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Abstract—Effects of superficial gas velocities to a draft tube, to an annulus section and particle size on the solid cir-
culation rate (@ have been determined in an internally circulating fluidized bed (0.28 m 1.D.x2 m high) with an orifice
type draft tube. The solid circulation rate from the draft tube to an annulus section increases with increasing gas
velocities to the draft tube (JJand annulus section (Jand consequent increase in pressure drop across the orifice
(AP,). However, the values of @ecrease by 7-21% with increasing particle size from 86 tgu288 he pressure
drop across the orifice increases with increasipgnd U. However AP, decreases by 5-23% with increasing par-
ticle size. To predict @Gn an internally circulating fluidized bed, a correlation is proposed as a functd®, of
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INTRODUCTION circulating fluidized bed incinerator. The solid circulation rate greatly
affects the solid residence time, gas-solid contact, and heat and mass

Circulating fluidized beds (CFBs) have been studied [Kim et al., transfer rates.
2001, 2002; Kang et al., 1999; Namkung et al., 1999; Cho et al., In the present study, the effects of gas velocities to draft tube, to
1996] and widely used as industrial reactors, but they require verannulus section and particle size on the solid circulation rate have
tall main vessels as a solid riser and accompanying tall cycloneseen determined. Also, the solid circulation rate has been corre-
Therefore, internally circulating fluidized bed reactors (ICFBs) havelated with pressure drop across the orifice.
been developed to circumvent the conventional CFB reactors to
reduce the height and consequent reduction of construction cost. In EXPERIMENTAL
an ICFB, a draft tube or a flat plate has been used to divide the bed
for internal solid circulation within a single vessel. Particles are al- Experiments were performed in an acryl column (0.28 m 1.D.x
ways transported upward in the draft tube and moved downward& m high) with a centrally located draft tube (0.1 m 1.D.x0.9 m high)
in the annulus section. This ICFB reactor has several advantageas shown in Fig. 1. The air plenum was divided into two parts to
besides the compact size. Solid circulation rate can be easily corsupply gas into the orifice type draft tube having four holes (0.03 m-
trolled by gas supply to the draft tube and annulus sections havingiD.) and the annulus region separately. For air supply to the draft
low particle entrainment from the reactor. Heat loss from the reactube (0.1 m-1.D.), a distributor plate with seven bubble caps was
tor is comparatively lower than conventional CFBs since its riser isused. Also, a conical plate with an inclined angle éfé@ative to
located inside reactor and its annular bed acts as an additional rdre horizontal plane with 18 bubble caps was used for gas supply
fractory. Longer residence time of fine char particles in the annulugo the annulus section. This type of gas distribution is known to re-
region may provide a much higher conversion level compared wittduce the stagnant region at the bottom of the bed. Each tuyere has
conventional fluidized bed combustors or incinerators. Thus, ICFBfour holes (2.5 mm-1.D.), and the top of the bubble cap has an in-
reactors have been applied to coal combustion, coal gasificationlined angle of 450 prevent accumulation of particles on the cap.
and incineration of the solid wastes [Kim et al., 2000; Mukadi etParticles were fluidized by the compressed air through a pressure
al., 1999; Lee et al.,, 1998; Riley and Judd, 1987; Kuramoto et alregulator, a filter and a gas flow meter. Four different sizes of sand
1986]. particles (86, 120, 170 and 288) were used. The bed height in

Since the amount and size of solid wastes are not regular in inthe annulus was maintained at 0.86 m above the distributor for all
cinerators, stable operation of ICFB reactors at the different partithe experimental conditions. Pressure taps were mounted flush to
cle size is required for wide range of loads with variation of solid the wall of both the main column and draft tube that were con-
circulation rate. Therefore, solid circulation rate has to be deternected to pressure transmitters to measure pressure in the bed. Pres-
mined to provide prerequisite knowledge to design the internallysure drop across the orifice was calculated from pressure difference

between the annulus and the draft tube sections.

"To whom correspondence should be addressed. Solids circulation rate was determined from the particle down-
E-mail: kimsd@XKaist.ac.kr ward velocity in the annulus bed of moving solids [Ahn et al., 1999].
“This paper is dedicated to Professor Dong Sup Doh on the occasion dks a tracer particle, the heated bed material was used to measure
his retirement Korea University. the particle downward velocity in the moving bed section by two
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Fig. 1. Schematic diagram of experimental apparatus.
1. Pressure regulator

2. Flow-meter 11. Solid hopper

3. Air box 12. Solenoid valve

4. Distributor 13. Timer

5. Draft tube 14. Pressure transmitter
6. Thermocouple 15. Cyclone

7. Bridge circuit 16. Supporter

8. Data aquisition system  17. Solid inlet

9. Personal computer 18. Solid outlet

thermistor probes at 0.51 and 0.46 m above the distributor in the
annulus section. A known volume of heated sand particles was in
jected pneumatically by impulse into the annulus section througk
an L-shaped injection tube. When the heated particles were detect:
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10. Tracer injection tube
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Fig. 2. Effect of U, on AP, with variation of U, (d,=86 um).

to 1.6 m/s), to the annulus section (moving bed, up to 0.125 m/s)
and particle size (86, 120, 170, 288) on solid circulation rate

and pressure drop across the orifices have been determined. The
properties of used silica sands are listed in Table 1.

RESULTS AND DISCUSSION

1. Pressure Drop across the Orifice

The effect of |J(0.083-0.918 m/s) AP, with variation of |J/
U, (0.85-1.67) is shown in Fig. 2 whekB,, increases with increas-
ing U,. At higher U, the flow regime in the draft tube was changed
to the turbulent bed via the bubbling bed having low solid holdup
in the draft tube, while the annulus was operated at moving bed con-

1.0

0.8

by the thermocouples, the response signals were stored in a pe §

sonal computer through a data acquisition system. By measurin £

the time lag between the two peaks, the solid circulation rate cai < g4 L QO\_O UV, I

be determined. © ® 065
The effects of gas velocities to the draft tube (fluidized bed, up .\'\'\, o 822

02+ ; 1:15

Table 1. Physical properties of bed material UaUn = 1.0 ; 13;

Average particle siz¢imn] 86 120 170 288 * 164

Density [kg/m] 3120 3,120 3,120 2,582 00 ; i . . . :

Minimum fluidization velocity [m/s] 0.0078 0.0150 0.0294 0.0834 50 100 150 200 250 300 350

\oidage at ), 052 052 052 0.50 de [um]

Terminal velocity [m/s] 051 08 135 Fig. 3. Effect of particle size or\P,.
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Fig. 4. Effect of U, on G, with variation of U, (d,=86 pm). Fig. 5. Comparison of G at different U./U,; (C: conical distribu-

tor, F: flat plate distributor).

dition. Therefore, bothAP,, and density difference between the draft
tube and annulus section increase with increasingtW, /U, be- 50

low 0.8,AP,, is rather small and increases sharply with increasing ® U,=0.25m/s
U,/U,, from 0.8 to 1.0. With increasing,\ AP, increases due to O Uy =042m/s
the increase of pressure drop in the annulus section up to the mir 4o | | ¥ Ya=0-58mis d. = 288um
mum fluidizing condition. Moo ’
The effect of particle size {B6, 120, 170 and 2§8n) onAR, o u: - 1 34ms
with variation of /U, (0.65-1.64) at 1.0 WU, is shown in Fig. 3. ol | ¢ Va=150ms

All of the particles belong to the Geldart group B particles. As the
particle size is increased from 86 to LG, AP, decreases by 5-
23%; wheread)\P,, increases with increasing, tégardless of the
particle size employed in this study. 20 +
2. Solid Circulation Rate

The effect of |J (0.1-0.9 m/s) on @with variation of |} (0.85-
1.67U,) in the bed of 86 mm particles is shown in Fig. 4. As can
be seen, @ncrease with increasing,due to the increase of den-
sity difference between the annulus and draft tube sections. Whe
gas velocity in the draft tube is higher than that in the annulus sec
tion, the bed density difference between the annulus and draft tuk %06 0.08 010 012 014
sections increases, which may provide driving force for solids cir-
culation in the bed [Lanauze, 1976]. As in casBRyf (Fig. 2), G
increase sharply at 1.QU,, compared at 0.85{W,, Kuramoto  Fig. 6. Effect of U, on G, with variation of U, (d,=288um).
et al. [1986] reported that,@epend linearly on pressure drop be-
tween the draft tube (fluidized state) and the annulus section (mowypes and the annulus aeration rate. The experimental datd (G
ing bed). In the present study, solid circulation does not occur untiLee et al. [1992] showed the highesingh the higher gap height
the gas velocity in the draft tube reaches 2iken if the gas velocity  (0.14 m) and the flat type distributor.
to the annulus section is high enough. According to Choi and Kim The effect of |J (0.067-0.125 m/s) on Gwith variation of |
[1991], U, must be higher than 2.5Jor the solid circulation as  (0.25-1.59 m/s) in the bed of 286 particles is shown in Fig. 6.
found in the present study. As can be seen, @hcreases with increasing, Up to the mini-

The experimental data of, @ the present and previous studies mum fluidizing condition due to the active movement of solid par-
[Lee et al., 1992; Song et al., 1997; Ahn et al., 1999] are compareticles with increasind@\P,.. With increasing |J solid particles in
as shown in Fig. 5. Lee et al. [1992] and Song et al. [1997] usedhe annulus section is close to the minimum fluidizing staté@nd
the draft tube with the gap height type instead of orifice type andncreases due to the increase of pressure in the annurscbesh-
Lee et al. [1992] also used a flat plate distributor. The increase afequent increase in.@\lthough U is higher than the minimum
G, with increasing Yis almost the same regardless of the reactorfluidizing velocity, the bed density in the annulus decreases due to

G, [kg/m?s]

U, [m/s]
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bubble formation, hence,@ecrease slightly at the higher annulus fluidized bed condition with 1>1.6U,; and G decrease due to the
gas velocities. At Ubelow 0.8, solid circulation does not occur;  reduction of bed density difference. Therefore, the annulus must
however, Gincrease markedly at 1.QU,.. Yang and Kearins  be operated at laround 1.5}.
[1978] reported that Gt the lower annulus gas velocity are similar ~ The effect of particle size jdon G is shown in Fig. 8 where G
to that without annulus gas flow bug iBcrease sharply at the an-  decrease by 7-21% with increasing particle size from 86 tpra88
nulus gas velocity at 0.§}J According to Ahn et al. [1999],.&- since resistance of solid flow across the orifice increases with par-
crease significantly with increasing but are less affected by.U ticle size. Ahn et al. [1999] studied solid circulation rate of sand par-
The effect of LJon G in the present and previous studies is shown ticles (300-60qum) as the bed material at the given gas velocities
in Fig. 7. As can be seen, fBcrease linearly with {from 0.8 to in the annulus and draft tube sections. They found thdgdBase
1.5U,, as reported previously [Lee et al., 1991; Song et al., 1997hy 20-25% with increasing particle size due to the increase of gas
Ahn et al., 1999]. The annulus section is operated at the bubblingpypassing from the annulus to the draft tube section. Therefore, the
actual aeration gas velocity decreases due to gas bypassing so that
larger particles in the annulus section (moving bed) cannot attain

70 — the minimum fluidizing condition at the calculated minimum flu-
U, [m/s] (distributor, U_) . . . . . .
idizing velocity of the given particle siz, e therehyd&crease with
60 | ; ms W‘“i ?gg Eg 3'82”’13; increasing particle size.
IS worl B , 0.0em/s H
v Leeetal (1992) 0.60 (G 0.1mis) 3. Correlat|o'n BetweenA-Po,. and G, . -
v Songetal (1993)  0.90 (C, 0.1mis) The experimental data indicate th}, is closely related to solids
S0n m Amnetal (1999)  1.35(C,0.15mss) | M flow through an orifice at the given gas velocity. The obtaifed
in the present study has been correlated with the dimensionless terms
w40 - as:
E
;cn o _ %ﬂ.zt%%dmzmgdom
=, AP, = .
(.')w 30 M N Pur 715 tD mme RjurD (1)
- ‘ with a correlation coefficient of 0.91.
20 | Bubble formation A parity plot of AP, between the experimental and calculated
values from Eq. (1) is shown in Fig. 9.
ol “ The solid circulation rate (Jscan be expressed by the Bernoul-
lis equation [Judd and Dixon, 1978]:
v
0 ' ' — —c.Bu050 AP
0.0 05 1.0 15 20 = CSESB 2PAPy @)

U/ U ] where G S, S, and [ are patrticle discharge coefficient, orifice

Fig. 7. Comparison of G at different U, (C: conical distributor, F: area, annulus area and annulus bed density, respectively.
flat plate distributor).

30

1400 .
U/Une=1.0 +20% .-

5 . 1200 | o% r
[} [m} e.
25 L - S ee
1000 }- .
AL ® - 20%
v\v e

T g‘
o R %)
— 5 800 - .
£ % B
& UV, 1] 600 r V 4
® 065 . AR dp [um]
Wo O o082 400 - v 1
15 | v 098 K. o4 ® 86
v 115 O 120
A = 131 200 o/ v 170 |
o o147 a v 288
¢ 164 ;
0 i 1 1 1 ] 1 ]
10 ‘ , ) . , . 0 200 400 600 800 1000 1200 1400
50 100 150 200 250 300 350 Exp. AP [Pa]
d, [um] ) .
Fig. 9. Parity plot of AP, calculated from Eq. (1) and the present
Fig. 8. Effect of particle size on G experimental data.
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| Correlation coefficient : 0.92 NOMENCLATURE
30 - e A C, :particle discharge coefficient [-]
: d,, :orifice diameter [m]
- L 20% d, :particle diameter [m]
E I v | G, :mass flux in annulus [kg/fis]
2 i o2V v | AP,, : pressure drop across the orifices [kPa]
. 20 Py v. .
J - 3 S, :cross-sectional area of annulug][m
8 5’@ ] S, :cross-sectional area of orificesm
g d, [um] ] U, :gas velocity in annulus [m/s]
1 o Thisstudy e | | U, :gas velocity in draft tube [m/s]
° O This study 120 | | U, :minimum fluidization gas velocity [m/s]
v This study 170 | | U, :terminal velocity of a falling particle [m/s]
¥V This study 288
© Ameral (1959 810 Greek Letters
T T €y :voidage of bed at%,)[—]
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Fig. 10. Parity plot of G, calculated from Eq. (4) and Gdata of the
present and a previous study [Ahn et al., 1999] in an REFERENCES
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