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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.

The results indicate that the removal efficiency of coal ash increases initially with gas velocity, then decreases gradually as velocity exceeds
some specific value. Furthermore, the removal of coal ash enhance with silica sand size decreasing. When the fluidized bed is operated at higr
temperature, diffusion is a more important mechanism than at room temperature especially for small particles. Although the inertial impaction
is the main collection mechanism, the “bounce off” effect when the particles collide with the bed material could reduce the removal efficiency
significantly. Because of layer inversion in fluidized bed, the removal efficiency of incinerator ash is decreased with increasing of gas velocity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of moving bed resemble that of fixed bed which is developed
already[5]. Most recent study on granular bed filtration
The use of relatively fine particles as heating or cooling focused on the applications of moving bfg#8], not the
media for coarse materials in gas-solid fluidized beds hascollection mechanisms. However, the ability and mechanism
been proposed with wide applications in incineration, chemi- to remove particulates by a fluidized bed reactor were
cal, food and metallurgical processes. Due to its high heatingless studied than the fixed and moving bed. In 1970 and
value, high mass transfer and the ability of continuous 1980s, the studies of particle filtration by fluidized beds were
operating and capturing harmful material, the fluidized bed proceeded because the new type of energy production system
reactor has been gradually applied on incineration process.such as integrated gasification combined cycle (IGCC) was
In previous study, fluidized bed could control the pollutants developed. Knettig and Beeckmaf®, Doganoglu et al.
such as acid gasdd], organic compound$2,3], heavy [10] and other workers focused on the efficiency of particle
metals[2] and particulatef3,4] during incineration. filtration with different parameters mainly on superficial
Although the fixed-bed type is the most common device gas velocity, static bed height, different collector particles
for use in the granular filtration, but the moving bed and and distributor. Most of them used the particle generator to
fluidized bed have the advantages of continuous operationproduce monodispersed particles (usually abquin). The
and regeneration over fixed bed. The collection mechanismsliquid particles or collector particles coating with a non-
volatile liquid were mostly used to prevent re-entrainment
* Corresponding author. Tel.: +886 4 22852455; fax: +886 4 22862587, ©f dust in distinguishing between collection and retention
E-mail addressmywey@dragon.nchu.edu.tw (M.-Y. Wey). of dust. In 1976, Tardos et gll1] use a numerical solution
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of diffusion equation to calculate a single sphere efficiency
of small particles for a fluidized bed. Peters et [d2], E‘ O }
Ushiki and Tien[13,14]developed other simulation models
to calculate the aerosol removal, the re-entrainment were all 9
neglected to avoid complexity. Ghadiri et HI5] 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,

00
oo

:gﬂ ;
:
|
I

do
LARESA

gravitational settling and electrostatic attraction. Each Eorrrrrmy
mechanism is mainly related to the characteristics of the {
particle, collecting media and exhaust gas such as flow &l

velocity and temperature. However, particles captured by

the bed material are lost and eluted from fluidized beds in Fig. 1. Fluidized bed reactor: (1) blower; (2) flow meter; (3) fly ash feeder;

the meantime, so the exit concentration varies. The attrition (4) electrical heater; (5) thermocouples; (6) PID control; (7) fluidized bed

and elution of particles must be understood as they influencefiter: (8) sampling location; (9) induced fan.

the removal efficiency of particles. The main effects of ) )

the attrition and elutriation in fluidized beds are operating °!0Cks stapled onto an aluminum tetrahedral, insulate the
flow rate [16-22] bed temperaturél8,23} the adhesion whole facility. The bed temperature was mea§ured by a
of the particles[20,24—-27]and the bed material diameter K-type thermocouple welded on the wall and linked to a

[17,21,22,26] The parameters have influences on fluidized proportional integral derivativ.e'(PID) cor!troller to .regulat.e
bed filtration, as the elutriation of particles captured by filter € Ped temperature. The fluidized bed filter was fitted with

grains increases the exit concentration of particles. a distributor made of stainless plate with mesh #35.

Because of the potential of simultaneous removal of other
pollutants in combustion gas, the particle filtration by the 2-2. Composition of fly ash
fluidized bed reactor deserves to be investigated. The charac-
teristics of ash, filter media and treated gas are important for  The fly ash serving in the study was sampled from a coal
filtering particles by a fluidized bed. In the present work, the fired power plant and an incinerator in Taiwan. The main
fly ash from a coal fired power plant and a municipal solid chemical compositions of the coal ash and incinerator ash
waste incinerator were utilized to understand the possibility are listed inTable 1 There are large variances in the compo-
of using the fluidized bed to remove the fly ash if the fluidized Sitions of the different fly ashes. The main compositions of
bed is really applied. The evaluated parameters included (1)the coal ash are SiOAI203, CaO and FgOs, but the main
various ash (coal ash and incinerator ash); (2) bed material di-COmMpositions of the incinerator ash are CaO and.Jhe
ameter (silica sand, 600.5, 770.5, 92@r0); (3) gas velocity particle size distribution of the fly ash was analyzed with
(Us) (which correspond to flow rate of 400, 500, 600 L/min & laser-diffraction particle sizer (FRITSCH Analysette 22
at 30 C); and (4) bed temperature (36, 100, 200, 30} COMPACT, analyze range: 0.31-3004z¢#) before experi-
The particle size distributions and surface/volume diameters Ment.Figs. 2 and 3how the particle size distribution of the

(dsy) exiting the fluidized bed filter were also studied. coal ash and incinerator ash.
Table 1
. Chemical compositions of the fly ash from a coal fired power plant and
2. EXpe”mental municipal solid waste incinerator
. Compositions Coal ash Incinerator ash
2.1. Experimental apparatus ,
SiO, (%) 429 7.6
- ) . . . Al,03 (% 222 34
_ The fluidized bgq filter used in this study is illustrated Cgos(oﬂ,;) 75 358
in Fig. 1 The fluidized bed reactor was made of AISI Fe0; (%) 7.7 12
310 stainless steel. A fluidized bed filter included (1) ash MgO (%) 22 14
feeder; (2) fluidized bed with a inner diameter of 15.5¢cm K20 (%) a6 -
and a height of 80 cm; (3) electrical heaters by tetrahedral (T:'EZ(%’) f‘o 1;7

50cmx 50cm and 50cm high, and the alumina-silica



M.-Y. Wey et al. / Journal of Hazardous Materials B121 (2005) 175-181 177

100 r— 10 2.4. Analysis of simulated fly ash
9':190 9 ;\?
§ 80 ” 8 g The flue gas containing fly ash was sampled after flowing
=2 i T5 through the fluidized bed filter. The filters containing fly
B gg < 6= ash were weighed and compared with that before sampling.
E 40 i E Finally, the fly ash was scraped from the polytetrafluoroethy-
o T, . & lene filters and ar_1a|_yzed with a Iaser_-dﬁfrgctl_on partlcle sizer
% 0 T ) Tés to study the va_rlgtlon of particle size d|str|but|o.n.passmg
210 i , 0 through the fluidized bed and the removal efficiency of
3o ] 0 %’ submicron fly ash under various operating conditions.
A 5 1 5 10 50 100 500 1000
Particle size (u m)
] S 3. Results and discussion
Fig. 2. Particle size distribution of coal ash.
3.1. Removal efficiency of coal ash under various
2.3. Experimental procedure operating gas velocity

Before the experiment was processed, the inner column ' "€ minimum fluidization velocity Ym) is determined
of the fluidized bed and all apparatus were clean-up to avoid USing the formula derived by Wen and ¥28] to elucidate
error during the experiment. Then the bed material was put the influence of operating velocity on the removal efficiency.
into the fluidized bed and preheated to the setting temperature'9- 4Shows the effect of operating gas velocity on removal
of each experiment. efficiency of coal ash. The removal efficiency of coal ash

The gas flow rate (at room temperature) was set at 400’|ncreased with .the increasing of operating gas velocity be-
500, and 600 L/min. The air is supplied by a blower and tWeen 0.55 (which correspond th/Um¢ =1.4) and 0.69 m/s
an induced fan then be heated until the set temperature(Ut/Umt=1.7), then is decreased as gas velocity increases
is reached. The attrition and elutriation of bed materials P€tween 0.69 and 0.83 MI{(Ur¢ =2.0). The removal effi-
increased the concentration of coal ash. The system keep§i€ncy thatisincreased with aincreasing of gas velocity from
operating for 3h to reach a steady state before the injection0'55 to 0.69m/sis aﬁtnbuted to the'also increasing of Stol_<e S
of fly ash. The elutriation rate of the bed material is measured "Umber 89. Increasingstnumber will enhance capture effi-
and subtracted from the data of the collecting particles, CieNcy for inertial impaction of the particles. In addition, the
Then, the simulated fly ash was injected into the fluidized Inclined gas velocity improved well mixing of the bed ma-
bed at the rate of 0.83-0.93 g/min. The isokinetic sampling terial and fly ash which also increased the capture efficiency
at outlet of the fluidized bed was also started simultaneously. ©f coal ash due to the enhancement of impact. The lower
The polytetrafluoroethelene filter was renewed every 6 min €fficiency with the increasing of gas velocity between 0.69
during sampling period and was weighed by an ultramicro- and 0.83 m/s may be the fact that dust particles collided with
balance. silica sand at relatively high gas velocity then bounced off

The fluidized bed was maintained at steady state (i.e. de-On contact. The result is similar to that found by Fayed and
sired temperature and steady operating conditions) for each

run and rerun for three times at each condition. Experiments |
show good reproducibility in this study. 00 —8— 0,55 m/sec
F —8— (.69 m/sec
80 r —&— (.83 m/sec
9\190 /] 9 ;\3~ = [
= 80 /1 8 ¢ 5 60F
£ 70 7 2 5 -
=] 2 =
2 60 6 = |
2] k7]
© 50 5 © 40 F
8 a0 / 4 N I
) Y & 30 F
2% : 3 5 -
T 20 ﬁg 2 S 20 . ! \ . . L .
=] 10 H1 Y 0 ) 10 15 20 25 30
IS ¥ T e
30 ] I (= Time (min)
A 51 5 10 50 100 500 1000

Particle size (u m) Fig. 4. Effects of operating gas velocity on removal efficiency of coal ash

(sand particle size: 7705m, bed temperature: 20C, static bed height:
Fig. 3. Particle size distribution of incinerator ash. 21cm).
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Otten[29]. The efficiency due to diffusion is dependent on gas velocity increased 1.21 and 1.53 times and the viscosity
the dimensionless Peclet numb®&e), wherePe is directly increased 1.14 and 1.35 times. Therefore,Sheumber in-
proportional to operating velocity. The removal efficiency creased about 1.06 and 1.13 times respectively. The removal
for diffusion should decrease Beincrease. In addition, the  efficiency of coal ash increased with increasing of bed tem-
elutriation of fines reduces the removal efficiency of particle perature because the inertial impaction was dominant as the

filtration with an increasing of gas velocif21,27] Stnumber increased. The diffusion also raises the removal
efficiency for smaller particles. When the bed temperature

3.2. Removal efficiency of coal ash under various silica ~ increased from 200 to 30, the velocity increased 1.22

sand diameter times but viscosity increased 1.53 times,Stmumber de-

creased to 0.8 times and the removal efficiency declined. The

The effect of sand particle diameter on removal efficiency bounce off and elutriation of particles also reduced the re-
of coal ash is shown ifFig. 5. The removal efficiency of =~ moval efficiency at high temperature.
coal ash decreased with increasing of silica sand diameter
between 600.5 and 920u0n. The results are attributed to  3.4. Removal efficiency of coal ash under various
the surface area of bed material decreased with an increasingperating time
of silica sand diameter. Due to high surface area in fluidized
bed, coal ash is captured easily. Moreover, the capture of The concentration of the fines in the fluidized bed will in-
coal ash by interception and inertial impaction mechanisms crease due to accumulation and affect the capture efficiency.
is enhanced with high surface area under the same flow rateTherefore, the filtration process is rather a dynamic process
This result is similar to Lozano et d30] who found that than a steady one. A longer operating period was performed
removal efficiency of ash decreased with increasing of bed to see the influence of tim&ig. 7 depicts the removal effi-

material diameter. ciency of coal ash under various operating time. The capture

efficiency declined as operating time increased. When oper-
3.3. Removal efficiency of coal ash under various bed ating time reached 133 min, the efficiency decreased to zero
temperatures which demonstrated that the accumulation and elutriation of

the fines gradually overcame the capture of particles by the

Fig. 6 plots the effect of bed temperature on removal ef- bed material. So the regeneration and renewing of the bed ma-
ficiency of coal ash. The result revealed that the removal terial must be considered in the application of the fluidized
efficiency of coal ash increased with increasing of bed tem- bed.
perature between 36 and 200, then decreased between
200 and 300C. The influences of temperature on particle 3.5. Removal efficiency of incinerator ash under various
removal are: (1) The operating gas velocity and viscosity operating gas velocity
increase with the increasing of temperature S§mumber
varies. (2) The removal of smaller particles is enhanced with  Fig. 8 shows the effects of operating gas velocity on
the diffusion mechanism at high temperature. (3) Elutriation the removal efficiency of incinerator ash. The experimental
rate increases as the temperature increi@igs(4) Particles results revealed that increasing gas velocity resulted in
bounce off from the bed material as above mentioned. Whenthe reduction of the removal efficiency of incinerator ash.
bed temperature increased from 36 to 16&and 200°C, the Moreover, the partial of the particle removal were through

100 100
I —m 920 um | —&-36°C
90 90
L —8— 770.5 ym —8— [00°C
—h— 660.5 —&—200°C
80 i lain 80 I ——300°C
S 70t ':\ SVON
5 60 5 60
3 5 f
= 2
& sor £ 50 i
40 + 40
30 30
20 A P S S L4 ; ‘ 20 R S S T T S i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Fig. 5. Effects of sand particle diameter on removal efficiency of coal ash Fig. 6. Effects of bed temperature on removal efficiency of coal ash (flow
(flow rate: 500 L/min, bed temperature: 20D, static bed height: 21 cm). rate: 500 L/min, sand particle size: 77Q.8, static bed height: 21 cm).
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Fig. 7. Removal efficiency of coal ash under various operating time (flow Fig- 9. The layer inversion phenomenon of the incinerator ash (flow rate:
rate: 500 L/min, sand particle size: 60Q.&, bed temperature: 20C, static 500 L/min, sand particle size: 77Quin, bed temperature: 3€, static bed

bed height: 21 cm). height: 21 cm).
100 heavier than silica sand (2.6 g/8mntoo. The fluidized bed
% T changed to binary system by incinerator ash feeding and the
80 I layer inversion phenomendB2] occurred if the gas veloc-
70 b ity increased. With further increase in gas velocity, the bed
S ok may completely segregate opposite of the initial condition.
Y ol Therefore, the declined removal efficiency of incinerator ash
g with an increasing of gas velocity from 0.32 to 0.54 m/s was
s Ao because of layer inversion in fluidized beds. The existing of
30T the incinerator ash on the top surface of the bed shown in
20 f Fig. 9 elucidated the layer inversion phenomenon. The dif-
10k ference between the removal of the incinerator and coal ash
0,5 . - = . ) is mainly attributed to the different compositions of both, so

Gas velocity (m/sec) thg i.nfluence Qf physical/chemical qharacteri_stics of ash on
fluidized bed filtration needs to be discussed in advance.
Fig. 8. Effects of gas velocity on removal efficiency of incinerator ash (sand
particle size: 770.5.m, bed temperature: 3€, static bed height: 21 cm). 3.6. Variation of particle size distribution after flowing
through fluidized bed

the gas distribute plenum under gas velocity between 0.32

(15%) and 0.41m/s (11.5%) at cold-modal. However, the  Because of the outlet particle size distribution of all runs

removal by gas distribute plenum was not found for operating in the present study have similar characteristics (in bimodal

flow rate between 0.45 and 0.54 m/s. It was interesting that distribution), the surface/volume diameteds j of the outlet

the removal efficiency was noted to be zero under 0.54 m/s. particles under various operating conditions are chosen to
The influence of the gas velocity on the removal efficiency discuss.Table 2 lists the surface/volume mean diameter

of coal ash was different than that of the presence of in- (dsym) of coal ash at outlet of fluidized bed filter afdble 3

cinerator ash. This is because the density of incinerator ashlists the cumulative fraction of coal ash for different particle

(3.2 g/cn?) is heavier than coal ash (2.3 g/émand that is size. Runs 19 and 20 depict thdi{, of particles at outlet

Table 2

Surface/volume mean diametek,) of coal ash at outlet of fluidized bed reactor under various operating conditions

Run Bed temperaturéC) Gas velocity (m/s) Static bed height (cm) Particle sjzen) dsym (M) at 26—30 mif
3 36 0.55 21 770.5 3.63

11 100 0.65 21 770.5 8.27

16 200 0.69 21 920 4.37

19 200 0.69 21 770.5 4.49

20 200 0.83 21 770.5 6.39

22 200 0.69 21 600.5 5.00

28 300 1.00 21 770.5 5.13

2 Initial dsym of coal ash is 2.3um.
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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 jgm) Cumulative volume fraction (%)

Run 3 Run 11 Run 16 Run 19 Run 20 Run 22 Run 28
<1.0 555 218 447 424 313 393 396
<10.0 4296 1755 3671 3900 2400 3078 3022
<50.0 9053 6675 8613 7475 5499 9774 9116
<100.0 10000 10000 9835 10000 9430 10000 10000
<200.0 10000 10000 9934 10000 9916 10000 10000
Table 4
Surface/volume mean diametek) of incinerator ash at outlet of fluidized bed reactor under various operating conditions
Run Bed temperaturéC) Gas velocity (m/s) Static bed height (cm) Particle sjzm) dsym (wm) at 26—-30 miA
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

2 |nitial dsym of incinerator ash is 3.14m.

increased when operating velocity increased which means4. Conclusion
the particle size distribution is shifting to larger particles
exiting the fluidized bed filter. Although the mechanism of The major objective of the study focuses on the effect of
impaction is better for removing large patrticles at high veloc- characteristic of ash and filter media on filtration efficiency
ity, but the bounce off for the large particles is also enhanced during fluidized bed. The performance of the fluidized bed
since the momentum increases. Therefore, large particlesfilter for removal of particles in flue gas under various flu-
were less removed than small ones ahgy increased. idized operating conditions, and then the control mechanisms
Runs 3, 11, 20 and 28 depict the effects of operating bed of particles filtered by fluidized bed were studied. The eval-
temperatures on thesym of particles at outlet of fluidized  uated parameters included (1) various ashes (coal ash and
bed filter. Thedsym at outlet increased with an increasing incinerator ash); (2) bed material diameter; (3) gas velocity;
of operating bed temperatures between 36 and°@00 and (4) bed temperature. As above mention, the collection
When temperature increased, the diffusion raised the capturanechanism of coal ash is mainly the inertial impaction. The
efficiency for small particles. The increasing gas velocity higher gas velocity and lower bed material size enhance the
also caused the larger particles to be bounced off heavily, soeffect of impaction, the bounce off and elutriation may coun-
thedsym increased. Thésym decreased as bed temperatures teract that on the other hand. The bounce offis very important
raised from 100 to 300C. The reason is that as the gas for the particle filtration if a fluidized bed is applied. The re-
velocity was higher than some critical value, the momentum moval efficiency of filtering submicron fly ash by fluidized
of the smaller particles could increased and the bounce off at high temperature is higher than that at room temperature
increased for smaller particles. Thi,, decreased since as diffusion is important at high temperature. The distinction
the small particles exited from the fluidized bed extensively. between the characteristics of coal ash and incinerator ash
Furthermore, runs 16, 19 and 22 show the effects of silica provokes crucial variance in removing particles, so the inter-
sand diameter on removal efficiency of coal ash. @g, particle and hydrodynamic force acting on fly ash must be
increased as silica sand diameter declined, which meant theunderstood in advance.
higher removal efficiency of submicron particles.
Table 4lists thedsyn, of incinerator ash particles at out-
let of fluidized bed filter under various operating conditions. References
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