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Abstract--Hydrodynamic properties in turbulent fluidized beds of three different sizes of coal (dp- 
0.507, 0.987. 1.147 mm) have been determined from the pressure fluctuations in a 0.1 m-lD • 3.0 m high 
Plexiglas column. The transition velocity from the sluggin~ to lurbulent flow regimes can be delermined from 
the statistical analysis of pressure fluctuations such as mean amplitude, standard deviation and skewness, the 
pressure wave velocity, and the bed expansion with gas velocity. The bed expansion in the slugging and tur- 
bulent flow regimes cannot be estimated from the two-phase theory. The voids rise velocity and the bed 
expansion ratio (H/H,~/) in the turbulent flow regime have been correlated with the relevanl dimensionless 
and operating parameters 

V~ = 40. 66Ar -~176 [0.35 (g D+) '/; '  ] - U,~/ 

H (U,+- U,~.)o ,3 s 
H,~, = 1+10. 805At -~176176 ~ - -  

The transition velocity to the turbulent flow regime has been determined based on the slug breakdown 
caused by the inertial force of an upflowing maximum stable slug which overcomes the gravitational force in- 
duced by solid refluxing as: 

Rer  [ (33. 7 ) '+0 .0408Ar  ]~/24 0.598Ar ' / 2 -  33. 7 

INTRODUCTION 

A further increase in gas velocity beyond the slugg- 
ing flow regime starts the turbulent flow regime which 
is characterized by the breakdown of larger bubbles or 
slugs into smaller voids in the bed. This high velocity 
fluidized bed operation has received considerable at- 
tention in recent years due to the great contacting 
capabilities between the gas and solid phases in the 
catalytic and non-catalytic reaction systems. 

Therefore, combustion of coal in the high velocity 
fiuidized beds is subjected to research since it proves 
to have many advantages for coal utilization such as 
fuel flexibility, high combustion efficiency, high sulfur 
retention, lower NO x emission, easy fuel handling, 
high heat release rate, high turndown ratio or load 
[1-3]. tn addition, a high velocity fluidized bed com- 
bustor has been operated to generate a total of 2100 
MWe by a combined cycle system with gas and steam 
turbines [4]. 

*To whom all correspondence should be addressed. 

Information on the hydrodynamic properties in the 
high velocity fluidized bed of coal particles are needed 
to design the combustors and to evaluate the operating 
performance. Therefore, in the present study, the hy- 
drodynamic properties such as the pressure fluctua- 
lions, voids rise velocity and the bed expansion ]have 
been determined in a turbulent fluidized bed of coal. 
In addition, the transition velocity to the turbulent flow 
regime has been derived based on the Froude number 
criteria. 

EXPERIMENTAL 

Experiments were carried out in a Plexiglas col- 
umn of 0.1 m-lD• m high as shown schematically 
in Fig. 1. Three mean sizes of coal (0.507, 0.987, 1.147 
ram) with a density of 1407 kg/m 3 were fluidized by 
compressed air. The mean size and its distribution 
have been determined from sampled bed material at 
three different vertical positions in the beds. The size 
distributions of these particles and the corresponding 
histogram are shown in Table 1 and Fig. 2, respective- 
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Fig. 1. Schematic diagram of experimental appa- 
ratus. 

1 : oil filter 2 : pressure regulator 
3 : rotameter 4 : fluidized bed 
5: cyclone 6: probe 
7: pressure transducer 8: D.C. power supplier 
9: amplifier 10: A/D converter 

11 : personal computer 

Table I. Physical properties of coal 

Particle size (mm) 
Weight fraction ~wt %) 

C-1 Co2 C-3 

2.00-1.68 4.63 

1.68-1.41 12.38 0.50 

1.41-1.19 13.01 41.05 

1.19-1.00 19.72 43.22 

1.00.0.84 10.92 9.82 

0.84-0.71 0.70 8.72 5.08 

0.71-0.59 6.67 10.47 0.33 

0.59-0.50 57.85 9.61 

0.50-0.42 19.54 6.63 

0.42-0.30 13.82 3.91 

0.30-0.21 1.42 

mean size (ram) 0.507 0.987 1.147 
standard deviation 0.084 0.395 ~).157 

of distribution (mm)* 

minimum fluidizing 0.08 0.15 0.22 
gas velocity (m/s) 

voidage at Umt (~mt) 0.55 0.55 0.60 

particle density: 1407 kg/m 3 
Z' (w, ~k:l,,,- dp)' 1 

*o.=: ~ ~ i1/z ~'wL 
t 

Fig. 2. Histogram of particle size distribution. 
A: C-I, B: C-2, C: C-3 

ly. These particles are classified by the narrow (C-1 
and C-3) and wide size distributions (C-2). In the pres- 
ent study, the solid particles were supported on a 
bubble cap distributor plate which was situated be- 
tween the main column and the air box into which air 
was fed to the column through an oil filter, a pressure 
regulator and a calibrated rotameter. The entrained 
solid particles from the bed were collected by the 
primary and secondary cyclones in series and were 
recycled to the main bed simultaneously. The colunm 

was initially loaded with 6.5 kg of coals giving a static 
bed height of 1.0 m. The pressure fluctuations in the 
bed were measured by means of pressure transducers 
(Fisher Controls Co., 1151). The continuous pressure 
signals from the transducer were amplified and sent 
them via an A/D converter to a personal computer 
(Apple lie) for recording The sampling interval of the 
fluctuations was selected at 10 ms and 8192 samples 
were collected for each experimental conditions. The 
rise velocities of slugs and voids in the slugging and 
turbulent flow regimes have been determined from the 
cross-correlation between two fluctuation signals. The 
bed voidage, e,  and the bed expansion ratio, H/Hm,~ 
have been determined from the measured mean pres- 
sure drop in the bed as: 
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a lP/AL = A, (1 - ~)g (1) 

H/H,,,s= !1 -  ~,, ,s)/(1- ~) (2:) 

The details of the experimental setup and the experi- 
mental procedures are described in previous studies 
[5,61. 

RESULTS AND DISCUSSION 

1. Stat ist ical  p r o p e r t i e s  
The transition to the turbulent flow regime has 

been determined from a point at which the mean am- 
plitude of pressure fluctuations with gas velocity b(.~ 
gins to level-off [5,7,8]. 

The mean amplitude of pressure fluctuations with 
gas velocity at 0.53 m above the distributor plate is 
shown in Fig. 3. As can be seen, the mean amplitude 
of pressure fluctuations goes to a maximum value, and 
then it decreases with an increase in gas w'.locity. This 
maximum point can be regarded as the onset to the 
turbulent flow regime in the bed. The transition veloci- 
ties to the turbulent flow regime are found to be 0.62, 
0.81 and 1.09 m/s  for the C-I, C-2 and C.-3 particles, 
respectively. Moreover, the mean amplitude in the 
transition region to the turbulent flow regime of the 
C-2 particles appears to be higher than that of the C-I 
and C-3 particles. This may indicate that the pressure 
fluctuations in the bed of wide size distribution par- 
tides have a higher amplitude than in the bed of nar- 
row size distribution particles. This may be caused by 
the higher resistance of percolating gas through the in- 
terstices of solid particles with wide size distribution in 
more densely packed state. 

Variations of standard deviation in the pressure 
fluctuations with gas velocity are shown in Fig. 4. As 
can be seen, the variation of standard deviation with 
gas velocity is similar to the mean amplitude (Fig. 3). 
Moreover, the transition region of each particles with 
gas velocity can be observed at a similar value with the 
variation of mean amplitude. 

Variation of the skewness in pressure fluctuations 
with gas velocity is shown in Fig. 5. As can be seen, 
the value of skewness is almost constant in the slug- 
ging flow regime, but it increases with an increase in 
gas velocity in the turbulent flow regime. The transi- 
tion point of skewness with gas velocity is an onset 
to the turbulent flow regime [5]. There appears that 

Fig. 4. Standard deviation of pressure fluctuations 
with gas velocity. 
O: C-1, ~:  C-2, D: C-3 

Fig. 3. Mean amplitude of pressure fluctuations with 
gas velocity. 
o :  C-l, A: C-2, ~:C-3 

Fig. 5. Skewness  of pressure fluctuations with gas 
velocity. 
O: C-1, ~ :  C-2, D: C-3 
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Fig. 6. Rise velocit ies  of  s lugs and voids  with gas  
velocity in the s lugging and turbulent f low re- 
ghnes. 
CO : C-I, ,r : C-2, En : C-3, �9 : Lee and Kim [6] 

the transition velocities to the turbulent flow regime 
from the variation of skewness with gas velocity are 
similar to those obtained from the mean amplitude 
and the standard deviation of pressure fluctuations. 

The skewness is a non-dimensionalized third cen- 
tral moment which is a measure of the lack of sym- 
metry in the probability density function about the 
mean of fluctuation signals, The increase in skewness 
in the turbulent flow regime is caused by the increase 
of small fluctuations in solid phase due to the break- 
down of slugs into smaller bubbles in the bed [5] 
As can be seen, the value of skewness at' the (2-1 par- 
ticles is larger than that of the C-2 and C-3 particles. 
This may indicate that the voids movement in the 
dense phase is more vigorous in the bed of smaller 
particles. 
2. V o i d s  r i s e  v e l o c i t y  

The velocity of pressure fluctuation waveform can 
be defined by the rise velocity of bubbles in the bed 
[6,9]. In the present study, the rise velocities of slugs 
and voids in the slugging and turbulent flow regimes 
have been determined from the transit time of pres- 
sure fluctuations at which the cross-correlation func- 
tion of fluctuation signals between the two measuring 
points (0.53 and 0.63 m above the distributor plate) 
has a maximum value. 

The rise velocity of slugs or voids increases with. an 
increase in gas velocity in the slugging flow regime, 
but it appears to be almost constant in the turbulent 
flow regime (Fig. 6). The rise velocities in the turbulent 
flow regime are within • 10% of the average value (Fig. 
711. Therefore, the voids rise velocity in the turbulent 
flow regime is found to be almost conslant in beds of 

Fig. 7. Variation of voids rise velocity  deviated from 
average value with gas velocity.  
cO: C-i, /'~: C-2, t~: C-3, O: Lee and Kim [6] 

Table 2. A summary of experimental  condit ions and 
results of voids rise velocity in the tur- 
bulent f low regime 

Workers Dt Particles dp P s Umf Vr 
(m) (/~rn) (kg/m ~) (mfs) (m/s) 

Fanetal. 0.203 sand 1122 2650 0.66 1.14 

[9] 711 2640 0.315 1.24 

491 2620 0.20 1.34 

glassbeads 491 2 4 3 0  0.28 1.54 

358 2400 0.16 2.12 

Lee and 0.10 glass beads 362 2500 0 .11  1.60 

Kim [6] 

present 0.10 coal 508 1 4 0 7  0.08 1.37 

study 987 0.15 1.20 

1147 0.2:2 1.10 

coarse particles [6,9]. Moreover, the gas velocities cor- 
responding to the transition points in the rise velocity 
are very similar to the values reported previously (Figs. 
3, 4 and 5). Therefore, the transition velocity to the tur- 
bulent flow regime can be determined from the rise 
velocity of slugs or voids. A summary of the experi- 
mental conditions and corresponding results of the 
present and previous studies on the voids rise velocity 
in the turbulent flow regime is shown in Table 2. As 
can be seen, the voids rise velocity decreases with in- 
creasing particle size and density. The rise velocity of 
voids increases with increasing column size due to the 
reduction in wall-effect [61. The voids rise velocity in 
the turbulent flow regime has been correlatq~ as: 

Korean J. ell. E. 01o[. 6, No. 4) 
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V,=40 .  66At  ....... [0. 35 (gD,)'/21 - U,,,, (3) 

where - ~ " ' A r  - d~,p# ~p.~ - p ~ / g / u  

This correlation covers the range of variables 3.40~." 
106~Ar~1.16• s and 10.0~Dt~20.3 with a correla- 
tion coefficient of 0.82 based on the data of Table 2. 
3. B e d  e x p a n s i o n  

Bed expansion in fluidized beds has been generally 
represented by the Richardson-Zaki's equation [10] as: 

t ~=  ~ (41 L't 

where U tis terminal velocity of an individual parti- 
cle. 

The logarithmic plot of bed voidage with gas veloci- 
ty is shown in Fig. 8. As can be seen, the bed voidage 
increases with an increase in gas velocity in wtfich 
the slopes of bed voidage with gas velocity are chang- 
ed at the transition velocities. Lee and Kim {11] have 
reported that a variation in the logarithmic slope ot 
bed voidage with gas velocity can be utilized to deter- 
mine the transition velocity to the turbulent flow re- 
gime in the bed. 

In the present study, the values of index n in Eq. (4) 
in the turbulent flow regime are found to be 3.12, 2.56 
and 3.30 for the C-1, C-2 and C-3 particles, respective- 
ly, which are similar to the value of 3.65-4.60 reported 
in the particulate fluidized beds [10]. This may in- 
dicate a homogeneous bed expansion in the turbulent 
flow regime of coarse particles. 

Fig. 8. Logarithmic plot of bed voldage with gas 
velocity.  
O: C-I, z~- C-2, []: C-3 

In fine particle systems, the particles tend to gather 
in a cluster due to the particle agglomeration [12-14]. 
The modified Richardson-Zaki's equation has been 
used to reflect the cluster formation as bed expansion 
in the beds of fine particles as [14-17]: 

U~. s 
uc-g = 

where Uct is terminal velocity of clusters. A sum- 
mary of the experimental conditions and the corre- 
sponding results on the index n of the present and pre- 

Table 3. A summary of experimental  conditions and results  of the present and previous studies  on the bed ex- 
pansion in the s lugging and turbulent f low regimes 

Workers Dt dp Ps Slugging turbulent 
(m) Particles (,urn} (kg/m 3) Uc,' Ut index n 

Massimilla [18] 0.156 catalyst 

Carotenuto eta]. [ 19] 0.152 FCC 

Canada 0.61 • 0.61 glass 

et al. [8] 0.31x0.31 

Avidan and 0.152 catalyst 

Yerushalmi [17] FCC 

catalyst 

Abed [ 16] 0.152 FCC 

Avidan et al. [20] 0.60 FCC 

Lee and Kim [11] 0.10 glass beads 

present study 0.10 coal 

56 1000 3.1-4.2 11.7 

60 940 2.0 8.0 5.6 

650 2480 0.51 3.4 1.85 

2600 2900 0.41 3.7 3.3 

2600 2900 0.48 2.71 3.3 

33 1670 23/10 46.0 14.0 

49 1070 7.84 9.2 5.0 

49 1450 8.58 8.3 4.4 

54.8 850 5.20 4.16 

60 1220 1.03 8.5 4.30 

362 2500 0.313 5.06 2.80 

507 1407 0.22 12.3 3.12 

987 0.16 13.4 2.56 

1147 0.17 12.6 3.30 
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Fig. 9. Variations of  index n with (ps.pg)dp. 
A: slugging, B: turbulent 

vious studies is given in Table 3. As can be seen, the 
value of index n in the turbulent flow regime is smaller 
than that in the slugging flow regime. The smaller n 
value indicates a higher rate of bed expansion with an 
increase in gas velocity. This may be attributed to the 
greater bed homogeneity in the turbulent flow regime 
[11,17] due to the breakdown of large bubbles into 
small voids. Moreover, the index n decreases with in- 
creasing particle size and density (Fig. 9). This may be 
due to the increase of effective particle volume from 
the cluster formation in the bed of fine particles, which 
may result in a smaller bed expansion. 

From the two-phase theory in fluidization [21], the 
gas flow in the bed divides into the interstitial gas flow 
through the emulsion phase at the minimum fluidiz- 
ing s~ate and the bubble flow. Using the two-phase 
theory, the bed expansion ratio, H/H,,~ in the slugging 
flow regime has been expressed as [22-24]: 

H U~- U~, 
-I+ 

H . ,  0.35 (gD~) '/2 

for axisymrnetric slugs (6) 

H = 1 +  U ~ - U , ,  for asymmetric slugs 
H., 0.35 (2gD)l/~ 

Variations of the bed expansion in the present 
study and the predicted values from Eqs.(6) and (7) are 
shown in Fig. 10. As can be seen, the predictions of 
the two-phase theory largely overestimate the bed ex- 
pansion in the slugging and turbulent flow regimes. 
Similarly, Satija and Fan [25] observed that the bed ex- 
pansion from the two-phase theory is higher than the 
measured values in the slugging and turbulent flow 
regimes of coarse particles (1.0 - 6.96 mm). The devia- 
tion of bed expansion in the slugging flow regime from 

Fig. I0. Variation of bed expansion with gas veloc- 
ity. 

O: C-1, /~ : C-2. E~ : C-3 
A: Eq.(6), B: Eq.(7) 

the two-phase theory may be due to the up and down 
movements of gas phase as the square-nosed slugs 
[26,27] as observed in the present study. In the tur- 
bulent flow regime, the slug breakdown and the rear- 
rangement of small voids accompanying with swift ac- 
celeration may afford the higher interstitial gas 'veloci- 
ty percolating through the dense phase [18,28]. Conse- 
quently, the larger deviation of bed expansion from 
the two-phase theory could be resulted. Therefore, the 
bed expansion in the slugging and turbulent flow re- 
gimes of coarse particles cannot be estimated from the 
two-phase theory. 

In the present study, the bed expansion ratio in the 
turbulent flow regime of coal particles and glass beads 
[6,11] has been correlated as: 

H ,U~-U., H . .  = 1+10. 805Ar 0.2,0 I ~ V ,  )o.63s (8) 

with a correlation coefficient of 0.90. A goodness of fit 
between the measured and calculated values from Eq. 
(8) can be seen in Fig. 10. 
4. P r e d i c t i o n  o f  t r a n s i t i o n  v e l o c i t y  

The flow regime of turbulent fluidization was re- 
ported initially by Lanneau [29]. Recently, lx~e and 
Kim [5] presented a correlation to predict the transi- 
tion velocity in terms of the Reynolds number with the 
Archimedes number. However, the mechanism of slug 
breakdown into small voids at the transition region to 
the turbulent flow regime has not been well establish- 
ed until now. 

As the gas velocity in the bed increases, slugs grow 

Korean J. Ch. E. 01oi. 6, No. 4) 
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until they lose their stability, and consequent break 
down into small voids which remarks the transition 
to the turbulent flow regime. In the present study, 
it has assumed that the slug breakdown in the bed 
may be caused by the inertial force of a n3axinmm 
stable slug which is exceeding the gravitational force 
of solids refluxing. Then, the criterion of lhe transition 
to ~!he turbulent flow regime can be represented by: 

inertial force pgU~ . . . .  
F r -  

gravitational force (p~- p~)gdp = 1 (9) 

where Fr is Froude number and U,.,,,a x is rise velocity 
of maximum stable slug. The U~,~,,x in Eq. (9) can he 
expressed as: 

U . . . . .  = U g - U , ~ ,  ~' O, 35 (gd ...... )~"~ [10) 

where ds, m~. is a maximum stable slug size in the slug- 
ging flow regime. Harrison et al. [30] proposed the fol- 
lowing relation in the bed of coarse particles: 

d . . . . .  = 1.32 P-{d, (11) 
p~. 

However, it has been found that Eq. (l 1) is valid even 
in the beds of fine particles [31]. Combining of Eq. [9) 
with Eqs.(lO) and (11), the transition velocity to the 
turbulent flow regime can be predicted by: 

U~= I (p~- p,~)gdp i ~ / z+U=/ -  0.402 ~ g p~d~ ),/z 
Pg p~- 

02) 

Eq.(12) can be expressed in terms of the Reynolds and 
Archimedes numbers since the density of solid par- 
ticles (p~) is far greater than the gas densily (p~) as: 

Re~=0. 598AP/~ [ Re m/ IVll 

In Eq. (13}, Rein/can be predicted by the Wen-Yu equ a- 
tion[32] as: 

Re,,,/= [ (33.7)~+0. 0 4 0 8 A r i ' ~ ' -  33. 7 (14) 

Then, the transition velocity to the turbulent flow 
regime in terms of the Reynolds number can be deriv- 
ed from Eqs.(l 3) and (14) as: 

P,er [ (33. 7) ~ +0. 0408At i 1/2 ~0.  598 Ar '/2 - 33. 7 

with a correlation coefficient of 0.99 between the mea- 
sured values of the present and previous studies 
[5,7-9,16,18-20,25,29,33-53] and calculated va[ues 
from Eq.(15) as shown in Fig. 11. Therefore, this in- 
dicates that the transition to the turbulent flow regime 
is occurred by the instability of a maximum stable 
slug which comes from the inertial force exceeding the 

Fig. l I. Comparison of Reynolds number based on 
the transition velocity to the turbulent flow 
regime between the measured and calculat. 
ed values. 
�9 : present study 

gravitational force of solid refluxing in the bed. 

CONCLUSIONS 

The transition velocity from the slugging to turbu- 
lent flow regimes can be determined from the mean 
amplitude, the standard deviation and the skewness of 
pressure fluctuations, the rise velocities of slugs and 
voids, and the bed voidage. 

The voids rise velocity in the turbulent flow regime 
has been correlated with the relevant dimensionless 
parameters and operating variables. 

The rate of bed expansion is more pronounced in 
the turbulent flow regime than that in the slugging 
flow regime with an increase in gas velocity. The bed 
expansion in the turbulent flow regime of coarse par- 
ticles cannot be determined by the two-phase theory. 
The bed expansion ratio in the turbulent flow regime 
has been correlated with the dimensionless parame- 
ters. 

The transition to the turbulent flow regime is main- 
ly caused by file upflowing inertial force of a ,max- 
imum stable slug exceeding the gravitational force of 
solid refluxing. 
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A r  

dp 
dp~ 
ds 
Dt 
Fr : 
g 
H : 
Hmf : 

Z~L : 
n : 

z3P : 
Re~ : 

Rem~ : 

l.J c : 

U a : 

Ug ' 
U mf i 

U s : 

U~ : 
V t : 
W i : 

NOMENCLATURE 

: Archimedes number, d~P~(P~-P~)gi~ 2 
: mean particle size, m 
: mean particle size in the i-th size interval, m 
: slug size, m 
: colunm diameter, m 

Froude number, p~cU~ .,~/(o~-,O~)gdp 
gravitational constant' m/s  2 
expanded bed height, m 
bed height at minimum fluidizing condition, 
m 
distance between measuring points, m 
Richardson-Zaki's index 
pressure drop, Pa 
Reynolds number based on the transition 
velocity to turbulent flow regime, p~dyc/~ 
Reynolds number based on the minimum flu- 
idizing gas velocity, pgdy.~r/~ 
transition velocity from slugging to turbulent 
flow regimes, m/s  
terminal velocity of clusters, m/s  
superficial gas velocity, m/s  
minimum fluidizing gas velocity, m/s  
slug rise velocity, mls 
terminal velocity of an individual particle, m/s  
voids rise velocity, m/s 
weight fraction of the i-th particle size 

Greek Letters 

: bed voidage 
E,~ : bed voidage at minimum fiuidizing condition 
,u : gas viscosity, Pa.s 
p~ : gas density, kg/m 3 
P s : particle density, kg/m 3 
a : standard deviation of particle size distribution, 

m 

~ubscripts 

av : average 
c : calculated 
m : measured 
max : maximum stable bubble 

REFERENCES 

1. Yerushalmi, J.: Fuel Processing Technol., 5, 25 
(1981). 

2. Yerushalmi, J.: Circulating Fluidized Bed Tech.. 
nology, Basu, P. (ed.), p.97, Pergamon Press, Ca- 
nada (1986). 

3. Furusawa, T. and Shimizu, T. : Circulating Fluidiz- 
ed Bed Technology 11, Basu, P. and Large, J.F. 
(eds.), p.51, Pergamon Press, Oxford (1988). 

4. Earl, J.C. and Stonebridge, R.W.: Circulating 
Fluidized Bed Technology 11, Basu, P. and Large, 
J.F. (eds.), p. 377, Pergamon Press, Oxford (1988). 

5. Lee, G.S. and Kim, S.D. : J. Chem. Eng. Japan, 
21, 515 (1988). 

6. Lee, G.S. and Kim, S.D.: Korean J. Chem. Eng., 
6, 15 (1989). 

7. Yerushalmi, J. and Cankurt, N.T. : Powder Tech- 
nol., 24, 187 (1979). 

8. Canada, G.S., McLaughlin, M.H., and Staub, 
F.W.: AIChESymp. Ser., 74(176), 14 (1978). 

9. Fan, L.T., Ho, T.C., and Watawender, W.P.: 
AIChEJ., 29, 33 (1983). 

10. Richardson, J.F. and Zaki, W.N.: Trans. &sin. 
Chem. Engrs., 32, 35 (1954). 

11. Lee, G.S. and Kim, S.D.: Powder Technol, in 
review (1989). 

12. Matsen, JM.:  Powder Technol., 32, 21 (1982). 
13. Grace, J.R and Tuot, J.: Trans. lnstn. Chem. En- 

grs., 57, 49 (1979). 
14. Capes, C.E.: Powder Technol., 10, 303 (1974). 
15. Yang, W.C.: AIChEJ., 30, 1025 (1984). 
16. Abed, R.: Fluidization, Kunii, D. and Toei, R. 

(eds.), p.137, Engineering Foundation, New York 
(1984). 

17. Avidan, A. and Yerusbalmi, J. : Powder TecL,nol., 
32, 223 {1982). 

18. Massimil[a, L.: AIChE Syrup. Ser., 69(128), 11 
(1973}. 

19. Carotenuto, L., Crescitelli, S., and Donsi, G.: 
Quad. lng. Chem. ltal., 10(12), 185 (1974). 

20. Avidan, A., Gould, R.M., and Kam, A.Y. : Circula- 
ting Fluidized Bed Technology, Basu, P. (ed.), 
p.287, Pergamon Press, Canada (1986). 

21. Davidson, J.F. and Harrison, D.: Fluidized Par- 
ticles, Cambridge Univ. Press, London (1963). 

22. Geldart, D., tiurt, J.M., and Wadia, P.H,: AIChE 
Syrup. Ser., "/4(176), 60 (1978). 

23. Baker, C.G.J. and Geldart, D. : Powder Technol, 
19, 177 (1978). 

24. Hovmand, S. and Davidson, J.F.: Fluidization, 
Davidson, J.F. and Harrison, D. (eds.), Chap. 5, 
Academic Press, London (1971). 

25. Satija, S. and Fan, L.S, : AIChEJ., 31, 1554 (;1985). 
26. Grace, J.R. and Harrison, D.: Chem. Eng. Sc,i,, 24, 

497 (1969). 
27. Lockette, M.J., Davidson, J.F., and Harrison, D.: 

Chem. Eng. Sci., 22, 1059 {1967). 
28. Yerushalmi, J. and Avidan, A. : Fluidization, Da- 

vidson, J.F., Clift, R., and Harrison, D. (eds.), 

Korean J. Ch. E. ~ol.  6, No. 4) 



:346 Geun Seong LEE and Sang Done KIM 

Chap. 7, 2nd ed., Academic Press, London 
(1985). 

29. Lanneau, K.P.: Trans. lnstn. Chem. Engrs., 38, 
125 (1960). 

30. Harrison, D., Davidson, J.F., and de Kock, J.W.: 
Trans. lnstn. Chem. Engrs., 39, 202 (1961). 

31. Sun, G. and Chen, G.: Fluidization Vl, Grace, J.R., 
Shemilt, L.W. and Bergougnou, MA. (eds.), p.33, 
Engineering Foundation, New York (1989). 

32 Wen, C.Y. and Yu, Y.H.: Chem. Eng. Progr. 
Symp. Ser., 62(62), 100 (1966). 

33. Kehoe, P.W.K. and Davidson, J.F. : CHEMECA '70 
Inst. Chem. Eng. Symp. Set., No. 33, Butterwor- 
ths, Australia, Melbourne (1971). 

34. Thie], W.J. and Potter, O.E.: AIChEJ., 24, 561 
(1977). 

35. Crescitelli, S., Donsi, G., Russo, G., and Clift, R.: 
Chisa Con~, p.1 (1978). 

36. Li, Y. and Kwauk, M.: Fluidization, Grace, J.R. 
and Matsen, JM. (eds.), p.537, Plenum Press, 
New York (1980). 

37. Lee, J.S. and Kim, S.D.: Hwahak Konghak, 20, 
207 (1982). 

38. Shin, C., Koh, Y.B., and Kim, S.D: Hwahak 
Konghak, 22, 253 (1984). 

39. Han, G.Y., Lee, G.S., and Kim, S.D : Korean J. 
Chem. Eng., 2, 141 (1985). 

40. Satija, S. and Fan, L.S. : AIChEJ., 31, 1554 (1985). 
41. Subbarao, D. and Basu, P. : Circulating Fluidized 

Bed Technology, Basu, P. (ed.), p.281, Pergamon 
Press, Canada (1986). 

42. Kojima, T., lshihara, K., Kuramoto, M, and Furu- 
sawa, T. : Proc. of World Congr. II1 of Chem Eng., 
Vol. IV, p.291, Japan (1986). 

43. Rhodes, MJ. and Geldart, D.: Fluidization V, 
Ostergaard, K, and Sorensen, A. (eds.), p.281, En- 
gineering Foundation, New York (1986). 

44. Wiscarver, K., Kitano, K., and Fan, L.S. : Circula- 
ting Fluidized Bed Technology, Basu, P. (ed.), 
p.145, Pergamon Press, Canada {1986). 

45. Jin, Y., Yu, Z., Wang, Z., and Cai, P. : Fluidization 
V. Ostergaard, K. and Sorensen, A. (eds.), p.289, 
Engineering Foundation, New York (1986). 

46. Son, J.E., Choi, J.H., and Lee, C.K. : Q?culating 
Fluidized Bed Technology II, Basu, P. and Large, 
J.F. (eds.), p.113, Pergamon Press, Oxford (1988). 

47. Hu, H., Wang, S., and Zhang, H.: Circulating 
Fluidized Bed Technology 11, Basu, P. and Large, 
J.F. (eds.), p. 555, Pergamon Press, Oxford (1988). 

48. [shii, H., Nakajima, T,, and Horio, M. : Fluidized- 
Bed & Three-Phase Reactors, Yoshida, K. and 
Morooka, S. (eds.), p.139, The Soc. Chem. Engrs. 
of Japan, Tokyo (1988). 

49. Mori, S., Hashimoto, O., Haruta, T., Mochizuki, 
K., Matsulani, W., Hiraoka, S., Yamada, I., Ko- 
jima, T., and Tiji, K. : Circulating Ruidlzed Bed 
Technology I1, Basu, P. and Large, J.F. (eds.), 
p. 105, Pergamon Press, Oxford (1988). 

50. Saito, Y., Kuwa, M., and Hashimoto, O. : AIChE 
Symp. Ser., 84(262), 102 {1988). 

51. Li, J., Tung, Y., and Kwauk, M.: Circulating Fluid- 
ized Bed Technology 11, Basu, P. and Large, J.F. 
(eds.), p. 193, Pergamon Press, Oxford (1988). 

52. Mori, S., Hashimoto, O., Haruta, T., Yamada, 1., 
Kuwa, M., and Saito, Y.: Fluidization V/, Grace, 
J.R., Shemilt, L.W. and Bergougnou, MA. (eds.), 
p.49, Engineering Foundation, New York (1989). 

October, 1989 


