized bed reactor under various operating conditions

Run Bed temperature (◦C) Gas velocity (m/s) Static bed height (cm) Particle size (�m) dsvm (�m) at 26–30 mina

58 100 0.38 21 920.0 38.80
60 100 0.49 21 920.0 33.27
61 100 0.54 21 920.0 18.81
62 100 0.65 21 920.0 14.13

a Initial dsvm of incinerator ash is 3.14�m.

increased when operating velocity increased which means
the particle size distribution is shifting to larger particles
exiting the fluidized bed filter. Although the mechanism of
impaction is better for removing large particles at high veloc-
ity, but the bounce off for the large particles is also enhanced
since the momentum increases. Therefore, large particles
were less removed than small ones anddsvm increased.
Runs 3, 11, 20 and 28 depict the effects of operating bed
temperatures on thedsvm of particles at outlet of fluidized
bed filter. Thedsvm at outlet increased with an increasing
of operating bed temperatures between 36 and 100◦C.
When temperature increased, the diffusion raised the capture
efficiency for small particles. The increasing gas velocity
also caused the larger particles to be bounced off heavily, so
thedsvm increased. Thedsvm decreased as bed temperatures
raised from 100 to 300◦C. The reason is that as the gas
velocity was higher than some critical value, the momentum
of the smaller particles could increased and the bounce off
increased for smaller particles. Thedsvm decreased since
the small particles exited from the fluidized bed extensively.
Furthermore, runs 16, 19 and 22 show the effects of silica
sand diameter on removal efficiency of coal ash. Thedsvm
increased as silica sand diameter declined, which meant the
higher removal efficiency of submicron particles.

Table 4lists thedsvm of incinerator ash particles at out-
let of fluidized bed filter under various operating conditions.
R ty on
t gas
v th
t e re-
m
d ated
s as
v itial
d r
t s
h

4. Conclusion

The major objective of the study focuses on the effect of
characteristic of ash and filter media on filtration efficiency
during fluidized bed. The performance of the fluidized bed
filter for removal of particles in flue gas under various flu-
idized operating conditions, and then the control mechanisms
of particles filtered by fluidized bed were studied. The eval-
uated parameters included (1) various ashes (coal ash and
incinerator ash); (2) bed material diameter; (3) gas velocity;
and (4) bed temperature. As above mention, the collection
mechanism of coal ash is mainly the inertial impaction. The
higher gas velocity and lower bed material size enhance the
effect of impaction, the bounce off and elutriation may coun-
teract that on the other hand. The bounce off is very important
for the particle filtration if a fluidized bed is applied. The re-
moval efficiency of filtering submicron fly ash by fluidized
at high temperature is higher than that at room temperature
as diffusion is important at high temperature. The distinction
between the characteristics of coal ash and incinerator ash
provokes crucial variance in removing particles, so the inter-
particle and hydrodynamic force acting on fly ash must be
understood in advance.
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ths,
uns 58, 60, 61 and 62 depict the influence of gas veloci
hedsvm. The results indicated that the higher operating
elocity decreased thedsvm at outlet which contradicted wi
he conclusion of coal ash. The segregation existed in th
oval of incinerator ash, thereafter the variations ofdsvm are
ifferent to that of coal ash. The small particles are elutri
trongly by segregation since thedsvmdeclined sharply as g
elocity increased from 0.38 to 0.65 m/s. Due to the in
svm of incinerator ash in the inlet is 3.14�m, much lowe
han all conditions inTable 4, the fluidized bed filter seem
as high removal efficiency for submicron particles.
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