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Abstract—In a fluidized bed, attrition both increases the number of particles and reduces particle size, which may
affect reactor performance, fluidizing properties, operating stability and operating costs. Mot fluidized applications
are conducted at high temperature, but in the past most attrition correlations were performed a room temperature, so
the attrition rate a high temperature could not be predicted. In contragt, this study investigates the atrition rate of flu-
idized materids at high temperature. Silica sand was used as the bed materia; the operating parameters included tem-
peraure, particle size, static bed height and gas velocity to assess the dtrition rate. Then an appropriate correlation was
developed by regression analysis to predict attrition rate at high temperature. Experimental results indicated that the
attrition rate increases with increasing temperature. [n addition, the particle attrition increased as average particle size
decreased because the probability of collision increases with surface area. The attrition rate increased with increasing
gas velocity because of increased kinetic stress of particle movement. The actud density and viscosity of ar at specific
fluidization temperature were modified and an Ar number was introduced to fit our experimenta data. The experimen-
tal correction agrees with the experimental results, which can predict particle attrition rate at high temperatures.
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INTRODUCTION

Huidized bed reactors are the most widespread owing to such
advantages as good solid mixing, high hest transfer and large con-
tact surface area [Jang et d., 2002]. They have been employed in
many industria processes, such as combudtion [Jang et d., 2003],
drying [Choi et d., 2002], catalyss [Lee e d., 2003)], gadfication
[Lee e d., 2002], separation [Lee and Shin, 2003], photocataytic
oxidation [Lim and Kim, 2004; Kim &t d., 2004; Na et d., 2004]
and others. Evauating particle attrition is important in many fluid-
ized bed systems. Because attrition increases the number of partides
and reduces patide size, which may affect reactor performance,
fluidizing properties, operating stability and operating costs [Bem-
rose and Bridgwater, 1987]. In addition, the load of air pollution
control devicesisincreased in order to collect thefine partidles car-
ried with flue gas from achamber.

The patide attrition rateis affected in many ways Leeet d. [1993]
indicated that porosty, Sze, hardness, density, surface, cracks and
shape dl affect the attrition rate. Additiondly, Bemrose and Bridg-
water [1987] showed that the reactor environment characteristics
which influence attrition indude the particle v ocity, exposure time,
temperature and pressure. According to Arenaet d. [1983], the dttri-
tion rate congtant is affected by the Sze of sand and by bed tem-
perature. Ulerich et d. [1980], Vaux and Fellers [1981] and Ayazi
Shamlou & d. [1990] gathered previous results to show that attri-
tion of the fluidized bed was caused by severd mechanisms, includ-
ing chemical dress, thermd dress, kinetic sress and Setic tress.

Previous investigations corrected their experimental data to de-
veop empiricd corrddionsin different operating conditions, in order

"To whom correspondence should be addressed.
E-mail: mywey@dragon.nchu.edu.tw

154

to predict the patide attrition rate. Table 1 ligts previous corrdaions
for different conditions. However, these correlaion results were a
dgnificantly different, because the authors used different operating
parameters. Merrick and Highley [1974] found that the elutriation
rate of ash partides was proportiond to the excess gas velocity. Ad-
ditiondly, Vaux and Schruben [1978], Lin et d. [1980], Ulerich et
a. [1980] and Ayazi Shamlou et d. [1990] d<o found the samere-
aullts, athough they showed the rate of attrition to be a function of
excess gas velocity. Wu et d. [1999] usad slica sand as the fluid-
ized materid, and showed thet particle attrition increased with in-
creaang bed weight, Merrick and Highley [1974] and Dondi et d.
[1981] a0 showed that particle dtrition rate is proportiond to the
datic bed height, and that attrition rate increases with decreasng
average paticle 9ze Thisis because smdler particles represent a
larger number of partidesfor the sameweight bassand have alar-
ger surface area, which incresses the probability of collison [Wu
et d., 1999; Ray and Jang 1987].

Most fluidized gpplications are conducted at high temperature,
but since most atrition correlations were performed at room tem-
perature, they could not predict the attrition rate a high temperature.
However, previous research focused less on the effect of tempera:
ture on particle atrition rate. This sudy invedtigates the dtrition
rate of fluidized maeriads at high temperature. The operaing pa
rameters include temperature, partide Sze, gatic bed height and
gas velodity to assess partide attrition rate. Then an gopropriate cor-
relaion is developed by regression andlyss to predict attrition rate
a high temperature.

EXPERIMENTAL

Lin and Wey [2003] discuss the effect of temperature and com-
bustion conditions on ttrition a high temperature. Comparing ex-
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Table 1. Predicted equations of previousresearches

Author Operating conditions Attrition rate equation Patricle
Gwyn [1969] *Particle size (51-260 um) R=K xmxt™xW m=0.46 Silicasand
* Room temperature Kp=4.47x10°~1.35x10"°
Merrick and Highely * Gas velocity (0.6-2.4 m/s) R=K x(Uy— U ) xW K,=4.54x10°~0.015 Limestone
[1974] *Bed height (0.6-1.2 m)
*Particle size (1,587-3,175 um)
Kono [1981] *Particle Size (970-4,000um)  R.=2.43x10°x p,x U*x DP*x W For U<3.6 m/s Silicasand
*U/U, (1.5-5) R=8.85x10"°x p,x U?x DP*x W For U>3.6 m/s
*Temperature (298-777 K)
Halder and Basu *Gasvelocity (1.7-3.77m/ls)  R=K,UW/d, K,=2.57~4.8x10" combustion Carbon
[1992] *Temperature (300, 1,073 K) K,=0.03~0.05x10""
*Sand size (212-355 pum) absence combustion condition
Leeetal.[1993]  *Gasvelocity (2-5m/s) W, =(W ~Win)xe * + Wy E,=3.383x10° kJ/kg Lime
*Temperature (293-450 K) K =K exp[— E.RTC, i J Ko,=1.29x10*s*
*Particlesize (820, 1,682 um)  © ° PMyUg(Uo —Un)
Cook et al. [1996] *Gasvelocity (1.54-5.0 m/s) R =K xexp[—E./(Us—Uy)’IxW  E,=3.969%102kJkg Lime
*Particle size (903, 1,764 um) K,=2.89x10°s*
Wu et dl. [1999] *Particle size (195-421 um) R=K X Uy(Uy— U, ) xW/(gxd,) Ko=7.4x1073s" Silicasand
*Nozzlesize (0.003-0.005m) R=K};xU,x(Qg/A)xW K ,=2.5%107 s/m?
*Gas velocity (0.4-1.1 m/s)
Chu et &. [2000] *Particle size (210-500 um) W, =W, x[1—exp( —KaJ;(l—Xs)dt)] K.=1.63x10%(Uy/d,) Limestone
*Temperature (313-338 K)
*Gas velocity (0.17-0.3 m/s)
Peark et al. [2000]  *Particle size (1,400-1,700 um) R,=0.01443(U,—U,)W-142.91 Alumina

*U-U, (0.05-0.5m/s)
*Bed height (0.11-0.25 m)
*Bed weight (0.6-1.4 kg)

perimenta datawith previous corrdationsreveds asgnificant level
of error in the predicted results from exiting corrdlations. In order
to predict the attrition rate at high temperature, the various parame-
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Fig. 1. The bubblefluidized bed incinerator.

1. PID controller 7. Electric resistance
2. Blower 8. Sand bed

3. How meter 9. Thermocouple

4. Preheater chamber 10. Cyclone

5. Feeder 11. Bag filter

6. U manometer 12. Induced fan

ters were tested continualy to regress an experimenta correlation.
The experimental apparatus for this sudy is shown in Fig. 1. The
reector was a bubbling fluidized bed, consigting of a preheated cham-
ber, amain chamber and an expangon section. The prehegted cham-
ber was 0.5 m long. The main chamber wes 1.1 m high and 0.09m
in diameter. The expanson section was 1.0m high and 0.25m in
diameter. The reector was equipped with a sainless stedl porous
plate that had a 15% open areato provide gas digribution, and was
surrounded by electric resistance dements and packed with ceram-
ic fiber to insulate heet loss. Three thermocouples were usad to mea:
aure the temperature profile in the preheated chamber, sand bed,
and freeboard chamber. The thermocouples send the feedback Sg-
nd of temperature to the PID controller. The PID controller main-
tains the experimenta temperature by controlling the electric ress-
tance. The dutriation particles were collected by two cyclones and
abag filter. Slicasand was used as the bed meterid, and had nearly
the same density for dl sizes (p,=2.6 g/on’). The operating param-
eters incdluded temperature (298-1,173K), partide size (385-1,095
um), static bed height (1.2-2.0 H/D) and gas velocity (0.14-0.29 m/
9) t0 assess particle dtrition rete. Table 2 lits the operating param-
eters of this investigation. These experiments were carried out a
amaospheric pressure.

The reector chamber was hegted by an dectrica hegter, and the
experimental procedure started by preheating the sand bed to the
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Table 2. The operating conditionsfor each experiment

Run Temperature (°C) Particle size (um) Static bed height (H/D) Gas velocity (m/s) Operating time (sec)
1 25 770 20 0.18 0-14,400
2 100 770 20 0.18 0-14,400
3 200 770 20 0.18 0-14,400
4 300 770 2.0 0.18 0-14,400
5 400 770 20 0.18 0-14,400
6 500 770 2.0 0.18 0-14,400
7 600 770 2.0 0.18 0-14,400
8 700 770 20 0.18 0-14,400
9 800 770 2.0 0.18 0-14,400

10 900 770 20 0.18 0-14,400
1 800 385 20 0.18 0-14,400
12 800 460 20 0.18 0-14,400
13 800 545 20 0.18 0-14,400
14 800 645 20 0.18 0-14,400
15 800 770 20 0.18 0-14,400
16 800 920 2.0 0.18 0-14,400
17 800 1,095 20 0.18 0-14,400
18 800 770 20 0.14 0-14,400
19 800 770 20 0.18 0-14,400
20 800 770 20 0.21 0-14,400
21 800 770 20 0.25 0-14,400
22 800 770 20 0.29 0-14,400
23 800 770 12 0.18 0-14,400
24 800 770 14 0.18 0-14,400
25 800 770 16 0.18 0-14,400
26 800 770 18 0.18 0-14,400
27 800 770 20 0.18 0-14,400

operating temperature. The hot air was flowed into the bed, and the
atrition of materias began. At the initid step of every experiment
run, the reactor was stopped every 600 sec and cooled for 25,200
sec. When the sand bed had cooled to room temperature, the re-
Sdud bed meterids were collected and dutriation particles were
a0 callected by the cydones and bag filter. These resdud bed ma
teridswere weighed and these were put into the reactor after weigh-
ing. Then, the above seps were repeated and dfter three times (totdl
atrition time was 1,800 se¢) were Sopped every 1,800 sec. The totd
atrition time was 14,400 sec. The attrition rate was assumed to be
the same as the dutriation rate because the termina velocity of the
particles aways exceeded the superficid gas velocity in this exper-
iment. In previous sudies Chu et d. [2000] used this assumption.

According to aprevious sudy [Wu and Chu, 1998], the attrition
rate was determined by the materid baance for fine particles as
folows

(Initid input, actud generation)=Output+Accumulation

FO(fine) :FZ(fine) +L\’Ztm (1)
Solving the above equation gives the weight of finesin the bed
asafunction of time:

i _K4 II"E‘ _K4 me‘
W(fine) = [1_e " ] +W0(fine)e "

@

Thetotd carryover bdance of fines
total carryover=(initidly in bed)+(flow in from t=0)—(in bed at timet)

Rearranging the above equation gives the fines in the carryover
gream; therefore, the equation was defined as:

W fine n carryover) :|:W0(fine) - %:fj : [1_9_KWI] +Foinet ©)]
Where K, Wy a0 Fygrg @€ unknowns that can be found
by the dope and intercept of atypicd expeiment. Thetypica figure
was shown as Lin and Wey [2003]. According to this figure, the
find dope was the dtrition rate. So, we can refer to this method to
paint the accumulation loss weight of sand with atrition time and
obtain thefind dope of this curve to determine the dttrition rate.

RESULTS AND DISCUSSION

1. The Effect of High Temperature on Particle Attrition Rate

Fig. 2 shows thet the particle ettrition rete increeses with incress:
ing temperature as the operating temperature rises from 298K to
1,173K; thisis due to thermd dress since heating partides to an
unequal temperature causes uneven expanson and the possibility
of decrepitation. At high temperatures, the minimum fluidization
veocity decreases with increasng temperature [Wu et d., 1991;
Linetd., 2002]. Patides move fagter a high temperatures than a
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Fig. 2. The results of predicted compared with experimental at-
trition rate of different operating temperature (partide sze=
770 um, gas velocity=0.18 m/s and H/D=2.0).

low temperatures with the same air flow rate. Therefore, the ther-
ma and kinetic gress a high operating temperature causes the in-
creae of particle attrition.

To predict particle attrition rate, previous investigations corrected
their experimenta data to develop empiricd corrdations in differ-
ent operating conditions, as liged in Table 1. However, mogt atri-
tion correlations were performed a room temperature, which could
not consder the influence of temperature. In order to compare the
experimental datain our sudy with predicted vaues, operating pa-
rameters were introduced to caculate the predicted vaues Fg. 2
shows thet the predicted va ues compared with the atrition rate mea:
aured by this invedtigation at high temperature. It can be seen that
particle atrition rate increases with incressing temperature, but the
atrition rate of corrdaions does not increase with temperature. Al-
though Gwyn [1969], Kono [1981] and Wu et d. [1999] usad sllica
sand as the bed materid, their experimentd corrdeions had asig-
nificant level of error. These may be due to the fact that previous
researchers neglected the effect of temperature on attrition.

2. Effect of Particle Size on Particle Attrition Rate

According to Table 1, mogt corrdations did not congder thein-
fluence of partide Sze, such as Gwyn [1969], Merrick and Highely
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Fig. 3. The results of predicted compared with experimental at-
trition rate of different particle Sze (temperature=1,073K,
gas velocity=0.18 m/s and H/D=2.0).
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Fig. 4. Thereaultsof predicted compared with experimental attri-
tion rate of different gasvdodity (partide Sze=770um, tem-
perature=1,073K and H/D=2.0).

[1974] and Kono [1981]. Therefore, these predicted vaues main-
tain condant at different particle size. However, Fig. 3 shows thet
patide dtrition increased with decreasing average paticle size.
Thisis because amdler patides have alarger number of partides
for the same weight beds with alarger surface areg, which incresses
the probability of collison [Wu et d., 1999; Ray and Jang, 1987].
Ray and Jang [1987] developed a “surface-reaction” modd and
indicated that particle attrition is proportiond to particle surface area
The particle dtrition rate is larger for fine partices than for coarse
particles. Additiondly, the minimum fluidization velocity of fine par-
tidesisamdler then of large partides & the same temperature. Cor+
seguently, fine particles move fadter a the same gas velocity to in-
crease kinetic gress, which afects the attrition rate. Therefore, the
probability of particle callison increasesto raise atrition rate.
3. Effect of Gas Vdocity and Satic Bed Heght on Particle
Attrition Rate

Fg. 4 displaysthe atrition rate & different gas velocity. The attri-
tion rate increases with gas velodity, because kinetic stressincresses
as patides move fadter, thus increasing the rate of partide colli-
son and attrition. Comparing the caculation results of correlaion
with experimentd dataat different gasveloditiesand 1,073 K, both
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1 1.2 14 16 18 2 2.2
Static bed height (H/D)

Fig. 5. The results of predicted compared with experimental at-
trition rate of different gatic bed height (particle sze=770
um, temperature=1,073 K and gas velocity=0.18 m/s).
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vaues have the same trend. The attrition rate increases with gas
veocity, but these results of equations have a leve of error in the
prediction. This result may be due to the operating temperature.

Fg. 5 illugrates the effect of bed height on dtrition rate; the at-
trition rete increases with atic bed height. In adeeper bed, arisng
bubble has a longer residence time and may codesce with other
bubbles while rigng, increasing the fluctuation of bed materias.
The bubble fluctuation increases the collisons of moving particles
and improves the attrition rate of sand. Additiondly, the weight of
bed materids increases with increasng atic bed height. There-
fore, the datic dress (particle gravity) increases to cause dtrition
rate to rise. Fig. 5 dso shows the cdculation results and compares
them with the experimenta data at different Satic bed heights. The
bed weight plays an important role in these corrdations. But these
eguaions don't predict dtrition rate well. This error may occur be-
cause the previous correlations neglected the effect of operating tem+-
perature, which concerned gas velocity and the weight of bed.

4. Development of a More Appropriate Correation

According to previous research, many operating parameters af-
fect partide attrition rate, but most investigators developed their
empirica correlations based on the gas velocity, and neglected the
effect of temperature, particle size and particle properties. How-
ever, gas velocity is not the only important parameter in predicting
atrition rate. The particle size and operating temperature are a0
important, as shown in FHgs. 2-4. These previous correlation results
have adgnificant levd of difference because the experimentd equa-
tions neglected many parameters, such as paticle sze, operating
temperature and particle properties.

To predict the partidle attrition at high temperature, the operating
temperature was used as mgjor parameter. Paticle size, gatic bed
height and gas velocity were changed to investigate particle attri-
tion rate. According to experimenta deta, the attrition rate can be
defined as
excess gas velocity, particle si ze,}

Attrition rate (Rt) zt[ ]
weight of bed, Ar number

For fluidized bed sysems, the Ar number is agenerd parameter
to caculate the fluidization characterigtics. Because the Ar number
is composed of dengity and viscosity of air, our regression anayss
introduced a varigble Ar number to fit experimentd data How-
ever, for previous sudies, the dengty and viscodty of ar wasacon-
dant a room temperature. In order to show the effect of tempera:
ture on attrition, the actua dendty and viscodty of air was modi-
fied to represent the influence of temperature. The actud and spe-
cfic fluidization temperature was modified by the Svoboda and
Hartman [1981] relations.

293
py=127F (@)
_1.46x107°TH
° T+120 ©

All experimental data have been transformed to fit experimental
corrdaion. Then the order of parameter and unit were caculated
by regresson analyss to predict the attrition rate a high tempera-
ture. The experimenta corrdationisEg. (6).

(Uo —Umf)dp:|MVV_3/2

Rt=k0[ Y A ©6)

January, 2005

6

5

Experimental Rt (kg/s)
o
°

Calculated Rt (kg/s)

Fig. 6. Comparing experimental results with regresson corrda-
tion.

From curvefitting, the proportiondity coefficient k, was defined as
0.5
ko, =0.2423x10°°, (m?)

The fitting results are represented in FHg. 6 and experimenta re-
aults can be predicted well. The correlation coefficient was 0.95.
Therefore, the particle atrition rate can be predicted well a differ-
ent operating conditions, such as temperature, particle Sze and gas
veodity.

CONCLUSON

This dudy invedigetes the dttrition rate of fluidized materias
under different conditions. The congdered parameters indude oper-
aing temperature, particdle Sze, saic bed height and gas velocity.
The messurement resulits demondrate that partide attrition increases
as temperature increases because the therma dress increases with
increasing temperature. The attrition rate dso increases as paticle
Sze decreases because the probability of collison increases with
surfece area. Furthermore, dtrition dso increases with operaing
gas velocity, because the kingtic Sressincreases.

Mogt previous investigators developed their empiricd corrda
tions based on the gas velocity, and neglected the effect of temper-
ature and particle Sze. According to these experimentd results, the
temperature and partidle Sze play important roles for particle attri-
tion. Therefore, the regresson andysds introduces the actud den-
sty and viscosty of ar, which was modified to represent the in-
fluence of temperature, and which uses a variable Ar number to fit
experimenta data. The particle atrition can be predicted wel for
different operating temperatures, particle sizesand gas velocities

NOMENCLATURE

A :cross-sectional areaof the bed [m?]
Ar  : Archimedes number, g—PEHLP—P-Z:&lg B

0

s ot - Critical weight of solid [kg]
: average particle diameter[m]
: the average particle diameter of sorbent [m]

o O
<

B
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d, :averagesevecutsize[m]

D, :diameter of fluidized bed [m]

E, :dtrition activation energy [kJkg]

Foging : fictitious feed stream of fines[kg/s]

Faane : total fines carried out of the bed sincet=0 [kg/s|
g :acceleration dueto gravity [m/s]

k, :attrition rate constant of thiswork [m°®%/g]

K, :frequency factor in an Arrheniusform [1/9]
King : €utriation rate constant of fines [1/]

K, :dtrition rate congtant [1/9]

Ky :intrinsic attrition constant [1/9]

Kl :intrindc attrition constant factor [s/m?]

: dimensional congtant, unit t™", in massrate equation
: exponent for time dependence of attrition [-]

w - molecular weight of gas[kg/kg-mol]

. : visible bubble volume [m®/g]

: gas constant [kJkg-molK]

: atrition rate [kg/s)]

: dtritiontime [

: temperature [K]

: effective gas velocity [m/s]

: superficial gasvelocity [m/g]

: minimum fluidization vel ocity [m/g]

: weight of bed material [kq]

Woing - iNitial weight of finesin the bed [kg]

W, :initia weight of the sorbent particles[kg]

W, :tota massof particleseutriated until timet [Kg]
W, : minimum weight of parent solidsin a bed [kg]
Wiinein carryower) - tOt&l mass of particles carried [kg]

X, :theconversion of the sorbent in the cyclone|[-]
p, :ardensty [kg/m?

o dendty of fluidizing gas [kg/m?]

p, :solidsdensity [kg/m’]

U, :arviscosity [kg/ms]

A

O Z3;

scecH"3®
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