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Abstract—This study investigated the effects of high temperature and combustion conditions on the attrition of
fluidized material in a fluidized bed. Silica sand was fluidized in air at an atmospheric pressure between 873 K and
1,073 K. The operating parameters evaluated in investigating the attrition rate of fluidized material included particle
size, temperature and both combustion and non-combustion conditions. Experimental results indicated that the total
weight of attrition increased with increasing temperature and decreased with increasing particle size. The attrition was
higher during the initial fluidization period than the later period, due to the loss of sharp corners and edges of the
attrition particles. The initial and final attrition rates during combustion were higher than those in the non-combustion
condition, because the heat and thermal shock were produced to increase attrition rate during incineration. Comparing
the experimental data with previous correlations, that reveals a significant level of error in the prediction results from
existing correlations. This error may occur because the experimental equations neglected the operating temperature
and patrticle size.
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INTRODUCTION followed. Meanwhile, the ignition and burning of plastic produced
a thermal shock that caused patrticle attrition. Chirone et al. [1985]
The fluidized bed incinerator is the most widespread owing toand Halder and Basu [1992] pointed out the attrition rate increased
advantages including good solid mixing, high heat transfer, largewvhen the combustion and attrition exist simultaneously for carbon
contact surface area [Jang et al., 2002] and so on. Accordingly, flueombustion. However, the effect of gas expansion of ignition and
idized beds have been used in several industrial processes, suchtasrmal shock on attrition rate had rarely been investigated.
combustion [Han et al., 1999; Gu et al., 2002], gasification [Ko et Previous investigations of solid attrition have focused on various
al., 2001; Lee et al., 2002], drying [Choi et al., 2002], coating [Kageoperating parameters. Vaux and Schruben [1978], Lin et al. [1980],
et al., 1999] and others. But the attrition/elutriation of bed materialShamlou et al. [1990] and Park et al. [2000] found the attrition rate
is associated with various problems in industrial processing or wast® be a function of excess gas velocity and increase with gas veloc-
incineration. Attrition increases the number of particles and reduceiy. Finally, Wu et al. [1999] used silica sand as a fluidized mate-
particle size, which may affect reactor performance, fluidizing prop-rial, and showed that particle attrition increased with bed weight.
erties, fly ash generation, operating stability and operating costs. Fin€his phenomenon may occur because of the increased pressure fluc-
particles, produced by attrition, are carried out of the combustiortuations in deeper beds during slugging. Additionally, particle attri-
chamber with the flue gas, which increases the load of air pollutiortion increased with reducing average particle size due to smaller
control devices. particles representing a larger number of particles for the same weight
Many previous researches studied the attrition rate of fluidizedbasis and having a larger surface area, which increased the proba-
materials. Particle properties such as porosity, size, hardness, debility of collision [Ray and Jiang, 1987; Wu et al., 1999]. To predict
sity, surface, and shape influence the attrition rate [Lee et al., 1993}he particle attrition rate, previous studies collected their experimen-
while the operating environment is also an important influence. Ulertal data to develop empirical correlations in different operating condi-
ich et al. [1980], Vaux and Fellers [1981] and Shamlou et al. [1990}ions, as listed in Table 1 [Gwyn, 1969; Merrick and Highley, 1974;
indicated that several mechanisms were responsible for attrition ofin et al., 1980; Wu et al., 1999; Kono, 1981; Halder and Basu, 1992;
the fluidized bed, including chemical stress (chemical reactions orCook et al., 1996; Park et al., 2000]. However, most correlations
the particle surface), thermal stress (unequal temperature and heatere performed at room temperature, despite the fact that most flu-
ing/cooling caused by uneven expansion), kinetic stress (the colliidized applications are conducted at high temperature (for exam-
sion of slow-moving or fast-moving particles) and static stress (parple: solid waste incineration, coal gasification and so on). How-
ticle gravity). Arena et al. [1983] and Chirone et al. [1985] indicated ever, the effect of high temperature and combustion condition on
that particle sizes were reduced not only by the fluid-dynamic butattrition rate had rarely been investigated.
also by thermal shock and combustion. Wey and Chang [1995] de- This investigation focused on further assessing the effects of high
monstrated that plastic was gasified first, and ignition and burningemperature incineration on the attrition rate of fluidized materials.
Fluidization studies were conducted over a temperature range of
To whom correspondence should be addressed. 873-1,073 K, and patrticle attrition was measured during combus-
E-mail: mywey@dragon.nchu.edu.tw tion or non-combustion conditions. The experimental results will
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Table 1. Predicted equations of previous researches

Author Operating conditions Attrition rate equation Patricle
Gwyn [1969] *Particle size (51-260m) R =K, xmxt™ 'xW m=0.46 Silica sand
*Room temperature K,=4.47x10>-1.35x10°
Merrick and  *Gas velocity (0.6-2.4 m/s) R, =K. % (U =Un) XW K,=4.54x10>-0.015 Limestone
Highely  *Bed height (0.6-1.2 m)
[1974] *Particle size (1,587-3,17%m)
Lin et al. *Particle size (37-125m) R.=4.683x 10°xexp[0.00162( Y—U,)] xW Carbon
[1980] *Gas velocity (0.1-0.3 m/s)
Kono [1981] *Particle size (970-4,0¢0n) R, =2.43x 10°xp,x U xD{"**xW ForU<3.6 m/s Silica sand
*UM 1 (1.5-5) R, =8.85x 10°xp,x U’ xD{**xW ForU>3.6 m/s

*Temperature (298-777 K)
*Bed diameter (0.1-1.79 m)
Halder and * Gas velocity (1.7-3.77 m/s)
Basu [1992FTemperature (300, 1,073 K)
*Sand size (212-358m)

R =K.UW/d,

K,=2.57-4.8x10 combustion Carbon
K,=0.03-0.05x10 absence
combustion condition

Cooketal. *Gas velocity (1.54-5.0m/s) R, =K,xexp ~E./(Uy ~U,)°] xW E.=3.969x10° kg-m/kg, K, Lime
[1996] *Particle size (903, 1,764m) =2.89x10°s*
Wu et al. *Particle size (195-42im) R =KX Uo(Up ~Un) xW/(gx d.,) K,=7.4x10°s* Silica sand
[1999] *Nozzle size (0.003-0.005m) R, =K oXUyx(Qg/A)xW K ,=2.5x10" s/nt
*Superficial velocity (0.4-1.1 m/s)
Parketal. *Particle size (1,400-1,700m) R,=0.01443% Y-U,)W —142.91 Alumina
[2000]  *U-U,,(0.05-0.5 m/s)

*Bed height (0.11-0.25 m)
*Bed weight (0.6-1.4 kg)

be integrated to provide valuable information for selection fluid- bubbling fluidized bed, comprised of a preheated chamber (length
ized materials and operating fluidized bed at high temperature anf.5 m), a main chamber (height 1.1 m) with an inner diameter of
combustion condition. The adequate design and operating will n00.09 m, and an expansion section (height 1.0 m) with an inner diam-
only reduce the fly ash but also decrease the investment of air pokter of 0.25 m. The reactor was constructed of 0.003 m thick stain-

lution control drives.

EXPERIMENTAL

Fig. 1 illustrates the experimental apparatus. The reactor was

Fig. 1. The bubble fluidized bed incinerator.
1. PID controller 7. Electric resistance

2. Blower 8. Solid bed

3. Flow meter 9. Thermocouple
4. Preheater chamber 10. Cyclone

5. Feeder 11. Bag filter

6. U manometer 12. Induced fan
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less steel (AISI 310), and was equipped with a stainless steel po-
rous plate that had a 15% open area to provide gas distribution. The
facility was surrounded by electric resistance and packed with ce-
ramic fibers to insulate heat loss. Three thermocouples were used
0 measure the temperature profile in the preheated chamber, sand
bed, and freeboard chamber. The temperature was controlled by a
PID controller. Two cyclones were connected to a bag filter to col-
lect the elutriation particles. Silica sand was used as the bed mate-
rial, and had an almost constant density for all size=/600 kg/

m?). Three particle sizes (545, 770 and 1095 were prepared

by sieve analysis. The height of the static bed was 0.2 m (H/D=2).
The experiment was conducted at atmospheric pressure.

The temperature was controlled at 873, 973 and 1,073 K, and
three types of particle size were studied (545, 770 and [1n0P5
The operating time was controlled from 0 sec to 14,400 sec. Poly-
propylene (PP) was selected to simulate waste combustion to under-
stand the effect of thermal shock on the attrition of bed materials.
The particle size and density of PP was 0.003 m and 0.98 kg/m
individually. Table 2 listed the operating parameters of this experi-
ment.

Before experiments, the operating conditions were checked. When
the temperature was controlled at 873 K, the combustion phenom-
enon of polypropylene (PP) was observed from the top of appara-
tus. The ignition and combustion flame were observed during com-
bustion. After checking these conditions, we began the formal ex-
periments. The experimental procedure started with preheating the
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Table 2. The operating conditions for each experiment

Run  Temperature (K)  Particle sizenq) Gas velocity (m/s) Static bed height (m) Waste Operating time (sec)

1 873 770 0.176 0.2 No 0-14,400
2 973 770 0.176 0.2 No 0-14,400
3 1,073 770 0.176 0.2 No 0-14,400
4 1,073 545 0.176 0.2 No 0-14,400
5 1,073 770 0.176 0.2 No 0-14,400
6 1,073 1,095 0.176 0.2 No 0-14,400
7 873 770 0.176 0.2 PP 0-14,400
8 973 770 0.176 0.2 PP 0-14,400
9 1,073 770 0.176 0.2 PP 0-14,400
10 1,073 545 0.176 0.2 PP 0-14,400
11 1,073 770 0.176 0.2 PP 0-14,400
12 1,073 1,095 0.176 0.2 PP 0-14,400

solid bed to the operating temperature, after which air was passdgd981] and Chu et al. [2000]. After 14,400 sec, the residual bed ma-
through preheated chamber to increase the temperature. The mirterials were sieved to analyze the particle size distribution.

mum fluidization velocity was determined by tye-versus-{ di- 1. Estimation of the Attrition Rate of Solids

agram. The PP was fed into the incinerator by a feeder at a rate of According to a previous study [Wu and Chu, 1998], the mate-
1.4x10%kg per 20 s. The thermocouples send a feedback signal afial balance for fine particles was as follows:

temperature in the chamber to the PID controller. The PID control-
ler maintains the experimental temperature by controlling the elec-
tric resistance. Additionally, during combustion, the combustion _ + AW

plastic releases enough combustion heat to maintain the experimen-~ *™ ~Famo T @
tal temperature, and the PID gontro'ller is used only to raise the tem- Solving the above equation gives the weight of fines in the bed
perature before experimentation. Fig. 2 shows the temperature pro- ! !

: ) ; . as a function of time
file of combustion and non-combustion conditions. After the prede-

termined operating time (initially the incinerator was stopped every :Fﬂm[ 1—g Ko
600 sec, then after 1,800 sec it was stopped every 1,800 sec), the ™ ™ K
incinerator was stopped and cooled for 25,200 sec. When the incin-
erator cooled to room temperature, the residual bed materials were
collected and elutriation particles were also collected by the cyclones total carryover=(initially in bed)+(flow in from t=6)in bed at time t)

and bag filter. The residual bed materials were weighed, put into Rearranging the above equation gives the fines in the carmyover
the bed, and the above steps repeated. The total operating time w;

14,400 sec. The attrition rate was assumed to be the same as e
elutriation rate because the terminal velocity of the particles always
exceeded the superficial gas velocity in this experiment. This assump-
tion was used in previous studies by Ray and Jiang [1987], Kono

(Initial input, actual generation)=Output+Accumulation

] +W0(f|ne)e7Kmna‘ (2)

The total carryover balance of fines

= Fo fi ~Kinet
W(ﬂne in carryove) _|:W0(ﬁne) - K e :| ml_e e ] -'—':O(ﬁne)t (3)
(fine)

K ingry Wogng @Nd By @re unknowns, and can be found by using

0.1
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combustion 0.09
,,,,,,, - non-combusti ~ 0.08
1090 non-combustion C)
_ < 0.07 | Intercept=Wosiner-(FotineyKfine))
< g 006
g 1080 g 00s| =
< e~ | 7 g
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Fig. 3. Removal of fines from a bed, during batch operations (The
Fig. 2. The temperature profile of combustion and non-combus- operating conditions at 973K, 77@um and non-combus-

tion conditions. tion).
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Fig. 5. The effect of operating temperature and particle size on par-

Fig. 4. The effect of operating temperature and particle size on par- ! ol ] -
ticle attrition at combustion condition.

ticle attrition at non-combustion condition.

Eq. (3). The slope and intercept of Fig. 3, which is a typical exper- Halder and Basu [1992] investigated carbon attrition during com-

iment, can be used to calculate these unknowns. bustion, and found that attrition is enhanced by combustion. The
thermal stress of combustion and thermal shock may increase the

RESULTS AND DISCUSSION breaking force and induce the disintegration mechanism. When a

particle disintegrates into two parts, the particle surfaces are split-

1. Particle Attrition of Different Operating Parameters in the ting. The splitting corners and edges tend toward attrition to make
Non-combustion Condition the particle surface smooth and spherical. Therefore, most fine par-

Fig. 4 shows the effect of operating temperature and particle sizéicles were produced by attrition under circumstances of combus-
on particle attrition in the non-combustion condition. After 7,200 tion and thermal shock.
sec, the weight loss of the bed material tends to become constant. Figs. 6 and 7 show the particle attrition rate during combustion
The results indicate the total weight of attrition increases with in-
creasing temperature and decreases with increasing particle siz
Particle attrition increases with decreasing average particle size, d. 20

to smaller particles representing a larger number of particles for thi 18 o o
same weight basis, and also having more surface area, increasi _ 16 A non-combustion(initiation)
the probability of collision [Ray and Jiang, 1987; Wu et al., 1999]. &' | A | non-combustion(balance)

Ray and Jiang [1987] developed a “surface-reaction” model, whicl § 12
states that attrition is proportional to particle surface area. The aig
trition fraction of smaller particles increases with decreasing parti-é . .
cle size for the same materials. Additionally, the motion of fine par- |
2
0

O combustion(initiation)

@ combustion(balance)

A

»>e
>

ticles is faster than that of coarse particles at the same gas veloci
Meanwhile, kinetic stress increases as the motion of particles, there ‘ ‘ ‘ ‘
by increasing the rate of particle collision and attrition. 827 877 927 977 1027 1077 1127

Particle attrition increases with the operating temperature owing Temperature (K)
to thermal stres.s. The unequal t.e mperature he.ats. paﬁicle§ o CaLFrg. 6. The attrition rate of combustion and non-combustion at dif-
uneven expansion and the possibility of decrepitation. At high tem- ferent temperature and particle size is 77@m.
peratures, the minimum fluidization velocity decreases [Wu and
Baeyens, 1991]. At the same air flow rate, particles move faster at
high temperature than that at low temperature, increasing both th 20
thermal and kinetic stress at high operating temperature and als 18 A A
increasing particle attrition. o o . © non-combustion(initiation)|
2. Comparison of Particle Attrition Rate in Both Combus-
tion and Non-combustion Situations

Fig. 5 displays the results of attrition during combustion. Attri-
tion increases with temperature and decreases with increasing pz
ticle size. Comparing Fig. 4 and Fig. 5 reveals that the total attritior
during combustion is significantly higher than that in the non-com-
bustion condition. High combustion temperature and thermal shocl ‘ ‘ ‘
enhance attrition. Wey and Chang [1995] showed the plastic wa 400 600 800 1000 1200
gasified first, and ignition and burning then followed. The organic Particle size (um)
gas ignites as its ignition point is reached, and the expansion of VoFsig. 7. The attrition rate of combustion and non-combustion at dif-
atiles in the porous structure of particles causes particle disintegration. ferent particle size and temperature is 1,073 K.

—_
ES

4 non-combustion(balance)

—_
S N

A combustion(initiation)

Rt x 10E+6 (kg/s)

A A combustion(balance)

S N A~ O oo
*
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and non-combustion. According to the calculation results, the rateconstant gradually. So, the ash produced by attrition is higher dur-
of weight loss by elutriation is smaller than that by attrition during ing initial fluidization period than during the later period.

the later period. Because the fluidized materials were screened be- In the non-combustion condition, high temperatures (973 K and
fore experiment, we assumed these bed materials did not contain073 K) affect attrition rate mainly during initial fluidization. Ther-
any fines. So the particle weight by elutriation was similar to themal stress is important at high temperatures, but its influence grad-
weight of particle by attrition during initial fluidization. Vaux and ually decreases with increasing temperature. The attrition rate of
Kearins [1980] and Patel et al. [1986] investigated the attrition ofthe combustion condition is higher than that of the non-combus-
non-spherical particles, and found a high rate of fine formation durtion condition. The combustion heat and thermal shock affect the
ing initial fluidization, due to the loss of sharp corners and edges ofttrition rate of bed materials. However, at 873 K the attrition rate
the attrition particles. When particles gradually become roundedpf combustion approaches that of non-combustion. This phenome-
the rate of attrition tends toward a constant. Additionally, Lee et alnon occurs because of the combustion process of PP, which cracks
[1993] indicated that the sharp edges gradually disappear and theganic components slowly at low temperature (873 K), and the
particle form gradually tends to sphericity. According to our results,organic gas is carried with fluidized gas from the PP surface. The
the attrition rate during initial fluidization is higher than that during combustion is thus appeased and the thermal shock is insignificant.
later period. This result agrees with previous results. According toAt high temperatures (973 K and 1,073 K), gasification occurs quick-
pictures of sand particles of SEM, which are shown in Fig. 8, thely, the ignition point is immediately reached, and the organic gas
pictures (Fig. 8a) and (Fig. 8c) showed the fresh sand particle beforexplodes. The ignition and burning of plastic caused thermal shock
experiment. From (Fig. 8a) and (Fig. 8c), the sharp cormners and edgesid particle attrition.

were observed significantly. After experiment, the pictures were Comparison of the above results reveals that regardless of the
shown in (Fig. 8b) and (Fig. 8d), the surface and shape of participarameters used, the attrition rate is higher during initial fluidiza-
became smooth and sphericity. The sharp corners and edges of saiah than at other times. Consequently, ash is produced largely when
particle were lost after attrition. Therefore, we speculate the loss ofhe incinerator starts and renews fluidized bed material. The size of
sharp corners and edges of the particle increase attrition rate. Thethe fluidized bed material is important, and influences the creation
particles gradually tend to sphericity and cause attrition to becomef ash from attrition. Using coarse particles can decrease attrition.

2 15.0kV x50 200um — | "W 1 15.0kV x50 200um —i

(a) Before experiment (b) After experiment (800 °C, 545 yum and
combustion condition)

4 15.0kV x49 200um +— 3 15.0kV x50 200um +—

(c) Before experiment (d) After experiment (800 °C, 770 um and
combustion condition)

Fig. 8. The pictures of sand particle of SEM before and after experiment.
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Geldart [1973] classified four types of powder (A, B, C and D) ac- cantly from the experimental data. This discrepancy occurs because
cording to size and density. The coarsest particles (if@@%las- almost all investigators developed their empirical correlations based
sified as type D, have poor solid mixing and fluidized quality and on the gas velocity, and neglected the effect of temperature and par-
spout easily. The use of D powder as a fluidized material reducescle size. However, the variation of attrition rates with particle size

combustion efficiency. and temperature confirms other observations that gas velocity is not
3. Comparison of Experimental Data and Predictions by Em-  only an important parameter in predicting attrition rate.
pirical Equations 4, Size Distribution of Different Operating After the Experi-

Table 1 lists previous empirical correlations used to predict thements
attrition rate for different particles. Notably, most correlations were  In order to observe the change of particle size, the all bottom bed
developed with experimental data, which were sampled at roommaterials after experiment were segregated by sieve analysis. Though,
temperature. To compare prediction values with the attrition ratethe sieve analysis is unlike the accuracy of electronic or laser anal-
measured by this investigation at high temperature, empirical corysis methods, but it adapts to analyze a large amount of sand ma-
relations, such as those presented by Gwyn [1969], Kono [1981ferials. If electronic or laser analysis methods are used, the sam-
and Wu et al. [1999] are used for the calculations, because thegding error may influence significantly because a little sample may
equations were developed based on silica sand. not represent all bed materials. In order to compare the results of
Figs. 9 and 10 display the calculation results and compare therbefore and after experiment and prevent sampling error, the sieve
with the experimental data at high temperature and different partianalysis was used to analyze the particle size distribution after exper-
cle size obtained in this investigation. The comparison reveals thament.
the prediction results based on existing correlations differ signifi- Therefore, Fig. 11 illustrates the results of sieve analysis and com-
pares them with temperature and combustion. The figure contains
two peaks besides 7jifh, namely 54%m and 35m. Mean-

10 F—r——————————— | while, the thermal stress and thermal shock may increase breaking
— force and cause the breaking mechanism to disintegrate into two
ol ° Rl A “°“'°°mb“5t%°n(lm“‘“‘°n parts. The fine and a single son particle are produced, and the new
a ~ . non-combustion(balance) particle is only slightly smaller than original particle [Ray and Jiang,
- 2 A A | o combustion(initiation) 1987]. Consequently, we hypothesize that the two peaks in the figure
@ I = — o — — — — — ® combustion(balancc) represent the division of son and fine particles.
E — —Gwyn (1969) The above discussion indicates that the production of thermal
% o1 - = = Kono (1981) shock and combustion heat enhances attrition in the combustion
o — = Wuetal. (1991)-1 condition. According to Fig. 11, the 7t reduces significantly
L e — - — - — - — - Wuetal. (1991)-2 and largely produces numerous son and fine particles. Furthermore,
0.01 the breaking mechanism frequently emerges in the combustion con-
dition. However, at 873 K, the effect of thermal shock on the break-
ool LT Tt ing mechanism is insignificant during combustion, owing to parti-
823 873 923 973 1023 1073 1123 cle size distribution being similar in both conditions. The reason is
Temperature (K) because of the process of PP combustion, which cracks organic com-
ponents slowly at low temperature (873 K), while the organic gas
Fig. 9. The results of predicted compared with experimental attri- s carried with fluidized gas from the PP surface. The combustion
tion rate of different temperature (particle size 77¢um). is thus appeased and the thermal shock is insignificant.
0 —————————— ! )s
5 s A ¢ non-combustion(initiation) .
10 A A <| & non-combustion(balance) 2 ;N — - - — Initial weight
N * * : A combustion(initiation) I .\-. """ 873K non-combustion
é !l - —— — —— — — — = A combustion(balance) P15 ." = \‘. — 873K combustion .
® — —Gwyn (1969) }E / // “\\ \ — — — 1073K non-combustion
g 2 —- =+ 1073K combustion
~ ol - - = Kono (1981) 2 :
& ~ - —_ . _ — - Wuetal (1991)-1
0.01 T T e - Wuetal (1991)2 0s
0.001 ‘ : ‘ 0 ‘ ‘ ‘
400 600 800 1000 1200 350 450 S50 650 750 850 950
Particle size (um) Mean diameter (pm)
Fig. 10. The results of predicted compared with experimental attri- Fig. 11. The result of sieve analysis compared with initial weight
tion rate of different particle size (temperature 1,073 K). at different condition.
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