
= molar volume of components 1 and 2 in liquid
[m^ mor1]

= mole fraction of components 1 and in liquid [-1
s

V

hole diameter in gas distributor
gas holdup

liquid holdup
solid holdup
liquid viscosity
total numberof moles of ions per mole of

electrolyte or 1 for non-electrolyte
pL = liquid density
ps = solid density
oL = liquid surface tension

( Subscripts)
est = estimated value
obs = observed value
0 = without solid particles

[m]
H
H
H

Pa s]

[-]
[kg-m-3]

[kg-m-3]

[N-m"1]
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LATERAL SOLID MIXING IN THE FLUIDIZED BED
WITH MULTI-TUBES INTERNALS

Kunio KATO, Yukinori SATO, Daisuke TANEDA
and Taketoshi SUGAWA
Department of Chemical Engineering, GunmaUniversity, Kiryu 376

Key Words: Fluidized Bed, Solid Mixing, Diffusion Model, Lateral Dispersion Coefficient, Internals,
Residence Time Distribution

The lateral mixing of fluidized particles in a fluidized bed with vertical or horizontal multi-tube internals was
investigated by the unsteady state behaviour of tracer particles. The behaviour of the tracer particles is analyzed by
a one-dimensionaldiffusion model. Thetracer particles wereactivated aluminaon whichzinc acetate wasadsorbed.
The lateral diffusion coefficient of the particles was strongly affected by the hydraulic diameter of the internals, the
gas velocity and the minimumfluidized gas velocity of the particles.

Empirical equations for the lateral diffusion coefficient of the particles in a fluidized bed with vertical or
horizontal multi-tube internals were obtained.
The lateral diffusion coefficient of solid particles in an ordinary fluidized bed was correlated by an empirical

equation. Thermal diffusivity obtained from lateral thermal conductivity in the fluidized bed with multi-tube
internals agreed with the lateral diffusion coefficient at the same fluidized conditions.

Introduction

Fluidized beds are used for drying of particles and
as a solid-gas reactor such as coal combustor, re-

generator of spent activated carbon or roaster of zinc
blende. To analyze these processes it is very important
to estimate the residence time distribution of fluidized
particles in the bed.
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The behaviour of fluidized particles is usually ana-
lyzed by the following models: turnover rate model,11}
diffusion model2'3'5'6'10) and two-phase model.1*

However, the relationship between the model pa-
rameter of these models and the operating conditions
of fluidized beds is not yet established.

Generally the mixing of fluidized particles in an
ordinary fluidized bed is very fast, and suitable in-

ternals in the bed are quite effective in controlling the
mixing rate.

Gabor4) investigated the lateral solid mixing in a
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Fig. 1. Experimental apparatus.

packed fluidized bed with spherical packings and
analyzed it by a diffusion model. An empirical equa-
tion for the lateral dispersion coefficient was obtained.

Kato et al.n) obtained an empirical equation for the
lateral dispersion coefficient of solid particles in a

packed fluidized bed with screen packings.
When a fluidized bed is used for an exothermic

reaction with a large heat of reaction, cooling tubes
are immersed in the bed to remove heat from the bed.

In the present work the lateral solid mixing in a
fluidized bed with vertical or horizontal multi-tube

internals was investigated by using tracer particles.
The tracer particles were activated alumina particles

on which zinc acetate was adsorbed. The lateral
mixing characteristics are analyzed by a diffusion

model. The effects of superficial gas velocity, internals
and minimumfluidizing gas velocity upon the lateral
dispersion coefficient of the particles are investigated.

1. Experimental Apparatus and Procedure
The experimental apparatus is shown in Fig. 1. The
fluidized bed consisted of a rectangular column made
of acrylic resin, 50cm wide, 20cm long and 70cm
high. A perforated plate made of acrylic resin of 5 mm
thickness, 2mmpore size, and 2.0% open area was
used as the gas distributor.
To prevent the adhesion of particles to the bed wall

Table 1. Properties of fluidized particles

D p Umf 0 S smf
[cm] [cm / s] [-] [-]

0.0394 3.5 1.0 0.45

0.0477 5.0 1.0 0.45

0.0511 7.3 1.0 0.45
0.0920 20.0 1.0 0.45

0.1073 27.0 -1.0 0.45

Table 2. Size and arrangement of vertical multi-tube
internals

Dt As AL ml ml De

[c m] [c m] [c m] [-] [-] [c m]

3.2 4.0 4.0 5 12 2.7
3.2 5.0 5.0 4 10 5.0

3.2 4.0 8.0 5 6 6.8
3.2 8.0 8.0 3 6 10.6

Table 3. Size and arrangement of horizontal multi-tube
internals

Dt ST SL ml m 3 De
[cm] [cm] [cm] [-] [-] [cm]

1.8 2.5 2.5 18 4 2.6

1.8 5.0 2.5 10 4 7.0

1.8 5.0 5.0 10 2 15.9
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by static electricity, the inside wall of the bed was
coated with Teflon. Air was passed through a water
bath and was humidified and then supplied to the bed.
Particles of activated alumina were used as fluidized

particles. Properties of the fluidized particles are
shown in Table 1. The size and arrangement of vertical

and horizontal multi-tube internals are respectively
shown in Tables 2 and 3. The hydraulic diameters of

vertical and horizontal multi-tube internals in the
bed are respectively calculated from Eqs. (1) and (2).

/ Dt2^
4 LH'B-m1-m2n-

De=- L (1)
2(LH+ £)+m1 -ra27rDf

DeJ(SL ST- nDty4)

The tracer particles were made as follows. Six liters
of activated alumina were put into 8 liters of water
containing 268g zinc acetate and was mixed for an
hour while zinc acetate wasadsorbed on the particles.
The particles were filtered out and dried at 353 K.

The experimental procedure was as follows. The

partition plate was placed vertically in the center of
the bed. The activated alumina particles were put in

one side, the tracer particles in the other. After
fluidizing the particles for a few minutes at constant
gas velocity, the partition plate was suddenly pulled
up and the particles were then fluidized for a certain

period at the constant gas velocity. The fluidization
was suddenly stopped by quickly shutting the ball

valve. The sample particles were taken from the bed
by using an 8mmi.d. suction probe at several points.
To obtain the concentration distribution of the tracer
particles in the bed, the concentration of zinc acetate
in the sample particles was measured.

Before this experiment the lateral mixing of the
particles was visually observed by means of colored
tracer particles.
2. Experimental Results
It seems that the diffusion model is suitable for the

analysis of the lateral mixing of particles in a fluidized
bed with multi-tube internals. From the material

balance of tracer particles in the lateral direction the
following equation is obtained.

The initial and boundary conditions
I.C. 6=0 O^XSLii C=\

9=0 Ll=X^LH, C=0

B.C. X=0, X=LH; --=0
ox
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Fig. 2. Concentration distribution of tracer particles.

Fig. 3. Effect of bed height upon lateral diffusion
coefficient.

An analytical solution of Eq. (3) with the above
conditions becomes:

^ Lx 2£ 1 . nnL,

C=-±+-X-sin--1LH nn=1n LH

nnxcosnnx ( n2n2 \ ,,x- exp y~ Dsr6 (4)

The lateral diffusion coefficient of the particles Dsr
is obtained by comparing the measured concentration
distribution with the calculated concentration distri-
bution by Eq. (4).

Figure 2 shows the lateral concentration distri-
bution of tracer particles with gas velocity as a

parameter. In this figure, each point is an experimen-
tal datum and each line is the value calculated from
Eq. (4) for the case where the most suitable diffusion
coefficient is used. From Fig. 2, experimental data
well fit the calculated concentration distribution. It is
considered that the lateral concentration distribution
of tracer particles can be well expressed by the

diffusion model.
Figure 3 shows the effect of the bed height at the
minimum fluidizing gas velocity upon the lateral

diffusion coefficient Drs in the case of vertical multi-
tube internals. From Fig. 3 Dsr is not dependent upon
Lmf. This result is quite different from the result

obtained by Hirama et al.6) in an ordinary fluidized
bed. It seems that the mixing of particles is not
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Fig. 4. Effect of elapsed time upon lateral diffusion
coefficient.

Fig. 5. Relation between Dsr and U-Umf.

affected by Lmf because the internals control the
growth of gas bubbles.
Figure 4 shows the effect of the elapsed time 9 upon

Dsr. From Fig. 4, Dsr is not affected by 6 and Dsr is
not affected by elapsed time. From this figure, it can

be confirmed that the lateral concentration distri-
bution is well expressed by the diffusion model.
Figures 5-a and 5-b, respectively, show the relation

between U- Umf and the lateral diffusion coefficient
VOL 18 NO. 3 1985

Fig. 6. Relation between Dsr and Umf.

Dsr with the hydraulic diameter De as a parameter in
the case of vertical multi-tube internals and horizontal
multi-tube internals. As gas velocity increases, Dsr
increases. Dsr measured in an ordinary fluidized bed

is also shown in Figs. 5-a and 5-b. These data are

agree well with the empirical equation of Hirama et
al.6) Drs in the fluidized bed with internals is much
smaller than that in an ordinary fluidized bed.

Figures 6-a and 6-b, respectively, show the relation
between the minimum fluidizing gas velocity t/m/and
the lateral diffusion coefficient Dsr with the hydraulic

diameter De as a parameter in the case of vertical
tubes and horizontal tubes. As the minimumgas
velocity increases, Dsr decreases.

Figures 7-a and 7-b, respectively, show the relation
between the hydraulic diameter De and the lateral

diffusion coefficient Dsr with the minimum fluidizing

gas velocity Umfasa parameter in the case of vertical
tubes and horizontal tubes. As the hydraulic diameter
increases, Dsr increases.

In this experiment the effect of internals upon the
solid mixing characteristics is expressed by the hy-
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Fig. 7. Relation between Dsr and De.

Fig. 8. Relation between Dsr and U-Umf.

draulic diameter. Figure 8 shows the effect of tube

diameter upon Dsr at constant hydraulic diameter.
From Fig. 8, the lateral diffusion coefficient Dsr is not

affected by DT at constant hydraulic diameter.
From Figs. 5, 6 and 7, Dsr is proportional to

(U~Umf)im, Umf-°A0 and De1 2 in the fluidized
bed with vertical tube internals, and Dsr is pro-

portional to (U- Umf)1A0, Umf-035 and De0J3 in
the fluidized bed with horizontal tube internals.

Figures 9-a shows the relationship between Dsr and
De1-20- Umf-°A0. (U- Umf)1-06 in the case of vertical
multi-tube internals. From Fig. 9-a, the following

empirical equation is obtained for the fluidized bed
with vertical tubes:

Dsr=0.0l6De1 20- Urn/"0 10'(U- Umf)1 06 (5)

Figure 9-b shows the relationship between Dsr and
258

Fig. 9-a. Relation between Dsr and
Del-20- Umf-° m-{U- Umf)1 06.

Fig. 9-b. Relation between Dsr and
De0J3å  Umf-°35à"(U- Umf)1 10.

De073à" Umf-°35-(U-Umf)1-10 in the case of hori-
zontal multi-tube internals. From Fig. 9-b the fol-

lowing empirical equation is obtained for the
fluidized bed with horizontal tube internals:

Dsr=0.033DeOJ3' Umf-°35'(U- Umf)1AO (6)

The applicable ranges are as follows: De, 2.0-30.0
[cm]; Umf, 1-50 [cm/s]; U, 2-150 [cm/s].

3. Discussion

Whengas velocity increases, the bubble frequency
increases, particle movementbecomes vigorous and
Dsr increases, as shown in Fig. 5.

When the hydraulic diameter De increases, Dsr
increases as shown in Fig. 7. When the hydraulic
diameter decreases, the distance between tubes de-
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Fig. 10. Lateral solid mixing mechanism in the fluidized
bed with multi-tube internals.

creases, the average bubble size in the bed becomes
small and the scale of solid mixing becomes small.

From the information mentioned above, it is con-
sidered that the lateral diffusion coefficient is strongly
affected by U- Umfand De.
To analyze the lateral solid mixing in the bed, the

following assumptions are made.
1) As the axial solid mixing rate is much larger

than the lateral solid mixing rate, the concentration of
the tracer particles is uniform in the axial direction.

2) The lateral transfer of particles in the bed is
due to the movement of gas bubbles.
3) The effective bubble diameter dbe is assumed to

be constant in the fluidized bed with tube internals.
4) The scale of lateral solid mixing is the same

order of magnitudeas the effective bubble diameter.
Whenthe bubbles rise in the fluidized bed, the

amount of particles movedin a lateral direction per
unit height is expressed by Q.

5) The concentrations of tracer particles in the
TV-1 compartment, the TV compartment and the
N+l compartment are respectively expressed by
Qv-i? CN, CN+1.

Now,mass balance of tracer particles per unit
vertical height in the Nth compartment in Fig. 10

gives the following equation.

l"^e-dftc^=-|(CN_1+CJV+1-2CN) (7)

6) Whena single bubble passes through the com-
partment, the amount of particles movedin the lateral

direction is proportional to the surface area of the
bubble.

q=P'U'd2be

The frequency of bubbles passing through the TVth
compartment is:

VOL 18 NO. 3 1985

Fig. ll. Relation between Dsr and De- Umf~0A0-(U- Umf).

_d2be(U- Umf)M=-

-d36 be

Q=q.M=6'P'dhe(U- Umf) (8)

From Eqs. (7) and (8),

^ =3Ke([/-[/m/)(Q+1"g;(C^Q+l) (9)
AU dbe

To compare Eq. (3) with Eq. (9), Dsr corresponds
to 3-f3-dbe-(U- Umf). Since the bubble diameter is
controlled by the internals, the effective bubble diam-
eter in the bed will be approximately equal to the
hydraulic diameter, that is, dbe =De

Dsr=3p-De-(U- Umf) (10)
From Eq. (10), the lateral diffusion coefficient Dsr

in the fluidized bed with tube internals is proportional
to De and U- Umf. From Fig. 6 all experimental data
can be approximately correlated between Dsr and

De-Umf'010- (U-Umf). Figure ll shows the re-

lationship between Dsr and Deà"Umf'0-10 à" (U- Umf).
From this figure, the following empirical equation for
the fluidized bed with vertical and horizontal tube

internals is obtained.

Dsr=0.020De' Umf-°AO(U- Umf) (1 1)

De is calculated from the bed diameter or bed size
of the ordinary fluidized bed by the same definition as
that for the fluidized bed with internals. Figure 12

shows the relationship between the lateral diffusion
coefficient in an ordinary fluidized bed and
De120'Umf-°A0\U-Umf)1-0*. From Fig. 12 the

lateral diffusion coefficient in an ordinary fluidized
bed can be approximately correlated by the empirical

equation for the fluidized bed with vertical tube
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Fig. 12. Correlation of lateral diffusion data in the fluidized bed with no internals by empirical equation.

internals.

The mixing of fluidized particles may be the main
factor in the lateral effective thermal conductivity in

the bed.
Figure 13 compares the calculated Dsr from Eq.

(ll) with thermal diffusivity obtained by Kato et
al.8'9) Thermal diffusivity is given by the following
equation.

-^ «2)
Cps'PB

From Fig. 13, the thermal diffusivity obtained from
the lateral thermal conductivity agrees approximately

with the lateral diffusion coefficient at the same
fluidized conditions.

4. Conclusion

1) The lateral solid mixing characteristics in the
fluidized bed with tube internals is expressed by the
diffusion model.

2) The lateral diffusion coefficient of particles in
the fluidized bed with tube internals is strongly af-

fected by the hydraulic diameter of tube internals
and U-Umf The following empirical equations

are obtained:

For the fluidized bed with vertical tube internals
Dsr=O.OieDe1'20 à" Urnf'0-10-(U- Umf)1 06

For the fluidized bed with horizontal tube internals
Dsr=0.033DeOJ3 ' Umf-0-35(U- Umf)1-10

The applicable ranges are as follows: De, 2.0-30.0
[cm]; Umf 1-50 [cm/s]; U, 2-150 [cm/s].

3) A simple model to explain the lateral solid
mixing in the fluidized bed with tube internals is

proposed. It can be well explained from this model
that Dsr is strongly affected by De and U- Umf
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Fig. 13. Comparison of a calculated from lateral effective
thermal conductivity with Dsr from Eq. (ll).

4) IfDe is equal to bed diameter or bed size, the
lateral diffusion coefficient in the ordinary fluidized
bed can be approximately correlated by the empirical
equation obtained by this investigation.

5) The thermal diffusivity obtained from the
lateral thermal conductivity agrees approximately
with the lateral diffusion coefficient at the same

fluidizing conditions.
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Nomenclature

AL = tube interval in lateral direction [cm]

As = tube interval in direction of width [cm]
B = width of fluidized bed [cm]
C = dimensionless concentration of tracer particles [-]
CN = concentration of tracer particles in

compartment N [g-tracer/cm3]
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cps
De
DP
Dsr
A
dbe

Ke

Lmf
Li

ml
ml
mh
Q

u
Umf
X

heat capacity of fluidized particles [kJ/kg K]
hydraulic diameter [cm]
particle diameter [cm]
lateral diffusion coefficient [cm2/s]
tube diameter [cm]
effective diameter of bubble [cm]
lateral effective thermal conductivity

[KJ/kg- m - K]

bed height at fluidized gas velocity [cm]
lateral length of fluidized bed [cm]
bed height at minimum fluidized gas velocity [cm]
lateral length in fluidized bed from left wall
to partition plate [cm]
number of tube in wide direction [-]
number of tube in lateral direction [-]
number of tube in axial direction [-]
amount of particles moved in lateral direction
per unit height [cm3/s]
amount of particles movedin lateral direction
when a single bubble passes through the
compartment
fluidized gas velocity
minimum fluidized gas velocity
lateral distance from left wall of fluidized
bed

thermal diflusivity
proportional constant
void fraction at fluidized conditions

[cm3]
[cm/s]
[cm/s]

[cm]

[cm2 /s][cm/s]
H

Pb

Pp
e
4>s

void fraction at minimumfluidizing conditions

bulk density of fluidized particles
density of particles
elapsed time

sphericity of fluidized particle

[-]
[g/cm3]

[g/cm3 ]
[s]
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EFFECT OF SYSTEM AGING ON RELEASE PROFILE OF
RESERVOIR-TYPE DRUG DELIVERY SYSTEM
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Key Words: Controlled Release, Membrane Transport, Drug Delivery System, Time-Lag, Bursting,
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Introduction

The transient characteristics of drug release from a
reservoir-type drug delivery system is of importance
in the optimum design of controlled-release products.
If the drug delivery system is applied shortly after
manufacturing, a significant time-lag may be observ-
ed before constant release is achieved because the
drug molecules do not exist in the fresh rate-
controlling membrane initially. When the delivery
system has been stored for a while, the drug molecules
Received August 14, 1984. Correspondence concerning this article should be addressed

to K. Tojo.
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gradually penetrate into the rate-controlling mem-
brane. And, finally, after a certain period of storage,
the drug delivery system will show a typical bursting
release due to the release of drug molecules already
saturated in the membrane into its surroundings.5)
Since the time-dependent release rate observed ini-
tially for the reservoir-type drug delivery system is

markedly influenced by the concentration profile of a
drug inside the rate-controlling membraneprior to
the onset of release, the aging (storage or history) of
the drug delivery system should be carefully con-

trolled. With an appropriate aging period, both the
time-lag and bursting release could be minimized.
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