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Abstract—We simulated a bubbling bed process capturing CO, from flue gas. It applied for a laboratory scale pro-
cess to investigate effects of operating parameters on capture efficiency. The adsorber temperature had a stronger effect
than the regenerator temperature. The effect of regenerator temperature was minor for high adsorber temperature. The
effect of regenerator temperature decreased to level off for the temperature >250 °C. The capture efficiency was rather
dominated by the adsorption reaction than the regeneration reaction. The effect of gas velocity was as appreciable as
that of adsorber temperature. The capture efficiency increased with the solids circulation rate since it was ruled by the
molar ratio of K to CO, for solids circulation smaller than the minimum required one (G, ,,,,). However, it leveled off
for solids circulation rate >G, ;.. As the ratio of adsorber solids inventory to the total solids inventory (x,,) increased,

the capture efficiency increased until x

wl

=0.705, but decreased for x,,>0.705 because the regeneration time decreased

too small. It revealed that the regeneration reaction was faster than the adsorption reaction. Increase of total solids inventory
is a good way to get further increase in capture efficiency.
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INTRODUCTION

Accumulation of CO, in the atmosphere is recognized as one of
important causes accelerating global warming. Many studies have
accordingly been carried out for processes to capture CO, from flue
gas massively by using solid sorbents based on Na, K, and Ca [1-16].

The fluidized-bed CO, capture system has several potential advan-
tages. The fluidized bed provides good solids mixing for gas-solids
contact and heat transfer between bed and immersed heat exchanger
tubes. Adsorption for CO, capture is exothermic, while desorption
for regeneration of sorbent is endothermic. It is good to maintain
uniform temperature distribution with heat transfer, and therefore is
easier to operate than the fixed bed reactor. A mathematical simu-
lation can provide a tool for investigating effects of various operating
parameters on the reactor performance in advance. It serves as a cost,
time, and efforts saver in systematic understanding of experimental
results, process design, and process operation. There have only been
a few available reports on steady state analysis of the present process
[14,16]. Choi et al. [14] developed a model for an entrained-bed
adsorber and bubbling-bed regenerator system that used Na-based
regenerable sorbent. They developed a particle population balance
for both reactors and combined it with reaction rates on adsorption
and regeneration for predicting the CO, capture efficiency. Choi et
al. [16] also carried out the same kind of work on a bubbling-bed
adsorber and regenerator system based on the study of Kim et al.
[13]. The model fitted the experimental data [13] well on effects of
gas velocity, temperature, and H,O content of the adsorber, and tem-
perature of the regenerator. However, it mainly focused on testing
the model’s suitability on parametric effects. In addition, effects of
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solids circulation rate [13] and concentration of both CO, and H,O
in the regenerator [15] were not understood well.

The purpose of this study was to improve the model of Choi et
al. [16] for fitting the effect of CO, concentration in the regenerator
[15] and to carry out detail simulation on effects of operating param-
eters on the CO, capture efficiency. The simulation was carried out
for the laboratory scale bubbling bed process of Korea Institute of
Energy Research (KIER) [13,15] that used a K-based regenerable
sorbent.

MODEL

Fig. 1 shows the schematic diagram of the process considered in
this study, which uses a bubbling-bed adsorber and a bubbling-bed
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Fig. 1. Flow diagram of a bubbling bed CO, capture process.
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regenerator. Flue gas containing CO, is introduced to the adsorber
and fluidizes the bed of sorbent particles. Potassium-based sorbent
particles were used to adsorb CO, according to the following reac-
tion

K,CO;(8)+CO,(2)+H,0(g)=2KHCO(s) 0]

Reacted sorbent particles are withdrawn from the adsorber and
sent to the regenerator. Entrained particles are collected by a cyclone,
and retumned to the reactor (R,,=R,=1). Steam or other gas is intro-
duced to the regenerator and fluidizes the bed of sorbent particles.
Sorbent particles containing CO, are regenerated according to the
reverse reaction. Regenerated sorbent particles are returned to the
adsorber. The fractional collection efficiency of the cyclone (y4(x))
is assumed as that of Lapple [17]. We assumed a well-mixed state
of bed particles in both reactors (p,(X)=ps(X), Pri(X)=pr(x)). The
steady state particle population balance in the adsorber (i=1) and
regenerator (i=2) gives [14,16]

dp,; 2
"(’;—’X(’()+Zafk(x)pbk(x)—af3(x)=o (=1,2) @
k=1
()= 5[F1+K7(x)(1—w](x)R/-lz) 1 de(X)_g}
IR W,R,(x) R/(x) dx x
Fy
_52im (€)
_ Frio
ap(x)=- 6“W1R1(x)
FrotKb(I-Rpys(x) 1 dRy() 3
”52"[ WR,() R(0 dx _x} @
_ 01Fopo(X) + R,ipai(X)
(9=~ )
B. C.: pu(x)=0 for X=X, ©6)
Constraint: J: """ p(x)dx=1 @)

The ¢, is the Kronecker delta. We used correlations of Choi et al.
[18] for the particle entrainment rate K;(x) and the model of Mer-
rick and Highley [19] for attrition rates R, and R(x):

Rai:Ka(ui_ U, I)Wi (8)
R,(X)=dx/dt=—K (1, /3 ©)

We assumed that fine particles formed by abrasion had diameter
<5 mm, a uniform size distribution, and negligible attrition.

The population balance in each reactor from Egs. (2) to (9) was
solved by the finite difference method and it determined the parti-
cle size distribution of bed i, @,(d,). Reaction time of particles of a
size was considered as their mean residence time in each reactor
[20] by

T,v(dp) - M)L_ (10)

Z Si/'a)i/'(dp)

J(out-flows)

Retention times in both reactors were used in Eqgs. (14) and (17) to
determine conversions of adsorption and desorption. It is impossi-
ble to represent mathematically the exact gas flow pattern in the

Table 1. Size distribution of fresh sorbent particles
Sieve size [pum] 0-63 63-75 75-106 106-150 150-212 212-350
0.074 0.069 0.301 0.407 0.143 0.0006

Mass fraction

fluidized bed and the contacting pattern between gas and solid parti-
cles. Both adsorption and regeneration reactions participating CO,
and H,O may mainly take place in particles close to the particle sur-
face. The exact reaction mechanism is also very difficult to express
mathematically. As a result, the final tune-up employing correction
for any choice of reaction mechanism should be done with some
sets of experimental data. Therefore, the present model [16] took
as simple choices as possible only for the bubbling fluidization regime
on average concentration of gas reactant, reaction mechanism, and
reaction time.

The average concentration of gas in each reactor was simply con-
sidered as an arithmetic mean value between inlet and outlet con-
centration.

n

We modified the order of reaction on CO, in regeneration [16]
by trial-and-error with four sets of experimental data (Table 1 and
Fig. 3 in the study of Kim et al. [15]) on the effect of CO, concen-
tration of regenerator on CO, capture efficiency. During this process,
the activation energy of regeneration and other two proportional con-
stants also changed a little by the same way, reconsidering experi-
mental data (Table 3 and Figs. 5 to 9 in the study of Kim et al. [13])
that were used for the previous model [16]. The average relative error
was 9.37% and 8.23% for previous and present models, respectively.

dX 1.690x107(1-X)"* _pipr=—=—
o ( ) C g RTCCO:CHJ)’

dt d,

E,=—22.49 kl/g mol (12)

B. C.: X=X,(d,) at t=0 (13)
X=X,/(d,) at t=7(d,) (14)

dA_2433x107°(1- /1)2’367E1/RT1 1

dt d, Coo, (CHQO)]'O(”

E,=46.03 kl/g mol (15)

B. C.: =0, X=X,(d,) at t=0 (16)

A=2,(d,), X=Xy (d,)=X, (d,)(1-4,(d,)) at t=5,(d,) 17

Reaction rates considered for average particle size and average parti-
cle retention time.

The following relations between moles of CO, and moles of
KHCO, (formed and disappeared) must be satisfied in each reactor:

ANy kpco,=— 2An, ,CO: (18)
AN, kpco,=— 2An2,(«02 19

By combining Egs. (2) to (19), the present model can calculate the
particle flow rate, particle size distribution, concentration of CO, in
gas phase and KHCO; in particles. The overall capture efficiency
of CO, can be determined from the mole balance on CO,.
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Fig. 2. Flow chart on model calculation procedure.

CALCULATION PROCEDURE

Fig. 2 depicts the flow chart on model calculation procedure. Mass
flow rates and size distributions of all particle streams are calcu-
lated by combining Egs. (2) to (9) with the finite difference method.
The average residence time for a particle size in each reactor (7(d,),
7,(d,) for Egs. (14) and (17)) is calculated by Eq. (10). An initial
educated guess for outlet concentrations of CO, and H,O in adsorber
and regenerator (C; , i=1, 2; j=CO,, H,0) determines adsorbing
and desorbing rate of CO, (An, ¢, An, ¢,;,) for Egs. (18) and (19),
and average concentration of each gas (C;, i=1, 2; j=CO,, H,0) in
each reactor by Eq. (11). The adsorption conversion X for a particle
size in each reactor is calculated as follows: 1) Make a best guess
for adsorption conversion X,(d,) of particle withdrawn from the
regenerator in Eq. (17). The particle is sent to the adsorber, then
X{d,)=Xy(d,) in Eq. (13). 2) Evaluate X,,(d,) of the particle in
Eq. (14) by Egs. (12) to (14) when it is withdrawn from the adsorber
after reaction time of mean residence time 7(d,) from Eq. (10). The
particle is returned to the regenerator, then X,(d,)=X/(d,) in Eq.
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(16). 3) Evaluate new X,.(d,) of the particle withdrawn from the
regenerator in Eq. (17) by Egs. (15) to (17) after reaction time of
mean residence time z(d,) from Eq. (10). 4) See if the difference
between the new adsorption conversion X,,(d,) of the particle from
the regenerator and the one initially guessed in step 1 is within toler-
ance. If not, go back to step 1 and make another educated guess
from the results. Use the same calculation for all particle sizes. As
a result, we can obtain the total mole flow rate of CO, adsorbed by
particles from the gas phase in the adsorber (AN, x,0/2) and the
total mole flow rate of CO, released from particles to the gas phase
in the regenerator (AN, xuc0/2) for Eqgs. (18) and (19). Egs. (18)
and (19) between moles of CO, (adsorbed or desorbed) and moles
of KHCO, (formed or disappeared) in each reactor must be satis-
fied. Continue with best guesses for outlet concentration of CO, in
the adsorber and the regenerator to narrow the differences until Egs.
(18) and (19) are satisfied within tolerance.

SIMULATION CONDITIONS

The present model was applied to the KIER process (adsorber:
0.11 m i.d., 1.2 m height; regenerator: 0.11 m i.d., 1.2 m height) [13,
15]. Table 1 summarizes the size distribution of fresh sorbent. The
specific surface mean diameter was 99.5 um. The apparent particle
density was 1640 kg/m’. It had 5.07x107 kg mol potassium/kg solid.
The minimum fluidizing velocity was 8.8 mm/s at ambient tem-
perature and pressure. Gas mixture of N,, H,O and CO, was used
as fluidizing gas for the adsorber and the regenerator. The fluidiz-
ing gas for the adsorber maintained the mole ratio of N, to CO, as
9/1. The following settings were held constant: pressure, 101.3 kPa;
attrition coefficient of particle=3>10"°/mm.

RESULTS AND DISCUSSION

The CO, capture efficiency was estimated by a mole balance on
CO, in the adsorber. Captured moles of CO, were determined as
difference in mole flow rate of CO, between gas inlet and outlet of
the adsorber. It was checked well by the mole flow rate of CO, at
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Fig. 3. Effect of moisture concentration of adsorber gas on CO,
capture efficiency (symbol: measured by Kim et al. [13], lines:
simulations).
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Fig. 4. Effect of adsorber temperature on CO, capture efficiency
(symbol: measured by Kim et al. [13], lines: simulation).

the gas outlet of the regenerator. The CO, capture efficiency was a
ratio of captured moles of CO, to feed moles of CO, for the adsorber.

Fig. 3 shows the effect of moisture content of the feed gas to the
adsorber on CO, capture efficiency and compares the measured value
[13] with the one calculated by previous [16] and present models.
Temperature was 70 °C for the adsorber and 200 °C for the regen-
erator. The solids circulation rate was 5.2 g/s. The inlet fluidizing
velocity was 0.0608 m/s for the regenerator. But the inlet fluidizing
gas velocity for the adsorber increased from 0.0477 to 0.0550 m/s
as the moisture content increased. The CO, capture efficiency in-
creased as the moisture content increased, because the adsorption
reaction rate increased as the reactant moisture concentration in-
creased [1,14]. We confirmed that this model fairly agreed with the
previous one [16].

Fig. 4 depicts the effect of adsorber temperature on CO, capture
efficiency and compares the measured value [13] with the one cal-
culated by the present model for 200 °C regenerator temperature.
The moisture content of the feed gas to the adsorber was 9.92%.
The solids circulation rate was 5.2 g/s. The inlet fluidizing velocity
was 0.0489 m/s for the adsorber and 0.0608 m/s for the regenerator.
The CO, capture efficiency decreased as the temperature increased.
The equilibrium of adsorption reaction moves to the reverse direc-
tion as the adsorber temperature increases because of the exothermic
nature of adsorption reaction [1,14]. Therefore, the capture efficiency
decreased. On the other hand, the capture efficiency increased as
the regenerator temperature increased, due to the endothermic nature
of the desorption reaction. However, the effect of regenerator tem-
perature decreased as the adsorber temperature increased. Adsorber
temperature had a stronger effect than regenerator temperature.

Fig. 5 indicates the effect of regenerator temperature on CO, cap-
ture efficiency with comparison between the measured value [13]
and the one calculated by the present model. Temperature was 70 °C
for the adsorber. The moisture content of the feed gas to the adsorber
was 19.9%. The solids circulation rate was 0.0052 kg/s. The inlet
fluidizing gas velocity was 0.055 m/s for the adsorber and 0.0576
m/s for the regenerator. The CO, capture efficiency increased as
the temperature increased. The equilibrium of regeneration reac-
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Fig. 5. Effect of regenerator temperature on CO, capture efficiency
(symbol: measured by Kim et al. [13], lines: simulation).

100 O T,:70°C(mea)

—— T, 60°C(cal)
- T,: 70°C(cal)

———-T,: 80 °C(cal)

80 Q.

60 -

| T,: 200°C, G,:5.22 g/s

Adsorber inlet H,O concentration: 18%

Regenerator inlet gas velocity: 6.08 cm/s
L

0 | | | |
5 6 7 8 9 10 11

Adsorber inlet gas velocity [cm/s]

20

CO; capture efficiency [%)]

Fig. 6. Effect of adsorber inlet gas velocity on CO, capture effi-
ciency (symbol: measured by Kim et al. [13], lines: simula-
tion).

tion moved to the forward direction as the regenerator temperature
increased because the regeneration reaction was endothermic. Then
K,CO; concentration in solids returned to the adsorber increased,
the adsorption reaction rate was promoted, and therefore the cap-
ture efficiency increased [1,14]. However, the slope of increase was
predicted to decrease and level off for a temperature >250 °C. The
capture efficiency seemed to be dominated by the adsorption reaction.

Fig. 6 shows the effect of the inlet fluidizing velocity of the ad-
sorber on CO, capture efficiency and compares the measured value
[13] with the one calculated by the present model. Temperature was
70°C for the adsorber and 200 °C for the regenerator. The solids
circulation rate was 0.0052 kg/s. The fluidizing gas velocity was
0.0608 m/s for the regenerator. The CO, capture efficiency decreased
as the fluidizing gas velocity increased, because the retention time
of the gas phase decreased as the gas velocity increased [14]. The
effect of gas velocity seemed to be as appreciable as that of temper-
ature, as can be seen in Fig. 6.

Fig. 7 shows the effect of the solids circulation rate on CO, capture

Korean J. Chem. Eng.(Vol. 31, No. 2)
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Fig. 7. Effect of solids circulation rate on CO, capture efficiency
(symbol: measured by Kim et al. [13], line: simulation).

efficiency with comparison between the measured value [13] and
the one calculated by the present model. Temperature was 70 °C
for the adsorber and 200 °C for the regenerator. The moisture con-
tent of the feed gas to the adsorber was 19.9%. The inlet fluidizing
gas velocity was 0.0550 m/s for the adsorber and 0.0608 m/s for
the regenerator. The CO, capture efficiency measured in experiment
increased as the solids circulation rate increased. The efficiency pre-
dicted by the model increased but the slope decreased and leveled
off for solids circulation rate >0.002 kg/s (molar ratio of K to CO,=
6.81) that we called minimum required solids circulation (G; ;).
The capture efficiency was dominated by the molar ratio of K to
CO, at solids circulation <G ,,,,. The capture efficiency increased
with the solids circulation rate. However, the capture efficiency be-
came nearly constant for solids circulation rate >G, ;. Thus, the
model seemed to predict the G, ,,;, smaller than the measured value
0.0052 kg/s [13] since the model assumed a well mixed bed. The
solids flow pattern in the bed can be affected by fluidizing condi-
tions, geometry and configuration of solids inlet and outlet. Further
improvement is needed for this model to reflect this effect correctly.
Fig. 8(a) indicates the effect of solids inventory ratio of adsorber
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Fig. 9. Eftect of CO, concentration in regenerator on CO, capture
efficiency (symbol: measured by Kim et al. [15], lines: simu-
lations).

to total solids inventory (x,,) on the CO, capture efficiency. The
total solids inventory of the process was 7.27 kg. The increase of
adsorber solids inventory meant a decrease of the regenerator solids
inventory. As the x,,, increased, the effect was marginal on capture
efficiency increasing until x,,=0.705 but decreasing for x,,>0.705
in the present condition because the regeneration time decreased
too small. It also meant the regeneration reaction was faster than
the adsorption reaction. Fig. 8(b) indicates the effect of total solids
inventory on the CO, capture efficiency. Both reaction times of ad-
sorption and desorption increased and resulted in an increase of cap-
ture efficiency as the total solids inventory increased. The capture
efficiency was predicted 100% for the total solids inventory 10.8
kg. Therefore, increase of total solids inventory could be a good
choice in order to get further increase in capture efficiency.

Fig. 9 shows the effect of CO, concentration in the regenerator
on the CO, capture efficiency. The regeneration was interrupted by
the reverse reaction, adsorption of CO,, increasing with an increase
of CO, concentration, and therefore the CO, capture efficiency de-
creased [15]. The effect of H,O concentration on CO, capture was
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Fig. 8. Effects of solids inventory and its distribution on CO, capture efficiency (lines: simulation).
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not predicted properly. The CO, capture efficiency increased [15];
however, the present model predicted it to decrease because the re-
verse reaction, adsorption of CO,, increased as the H,O concentra-
tion increased. Further study on desorption mechanism in the regen-
erator is needed to explain this effect properly.

CONCLUSIONS

We simulated effects of some operating parameters on capture
efficiency of a bubbling bed process capturing CO, from flue gas
and reached the following conclusions.

The effect of regenerator temperature decreased as the adsorber
temperature increased. The effect of adsorber temperature was stron-
ger than that of regenerator temperature. The effect of regenerator
temperature was predicted to decrease and level off for the temper-
ature >250 °C. The capture efficiency was rather dominated by the
adsorption reaction than the regeneration reaction. The effect of gas
velocity was as appreciable as that of adsorber temperature. The
capture efficiency was predicted to increase with the solids circula-
tion rate since it was dominated by the molar ratio of K to CO, for
solids circulation smaller than the minimum required one (G; ,;,)-
However, it leveled off for solids circulation rate >G, ,,;,- As the ratio
of adsorber solids inventory to the total solids inventory (x,,) in-
creased, the capture efficiency increased until x,,=0.705, but de-
creased for x,,>0.705 in the present condition because the regener-
ation time decreased too little. It revealed that the regeneration reac-
tion was faster than the adsorption reaction. Increase of total solids
inventory is a good way in order to get complete capture efficiency.
The predicted effect of CO, concentration in the regenerator on cap-
ture efficiency agreed with the measured value reasonably well. How-
ever, further study on the regeneration mechanism is needed to explain
the measured capture efficiency [15] that increased with the mois-
ture concentration in the regenerator.
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NOMENCLATURE

Cco,, Cu,o : average concentration of gaseous reactants CO, and H,O
in reactor, respectively [kg mol/m’]

C;..» C; s, C; tinlet, outlet, and average concentration of gaseous
reactant j (CO,, H,0) in reactor i [kg mol/m’]

d : particle diameter [m]

E, :activation energy of reaction i [kJ/g mol]

F,  :solid flow rate of stream j [kg/s]

N

G, :solids circulation rate [kg/s]

G, ., - minimum required solids circulation rate for its effect level-
ing off [kg/s]

K, :particle attrition rate constant [ 1/m]

K} (x) : particle elutriation rate from bed i [kg/s]

AN; xiic0, © total moles of KHCO; in inflow of solids minus outflow
of solids [kg mol/s]

An, ¢, : total moles of CO, in inflow of gas minus outflow of gas
[kg mol/s]
p.{X) : probability density function of particles formed by attrition
inbedi[1/m]
py(x) : probability density function of particles in bed i [1/m]
p/(x) : probability density function of particles in stream j [1/m]
Po(X) : probability density function of fresh feed particles [1/m]
R : gas constant, 8.314 [kPa m*/kg mol K]
: overall formation rate of fine particles by attrition in bed i
[kg/s]
R,  :recycle fraction of solid collected by cyclone [-]
R(x) : particle attrition rate in bed i [m/s]
: mass flow rate of total particle in outflow stream j from bed
i [kg/s]
t : time [s]
T  :temperature [K]
u, :arithmetic average fluidizing gas velocity in reactor i [m/s]

u,,; :minimum fluidizing gas velocity in reactor i [m/s]

W, :weight of bed i [kg]

W, :total solids inventory in both adsorber and regenerator
[ke]

X, X,., : Spherical particle diameter and maximum x [m]

X :conversion of K,CO; to KHCO,; in solids [-]

X, X« conversion of K,CO; to KHCO,; for in- and out-flow of reac-
tori[-]

: ratio of adsorber solids inventory to total solids inventory

[-]

X

wl

Greeks
oy a5 - functions defined as Egs. (3) to (5) [1/m, 1/m’]

o; : Kronecker delta [-]

A : conversion of regeneration reaction [-]

A : conversion of regeneration reaction of solids discharged from
regenerator [-]

T : mean particle residence time in reactor [s]

wi(x) :cyclone collection efficiency [-]
@,(d,) : mass fraction of particle in bed i [-]
@(d,) : mass fraction of particle in outflow stream j from bed i [-]

Subscripts
b : bed
i : free index, 1 for adsorber and 2 for regenerator

J,k :indices
REFERENCES

1.C.K.Yi, S. W.Hong, S. H. Jo, J. E. Son and J.-H. Choi, Korean
Chem. Eng. Res., 43,294 (2005).

2.C-K.Yij, S-H. Jo, Y. Seo, J.-B. Lee and C.-K. Ryu, Int. J. Green-
house Gas Control, 1,31 (2007).

3.J.B. Lee, C. K. Ryu, J.-I. Baek, J. H. Lee, T. H. Eom and S. H. Kim,
Ind. Eng. Chem. Res., 47, 4465 (2008).

4.C-K.Yi,S.-H.Joand Y. Seo, J. Chem. Eng. Jpn., 41, 691 (2008).

5.J. C. Abanades, M. Alonso, N. Rodriguez, B. Gonzalez, G Grasa
and R. Murillo, Energy Procedia, 1, 1147 (2009).

6. M. Alonso, N. Rodriguez, G GrasaandJ C. Abanades, Chem. Eng.
Sci., 64, 883 (2009).

Korean J. Chem. Eng.(Vol. 31, No. 2)



200 J.-H. Choi et al.

7. F.Fang, Z. Liand N. Cai, Ind. Eng. Chem. Res., 48, 11140 (2009).
8. K.-W. Park, Y. S. Park, Y. C. Park, S.-H. Jo and C.-K. Yi, Korean
Chem. Eng. Res., 47, 349 (2009).
9.Y. C.Park, S.-H. Jo, K.-W. Park, Y. S. Park and C.-K. Y1, Korean J.
Chem. Eng., 26, 874 (2009).
10. Y. Seo, S.-H. Jo, C. K. Ryu and C.-K. Yi, J. Environ. Eng., 135,473
(2009).
11. J. Stroehle, A. Lasheras, A. Galloy and B. Epple, Chem. Eng. Tech-
nol., 32,435 (2009).
12. C.-K. Yi, Korean Chem. Eng. Res., 48, 140 (2010).
13. K.-C. Kim, K.-Y. Kim, Y. C. Park, S.-H. Jo, H.-J. Ryuand C.-K. Yi,
Korean Chem. Eng. Res., 48,499 (2010).

February, 2014

14. J.-H. Choi, C.-K. Yi and S.-H. Jo, Korean J. Chem. Eng., 28, 1144
(2011).

15. K-C. Kim, Y. C. Park, S.-H. Jo and C.-K. Yi, Korean J. Chem. Eng.,
28, 1986 (2011).

16. J.-H. Choi, P. S. Youn, K.-C. Kim, C.-K. Yi, S.-H. Jo, H.-J. Ryu and
Y.-C. Park, Korean Chem. Eng. Res., 50,516 (2012).

17. C. E. Lapple, Chem. Eng., 58, 144 (1951).

18. J. H. Choi, I. Y. Chang, D. W. Shun, C. K. Yi, J. E. Son and S. D.
Kim, Ind. Eng. Chem. Res., 38,2491 (1999).

19. D. Merrick and J. Highley, AIChE Symp. Ser:, 70, 366 (1974).

20. D. Kunii and O. Levenspiel, Fluidization engineering, 2 Ed., But-
terworth-Heinemann, Boston (1991).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


