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Abstract—-A spouted bed with an impermeable draft tube was employed to obtain fundamental data of binary
mixtures of glass beads for both the operating conditions and the design factors. These data were compared with
those for the coarser particle system only. From this view point, minimum spouting velocity, pressure drop, hold-
up of solid particles within a draft tube, upward gas flow rate within the annulus and solids circulation rate were
determined by changing the total gas flow rate and mass fraction of finer particles as operating parameters and
by changing distance of entrainment zone and draft tube diameter as geometric parameters.
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INTRODUCTION tions and the design factors, and these data were compared
with those for single particle system consisting of the coarser
Conventional spouted bed (C.S.B.) technology in solid-gasglass beads.
system [Mathur and Epstein, 1974] has proven to be an effec-
tive means of contacting for gas and coarse solid particles such EXPERIMENTAL APPARATUS AND PROCEDURE
as Geldart type D materials. In addition, spouted bed in solid-
liquid system has been studied [Kim, 1984, 1985; Kim and Ha, Fig. 1 shows the experimental apparatus for a batch system
1986]. Moreover, the insertion of an axially positioned draft under a steady state condition, and Table 1 gives the experimen-
tube into the conventional spouted bed has shown potentiaal conditions and particle properties.
advantages due to the stability and the flexibility. Experiments in this study were conducted by using a cylin-
In 1997, Hatate et al. made a review on flow characteristicsdrical acrylic bench scale model. The bed consisted of a 0.1 m
of draft tube spouted bed and its application; that is, manylD acrylic column with a conical base having an included an-
papers have been written on particle circulation [Yoshida et al.gle of 60 and the inlet nozzle had a diameter of 12 mm. The
1997; Song et al., 1998] and spouting of fine particles [ljichi et
al., 1996], and furthermore on unique flow characteristics with
maodified fluid inlet [Hattori and Nagai, 1996] or modified fluid Optical fiber Stainless steel pipe
outlet [Kim, 1990]. A recent trend in the development of its

3 NS
technology has been the application of spouting with a draft [ i .é 1\

tube to a wide variety of chemical processes including coal _ " 0-=1.016x10°m
gasification [Hatate et al., 1996], pneumatic conveying [Milne b Solid particle
et al., 1992; ljichi et al., 1998], particle design of pharmaceuti-
cals [Fukumori and Ichikawa, 1997; Littman et al., 1997], dry-
ing [Khoe and Brakel, 1983], blending and so on.
On the other hand, for these applications, particle segregatio
in the bed is of practical importance. For the conventional
spouted bed of binary mixtures of particles, Ishikura et al. [1982],
Uemaki et al. [1983] and Anabtawi [1998] determined the effect H
of the mass fraction of finer particles on the minimum spouting
velocity, and on particle segregation [Grace et al., 1983]. How-
ever, little research has been done [Ishikura et al., 1998] on .
spouted bed with a draft tube for binary particle systems.
Therefore, in this study, a spouted bed with an impermeable
draft tube was employed to obtain fundamental data consisting
of finer and coarser glass beads for both the operating condi
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Table 1. Experimental conditions nometers. HerAP, was used to calculate the gas velocity thr-

Column ough the annulus JA relation between the pressure drop and
Inside diameter Pm  :0.10 the gas velocity for the annulus was found from the measure-
Nozzle diameter pim  :0.012 ments gndgr the state of the loose packed bed for %ads C
Cone angle f[deg] :60 shown in Fig. 2. '_I'he exp_erlmental data can be approximated

Draft tube (material : brass) by these qugdratlc equations, so thg equatlonA_Fbla_nd U
Inside diameter DM :0.012, 0.014, 0.018 were determined by the s_econd _nomlnal _approxmatlon for th_e
Tube length LM 103 each average mass fractlon.of finer partlcles. For example, in
Distance of entrainment zone, fir]  :0.02, 0.03, 0.04 the case of £0.05, the following equation was used:

Particle (Glass beads) APyL=16.2U,+18.8U; @
Diameter R[um] :1351,477 Moreover, the mass balance of gas for a spouted bed with a
Density Pe [kg/m?] : 2480 draft tube is introduced as follows:

Mass fraction of finer particles ({kg/kg] : 0.00, 0.01, 0.03, 0.05,
0.10, 0.15, 0.25, 0.50,
0.75, 1.00 where Q is total gas flow rate, U is superficial gas velocity in
column and Y is superficial gas velocity in draft tube.
On the other hand, before a spouted bed with a draft tube can

draft tubes of 12, 14 and 18 mm ID were employed, and thPe used as a stable efficient solid-gas contacting reactor, the
distance of the entrainment zong Was changed from 20 to  Solids circulation rate \and the hold-up of solid particles within

40 mm. Two different sizes of glass beads were used. The cdhe draft tube (E) must be known since these two parameters
arser particle had a mean particle diameter of 1y85and the &€ directly concerned in the state of spoutingis/¢alculated
finer particle was 47@m in size, therefore the ratio of the both OM the mass balance of particles in the annulus as shown in
particle diameters was 2.83. About 3 kg of binary particle mix- Ed- (3) by using the experimental value of particle velocity with-
tures, of which the average mass fraction of finer particles ¢ N the annulus , and \k, could easily be measured by visual-
were eight kinds as shown in Table 1, were spouted at a giveh/ following the particles at the transparent wall of the annulus
gas velocity. and by determining the average time required for a tracer par-

As shown in Fig. 1, pressure taps were attached for measuficle 1 descend a fixed distanced(05 m) by using a stop-

ing the total bed pressure drdfs the pressure drop within ~ Watch.
the draft tubeAP, and the pressure drop of the annuli, Ws=(1-€,)Pp-An-Vpa 3
respectivelyAP;, AR, andAP, were measured with digital ma-

Qr=U-A=U,AstUp-Ap )

At the same time, the local velocity of particles within the
draft tube \4s was measured by an optical fiber probe method
as shown in Fig. 1. The probe consisted of three optical fibers

15 1 T T T T 1 of 1,000um diameter. The central fiber guided illuminating light
- Glass beads - to moving particles and the others guided the reflected light
. from particles to each photomultiplier.Mvas calculated by us-
| ing the following equation:
_ Vesl/Tn 4
10 — wherel is effective distance between light detecting fibers and
s _ 1., is average lag time calculated by FFT analyizer.Eq. (4)
S i was calibrated ak=1.016 mm. The hold-up of solid particles
& within the draft tube (%) was determined from Eq. (5) based
— H=0.3m ]| on mass balance of particles within a draft tube by using the
El ey C_[ka/ka] . measured value of ¥and W, calculated from Eq. (3).
q b O 000 [] (1-£0)=We/(Pe-Ap- V) ®)
O 0.05 .
<& 0.10 _
A 0.95 EXPERIMENTAL RESULTS AND DISCUSSION
v 0.50 T ] )
! ® 1.00 _ Fig. 3 shows the typical pressure drop-flow rate curves for
o P fluidization (F. B.), and spouting without a draft tube (C. S. B.)
0 0.2 0.4 0.6 0.8 and with a draft tube (D. S. B.). This figure shows tias of
U [m/s] D. S. B. is lower than those of the others, and also minimum
Fig. 2. Relationship betweenAP/L and U as a parameter 6  Spouting velocity L) of D. S. B. is much lower than those of
C, for loose packed bed. the others. Therefore, D. S.B. has a considerable advantage
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Fig. 3. Typical pressure drop-flow rate curves for fluidization,

and spouting without and with a draft tube.
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Fig. 4. Relationship betweemAP, and U as a parameter of H.

from the view point of utilities such as the running costs.

Fig. 4 shows a representi®®, versus superficial gas veloc-
ity in column U for the case of the mass fraction of finer par-
ticles G=0.05, with the distance of the entrainment zopeasl
a parameter. ThAP, indicates the pressure drop due to solid
particles within a draft tube. This figure shows th®, de-
creases with decrease in U for the stable spouting region. Whe
the spouting state changes from the stable spouting region in
the pulsing regiom\P, has a minimum value at the transitional
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point. The gas velocity at the point was defined as the mini-
mum stable spouting velocity.\d The U..is very important

for the actual stable spouting operation with a draft tube. Further-
more, when the spouting state changes from the pulsing region
into the packed bed region, the transitional point is regarded as
minimum spouting velocity |l That is, the ), was defined as

the velocity at a point where a slight reduction of gas velocity
caused solid particles within a draft tube to clog and at the
same time the pressure drop rose suddenly. It was found that
both AP, and U, increases with increases in.Hhe reason

for this is that the gas flow rate through the annulus increases
with increasing H. AP, for G=0.05 is higher than that for
Cs=0 and also | for C;=0.05 is lower than that for.€0 be-
cause of the decreases of the void fraction within the annulus
€, This figure shows that the behavior of both gas and solid
particles within the draft tube is similar to that for vertical pneu-
matic conveying.

Fig. 5 shows the effects of the mass fraction of finer particles
Cson U, It was also found that,Jldecreases with increasing
G, and this trend is remarkable in the range gf0.3,
because of marked decreases in the void fraction within the
annuluse, at the same range of. @his phenomenon is similar
to the one that was observed in the conventional spouted bed
[Ishikura et al., 1982].

Fig. 6 indicates the effect of;@n U, and the gas velocity
within the draft tube kI U, can be calculated from Eq. (2), U
decreases and,lihcreases with increases ig @ this experi-
ment, it was found that Us lower than |} and so the annulus
region is a state of moving bed.

Fig. 7 indicates the relationship between the gas flow rate
through the annulus £B); and the total gas flow rate, @ith
H, as a parameter. @, increases with decreases in &d
with increases in K This is because the gas jet expands with
increasing . QJ/Q; for C=0.05 are lower than that fors£D
for every condition because of the decreases of the void frac-

0.4 | DA BN I N B B R B |
Glass beads
H=0.3m -1
D =0.014m
D
0.3 -
0 O |
€
— =
«0.2F O -
£ o4
> L 8 @ i
) |
0.1 H Key HD[m] _3
O o0.02
| A 0.03 -]
O 0.04
0 | IS N i R N N T |
0 0.5 1
C_I[-]

Fig. 5. Effect of G on U,
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tion within the annulus,.

Fig. 8 indicates the effect of draft tube diametgiob Q/Q-. Fig. 10 shows the effects of both superficial gas velocity in
Q./Q; increases with decreases i &nd also QQ; for C= draft tube | and G on total pressure drop within the draft tube
0.05 are lower than that forD for every condition. AP, and (1g,). (1-€,) were calculated from the mass balance

Fig. 9 shows the effects of both U and @ W, W; was within a draft tube as shown in Eq. (5), usingtiat was mea-
measured by observing carefully coarser particles except in theured by the optical fiber probe. It is recognized that)has
case of G=1. When Gis low, that is, 8Cs<0.1, W, increases little difference for the comparison of£D and 0.05, as in the
monotonously with U. But whens@eaches to 0.25, YWWas a  case ofAP,. The kinetic energy of particles decreases with
maximum value at 8= 0.2 m/s, as in the case of the patterns of decreases in \Jtherefore AP,; decreases with decreases in U
the solids circulation that have been observed for fine particlesvithin the stable spouting region. Moreover, aftEs. reaches
[ljichi et al., 1996], and Whas a minimum value at¥0.4 m/ a minimum valuefAP,; increases inversely with decreasing U
s. W, for finer particle is lower than that for binary mixtures. It As U, decreases further, €) increases remarkably. Further-
is considered that Ws influenced significantly by the behav- more, when (%) reaches about 0.04, the behavior of particles
ior of both gas and particles within the entrainment zone. within the draft tube can not maintain the stable pneumatic con-
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1.5 r T T r r Q. :gas flow rate through annulus (z8,) [M?/s]
U key C [kg/kg] DD Q; :total gas flow rate (=t4\;) [m?s]
- Dms O o.00 g O U : superficial gas velocity in column [m/s]
a 1k 5 0O o.0s a i U, :superficial gas velocity through annulus [m/s]
= U O i) U, :superficial gas velocity in draft tube [m/s]
5 y o CPO Glass beads U, :minimum superficial gas velocity for fluidization [m/s]
2 @Dﬁ H=0.3m i U.s :minimum superficial gas velocity for spouting [m/s]
0.5r * W -0.03m Uns : Minimum superficial gas velocity for stable spouting
bmss PMss Iio 014m [mis]
o U, :terminal velocity for a single particle [m/s]
0 I i } f f Ve particle velocity within annulus [m/s]
0.06L ? U (coarser)=9.05m/s | Ves Ioca! particle velocity within draft tube [m/s]
| ufou i W par_tlcle_bed mass [ka]
— bms mss W, :solids circulation rate [kg/s]
= 0.04F----- g—eg —————————————— -
W | u, O ~Q Uniform _ Greek Letters
N O DOEJ Op |dispersion AP, : pressure drop within annulus [kPa]
0.02} Opg EQBE 7] AP, :pressure drop due to solid particles within draft tube
5 . [kPa]
0 . , . A . AP, :total pressure drop within draft tube [kPa]
0 5 10 15 20 25 30 APs :total bed pressure drop [kPa]
UD [m/s] €a : void fraction within annulus [-]
. ' (1-ep) : hold-up of solid particles within draft tube [-]
Fig. 10. Effect of U, on both AP, and (1€). 6 . cone angle [deg ]
P~  :particle density [kg/rh
veying state. T, :average lagtime [s]
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