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Abstract --  The mixing mechanism of solid particles in the air spouted bed was studied by employing 
an impulse response technique. The particles, german millet and barley, were spouted by air in columns of 
diameter of 8.4 cm and 12.6 cm. 

In the proposed theory, it was assumed that the mixing of the particles in the spouted bed occurs when 
they circulate through spout, fountain and annulus. Also a theoretical model was derived by assuming that 
the particle flow in the annulus is a combination of many annular plug flows while the flow in the spout as 
well as in the fountain is a mixed flow 

The residence time distribution of the particles in the bed was measured by injecting a portion of colored 
particles into the feed line and analyzing the concentration of the colored particles in the discharge line. The 
experimental results and the proposed theory were most satisfactorily agreed when the null residence time in 
the spout and in the fountain was assumed in the theoretical model. 

INTRODUCTION 

After K.B. Mathur [1] reported that the spouted bed 
could improve the drying of a lot of wheat which could 
not be fluidized in the conventional fluidized bed, a con- 
siderable amount of researches to confirm its 
characteristics and to apply this technique to many 
fields such as granulation [2], coating of nuclear fuel 
particles [3], gas cleaning [4], low-temperature coal car- 
bonization [5], thermal cracking of petroleum [6, 7], etc. 
have b ~ n  carried out. 

The mechanism of the solid mixing in the spouted 
bed is one of the fields on which many groups of in- 
vestigators focused their interests. For example, Kugo et 
al. [8] proposed a cumulative residence time distribu- 
tion from their experimental information of gross mix- 
ing behavior of solid particles in the spouted bed and 
Barton et al. [9] had derived the equation for an internal 
age distribution from which Quinlan and Ratcliffe [10] 
interpreted that 90% of spouted bed volume is in 
perfect mixing. Also Chatterjee [I 1], Mann et al. [12, 13] 
and Van Velzen [14] derived the equation for calculating 
the circalation rate in the spouted bed from their mixing 
model. 

In this study, however, a theoretical model, based on 
the assumption that the solid flow in the annulus is a 
combination of many plug flows, was proposed and a 
tracer experiment was carried out to confirm the model 

[15]. 

* To whom correspondence should be addressed. 

THEORETICAL MODEL 

A spouted bed can be divided into three zones. Those 
are the spout which is the channel of the fluid and par- 
ticles at the center of the bed, the annulus at which par- 
ticles flow toward the spout wall and the fountain at 
which particles change their flow directions to the bed 
level afrer gushing out through the spout as shown in 
Fig. 1. 

After several observations with a half cut spouted 
bed, it could be assumed that the particle flows in the 
annulus are the combination of many annular plug 
flows having different residence time, rp(j), while the 
flows in the fountain and the spout are mixed flows, 
presumably complete mixing. Also the distribution of 
the solid particles at the bed level after gushing out from 
the fountain is assumed to be uniform. With this 
assumptions, a theoretical model for mixing mechanism 
can be proposed as shown in Fig. 2 for a continuous 
flow spouted bed. In this system, solids are fed into the 
fountain and taken out from the top of the spout. 

From Fig. 2, the overall material balance in the spout 
and the fountain at the time t, after a tracer injection, 
can be expressed as 

M~dC~t(t) Z ' [ a ( j )  ( I + R )  v C e ( t - r p ( j ) ) ]  

- ( I + R )  v C~(t)  (1) 

and 
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Fig. 1. Schemat ic  explanat ion of the spouted bed. 

C:, Cs : t racer  concentration in the 
fountain and in the spout, 

M:,Ms :part icle hold-up in the fountain 

and in the spout, 

V :par t ic le  mass flow rate. 

R :par t ic le  recycle ratio. 

R:  :dis tance from the column center. 

M d~t(t)=RC, v C . ( t ) + v  G.( t )  

- ( I + R )  v C : ( t )  (2) 

Where 
rp(j) 

(i) 

R 
V 
c(o 

C]( t -  rp (j)) 

and subscript 
S 
f 
in 
out 

residence time of the particles in the j th 
streamline of the annulus. 
fraction of the cross sectional area that 
occupied by the j th streamline on the 
bed level. 
particle recycle ratio. 
particle feed or discharge rate. 
tracer concentration at time t. 
tracer concentration of the j th 
streamline at the spout wall. It means 
that the tracer concentration at the spout 
wall at time t is equal to those of the 
fountain before time rp(j). 

spout. 
fountain. 
inlet. 
outlet. 

In this study, rp(j) was experimentally correlated 
with the variables such as radial distance from the 
center of the bed level to the column wall, superficial 
fluid velocity, density and viscosity of fluid, size and 
specific gravity of particles, column diamerer and pack- 
ing height, elsewhere [15]. The correlated equation was 

rp( j )  U:  / 0  . . . .  ~__ c~- 449(~-7S-,,) " ( ) . . . . . . .  ( ) ...... 
dp d~psus 

(H) ..... (a:)  . . . . . .  (3) 
a r  ps 

where 
Dc : column diameter 
d~ : particle diameter 
H : packing height 
rt : radial distance from the center of the bed 
U: : superficial fluid velocity in the bed 
/~, : fluid viscosity 
p ,  : fluid density 
p ~ : particle density 

Vin 
a (1)- (I+R)V 1 't a(1)" (I+R)V . Cin(t) 

J(I+R) V.~ . (i). (I+R) v R.V 
I:L ~'"':' "-[_~ Cs(t) , - - ICs( t , ,  C,(t) 

i (1+at v=2 ( v! n 

J 

rout  
Cs(t) 

(I§ V 
Ca, (t) 

Fig.  2. A theoret ica l  model for mix ing  mechani sm in the spouted  bed. 

a " area fraction, l ~ n "  number of fractionated area, vp (j) " residence time of j th flow, 

others are same as in the Fig. 1. 
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Furthermore, the particle hold-up in the spout could be 
assumed negligible compared to those in the fountain 
and the annulus. This was confirmed through the visual 
observation that the retention of the colored particles in 
the spout was negligibly short compared to those in the 
annulus. 
Thence, Eq.(1) becomes, 

C s { t ) = ~  [a  (j) C f ( t - r v ( j ) ) )  (4) 1=1 

and when Cin(t) ~ Cin 6(0 and Cf(O) = Cs(0) = O, Eq.(2) can 
be solved with Eq.(4) as 

C1(t) =s ( t )  - e  q a t  [s(t) - C f ( t - A t ) J  (5) 
q q 

where 

(I+R) V (6) 
q' Mr 

s(t) = R ' ~ V  �9 t ~  [a (j) C , ( t - r o ( j ) ) ~ }  (7) 
I + R  ,=~ 

All the theoretical calculations are carried out with the 
logic shown in Fig. 3. 

EXPERIMENTAL 

The particles used in this study were german millet 
and barley of which physical properties are shown in 
Table 1. The columns used were semicircular shape of 
8.4 cm in diameter for the barley and 12.6 cm in 
diameter for the german millet with transparent 
acrylplate front. The cone angle and the size of fluid in- 
let nozzle were fixed as 60 ~ and 0.66 cm in diameter, 
respectively. 
The packing height of the solid particles in each column 
was set as 10 cm for the barley and 20 cm for the ger- 
man millet from the bottom of the column section and 
the superficial velocities in the bed were 71.0 cm/sec. 
and 31.8 cm/sec., respectively. 

The tracer used in this investigation was prepared by 
coloring the same particles as those in the spouted bed 
with direct dyes. After tracer particles were injected into 
the fountain of a steady state spouting bed, the outcom- 
ing particles through a hole placed at the top of the 
spout were sampled as a function of time and the con- 
centration of the tracer particles could be measured by 
separating the colored from the noncolored. The air flow 
rate for the tracer run was ranged from 1.15 to 1.20 
times of the minimum spoutable flow rate [1, 17]. 

The schematic diagram of the experimental ap- 
paratus is shown in Fig. 4. 

read 
fixed variables 

/c calculate 
alculable variables ] 

I t-o I 
4,, ~ .. write variables ] 

l J - o l  
I j = j + l  l 

I CKV (j) ~t~ (j) "G~ I 
4 

CKV (J) = a(J) * C~" (t- r" (J)) 1 

calculate 
C, ,it) &z C~(t) 

write 
t, Cs ( t ) ,C~( t )  

[ t=t+DDt ] 

Fig. 3. F low chart for the calculat ion of  the 

tracer concentration. 
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Fig. 4. S c h e m a t i c  diagram of the experimental  

apparatus .  

1 ;compressor,  2; spout ed bed, 

3;hopper, 4; orifice, 5;regulator ,  

6;manometer,  7;outlet  nozzle. 

Table 1. Phys ica l  properties of the part ic les .  

C--'---..~r ticles German Barley 
Phsical ~ Millet 
_ Properties 

Size (dia. era) 0. 145 0. 317 

Sphericity 0. 980 - 

Sp �9 Gr absolute 1.320 1. 404 

(g/era 3 ) bulk 0. 830 0. 815 
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Fig.  5. a. C -cu rves  in the air spouted bed for the 

My values  of  the german mi l le t  when R =  10. 
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RESULTS A N D  DISCUSSION 

Fig. 5 and Fig. 6 are to compare the theoretical 
residence time distribution with the experimental one 
for the barley spouted in the column of 8.4 cm in 
dianieter and for the german millet spouted in the col- 
umn of 12.6 cm in diameter, respectively, The 
theoretical values in the figures were the integrated ones 
over the corresponding experimental sampling times 
though the raw theoretical data calculated from Eq. (4) 
and Eq. (5) were pulses. This is because the experimen- 
tal datum was the average value over a certain sampling 

time. 
Also the theoretical lines presented in this figure are 

for tile recycle ratios, mass of solid particles returned to 
the fountain per mass of solid particles leaving the bed, 
of 10 and 18 and the particle hold-up in the fountain, 
Mf, are used as a parameter in the plot. The tail part of 
the curves were treated by the method used by Edward 
and Richardson [16]. 

According to these figures, the closer to the zero Mf is 
and the higher the recycle ratio is, the better agreement 
be tween  the theoret ical  and the exper imenta l  
holds.From this fact, it could be said that the fountain 
simply acts as a distributor of particles from the spout. 

Fig. 5. b. C-curves  in the air spouted bed for the 

Mj values of  the german mil let  when R =  18. 

The peak values appeared at the every circulation of 
each streamline of the german millet appear earlier than 
the values of the theoretical ones while the experimen- 
tal peak values of the barley appear later than that of 
theoretical ones. For the barley runs, the deviations of 
the peak values between the theoretical and the ex- 
perimental are considerable. These deviations may be 
attributed to the assumption in the derivation of the 
theoretical equation that the particles are uniformly 
distributed at the same bed level. In the present in- 
vestigation, however, the german millet requires less air 
velocity for being spouted than the barley and the 
former tends to be collected on the near side of the col- 
umn center while the latter be collected around the col- 
umn wall. 

Barton et al. [9] proposed the equation for an inter- 
nal age distribution from their experimental data for the 
information of gross mixing behavior in the spouted bed 
and Quintan and Ratcliffe [10] interpreted this equation 
as 90% of total spouted bed volume is in perfect mixing. 
With this present theory proposed, the particles reside 
mostly in the annulus in which the flow of particles can 
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Fig. 6. b. C-curves in the air spouted bed for the 

M~, values of the Barley when R= 18. 

be expressed as a combination of plug flow paths of di[- 
ference residence times. The difference of the two 
theories may comes from the fact that the residence time 
distribution of a combination of plug flows may be 
similar to that from a complete mixing. 

With the theory presently proposed, the recycle 
ratio, R, could be estimated by many trial calculations 
from Eq.(4) and Eq. (5). This method differs from the 
Chatterjee's theory [11] which assumed only a single 
plug flow path. The estimated recycle ratio in this study 

are ,-'lose to 18. 

CONCLUSION 

Throughthepresent investigation, the following con- 
clusions could be drawn; 
(1) With the assumption that the annulus is a combina- 

tion of many plug flows, a th/~ory is proposed to 

calculate the residence time distribution of solids in 
the spouted bed. 

(2) The theory is most successfully aggreed wigh exp- 
eriment when the particle hold-up in the fountain 
as well as in the spout is assumed to be negligible. 

(3) The assumption that the particles are uniformly 
distributed at the bed level of the annulus would not 
holds in practice. 

(4) The particle recycle ratio could be calculated as 
about 18 with the present theory. 

NOMENCLATURE 

C~t) : tracer concentration in the fountain 
at time t g/cm 3 

Cs(t ) : tracer concentration in the spout at 
time t g/cm 3 

Cin(t) : tracer concentration of feed at time t g/cm 3 
De : column diameter cm 
dp : particle diameter cm 
D s : spout diameter cm 
G : fluid mass flow rate g/sec 
H : packing height cm 
Mf : particle hold-up in the fountain g 
M s : particle hold-up in the spout g 
R : particle recycle ratio 
r t : radial distance from the center of 

the bed cm 
Rf : distance from the column center (see 

Fig. 1) cm 
SUMT: summation of the tracer concentra- 

tion in the SDOUt at time t g/cm 3 
Uf : superficial fluid velocity in the bed cm/sec 
v : particle feed or discharge rate g/sec 
G r e e k  Letters  
a(j) : fraction of the cross sectional area 

occupied by the j th streamline on 
the bed level 

~- : average voidage of the particles in 
the spout 

t s (Z) particle voidage at the height Z in 
the spout 

0 dimensionless time 
/~ f fluid viscosity 
Pb particle bulk density in the bed 
& fluid density 
Ps particle density 

g/cm-sec 
g/cm 3 
g/cm 3 
g/cm 3 

residence time of the particles in the 
j th streamline of the annulus sec 
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