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Abstract—In this work, the particle velocity and circulation rate in water spouted beds of small
glass particles are experimentally studied. The pathline, velocity and residence time of particles 0.53
to 1.40 mm in diameters were measured in the annulus of half-cylindrical columns 40, 60 and 90 mm
in diameters. The particle velocity in the annulus and circulation rate increase practically linearly
with fluid flowrate. As the column diameter was increased, the average particle velocity in the annulus

was decreased, but the particle circulation rate was increased.

INTRODUCTION

The characteristics of the fluid and particle move-
ments in a spouted bed are important for the applica-
tions of spouted beds in drying, particle coating, gran-
ulation and thermal cracking, etc. [1]. There are two
kinds of approaches in the literature for predicting
the particle circulation rate in a spouted bed [1]. Tho-
rley et al. [2] calculated the particle velocity profile
in the spout from a force balance for a particle, while
Lefroy and Davidson [3] calculated the axial voidage
and particle velocity profiles in the spout solving mo-
mentum balance equations.

Recently, Morgan et al. [4] applied the mass and
momentum balance approach with a derived expres-
sion for the interaction force between the fluid and
particle phases and calculated the particle velocity in
the spout and circulation rate. They showed that their
theory could predict the particle velocity in the spout
for the coarse particle-air system by taking into ac-
count the spout diameter variation near the jet inlet
[5]. In order to predict the particle velocity accurately
with this method, the spout diameter variation should
be taken into account since a slight variation in diame-
ter causes great effect on the fluid and particle veloci-
ties there [5]. This effect is greater for the liquid
spouting since the spout diameter variation in liquid
spouted beds is greater than that of gas spouted beds
(61.

In this work, the particle pathline and velocity of
small glass particles, 0.53 to 140 mm in diameters,

were measured in the flat face of the half-cylindrical
columns of 40, 60 and 90 mm in diameters in order
to explore the flow characteristics of small particles
in liquid spouted beds. In addition, the effects of spout
mnlet fluid flowrate above minimum and column diam-
eter on the particle flow are also investigated.

EXPERIMENTAL

The experiments were carried out in the apparatus
shown in Fig. 1. The spouted bed in the figure is a
cylindrical half-column 40, 60 and 90 mm in diameters
and 800 mm high. Each column has a spout inlet
whose diameter is 4.2, 8.0 and 12.2 mm, respectively.
The bed is made of transparent acrylic resin and has
a flat base. There is a pressure tap at the spout inlet
to measure the bed pressure drop and it is connected
to the piezometer tube. The water was filtered and
the temperature was kept at 25+ 0.5C.

The pressure drop in the bed, annulus height and
jet height are measured with decreasing fluid flow-
rates. The criterion for determining H, and (Undum
was formulated by observing the change in the shape
of the jet with decreasing fluid flowrates. (Undum is
the highest fluid velocity for which the flame tip jet
is visible and is slightly higher than U,(Table 1). H,
is the height from the spout inlet to the tip of the
flame shape jet at (U, )un Other details of the experi-
mental equipment and procedure can be found in Kim
and Ha [7].

The particle pathline and velocity in the annulus
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Fig. 1. Schematic diagram of experimental apparatus; 1.

water filter, 2. water tank, 3. pump, 4. rotameter,
5. spouted bed.

were first measured by visual observation through the
transparent flat wall of the half-column since the parti-
cle velocity was less than 4 mm/s except for the region
close to the spout. The experiment was videotaped
(Camera: DXC-1640, VTR U-Matic 3/4 VO-2860, Ed.
Unit: RM-430) and the pathlines and velocity of the
particles were analyzed. Agreement between the two
measurements was very good. The particle velocity
in the spout was obtained from the analysis of high
speed pictures of 300 fps with a motion analyser (NAC
High Speed Camera: Model E-10, 16 mm, Motion
Analyser: 160F).

RESULTS AND DISCUSSION

Typical particle pathlines and equi-velocity lines for
0.77 mm particles are shown in Fig. 2. The column
is 40 mm in diameter, bed height is 0.8 H,, and fluid
velocity is 1.25U,,. At U=U,, and H=H,, particles
enter the annulus in the top half of the bed where
the spout diameter expands and reenter the spout
near the spout inlet. As the flowrate is increased
above U, and bed height is shallower than H,, the
spout diameter is more uniform and more particles
enter the annulus near the top of the bed compared
with that at U, and H,. Particle velocity distribution
in the annulus is also shown in Fig. 2. As can be seen
in the figure, the particles near the spout move faster
than those near the column wall. The residence time
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Table 1. Experimentally measured spouted bed properties'
in the condition of minimum spouting, D, =40

d, Py Uy H Uy ds
(mm) (kg/m® (mm/s) B (mm) (mm/s) {mm)
053 2440 315 0400 585 08 359 99
731 1 387 122
077 2500 536 0400 527 08 622 120
659 1 681 130
L10 2490 764 0403 448 08 894 122
560 1 955 132
140 2910 1746 0406 40.1 08 1827 127

501 1 2095 143
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Fig. 2. Pathlines(—) and equi-velocity lines(---) of the par-
ticles in the annulus; D.=40 mm, d,=0.77 mm,
H=0.8H,. U=1.25U,,.

distribution of the particles in the annulus is broad
and the particle entering the top of the annulus near
the wall has a longer residence time. The particles
moving along the pathline near the wall have longer
residence time since they move slower and have long-
er pathlines compared to the particles moving near
the spout. And the particle residence time in the an-
nulus at the minimum spouting was approximately
three times that of fluid which has a similar streamline
to the particle pathline but the difference is getting
smaller as the spout inlet fluid flowrate is increased
above the minimum. For the air-coarse particle system
of Day et al. [5], one can find the average particle
residence time is approximately 30 times that of fluid.
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Fig. 3. Normalized particle residence time distribution
along a pathline in the annulus as a function of
radial position at the top of the bed; D.=40 mm,
d,=0.77 mm, H=0.8H,,.

Although the fluid residence time in the annulus
is clearly related to the particle residence time there,
and the ratio between the residence time of particle
and that of fluid is different for gas and liquid spout-
ing, it is difficult to show theoretically why the parti-
cle residence time measured in this study is approxi-
mately 3 times that of fluid since no theoretical model
exists for the particle velocity distribution in the an-
nulus. In spouted beds, the fluid flow model was de-
veloped in the annulus, and the material balance of
the fluid is applied to obtain the average fluid velocity
in the spout. On the other hand, the particle flow mod-
el was developed in the spout and the average parti-
cle velocity in the annulus was calculated from the
material balance of the particles.

The measured residence time of 0.77 mm particles
in the annulus at H=0.8 H,,, normalized by U/H, are
shown in Fig. 3 for the spout inlet flowrates of 1.25,
1.50 and 2.00 U,,.. The normalized residence time dis-
tribution practically follows a single curve for the fluid
flowrate studied. Least square fitting of the data gives

E}I{i =16.1-45.4(r/r,)+ 34.5(r/r.) (03]

with correlation coefficient of 0.975.

The data of 0.53, 1.10 and 1.40 mm particles show
the same behavior. Since H is practically constant for
the fluid flowrate varied, t is inversely proportional
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Fig. 4. Particle circulation rate calculated from Eq. (2);
D.=40 mm, H=0.8H,, U=1.25U,,.

to U. Consequently, this suggests that the particle ve-
locity in the annulus is proportional to U. In order
to delineate this effect, the average particle velocity
in the annulus was measured along the particle path-
line which starts at the top of the annulus near r/r.=
0.5. As expected, V, increased linearly with normalized
fluid velocity, U/U,,, and the slope of the line increas-
ed with particle size.

The particle circulation rate was calculated from Eq.

(2).
W.=ps Al — €V, V3]

In calculating W, from Eq. (2), &, was assumed to be
equal to g, which was measured and the measured
values of V, were used. As shown in Fig. 4, the particle
circulation rate increases with bed height and particle
size at a given value of z/H. This behavior is similar
to that of air spouted beds of coarse particles [4, 5.

The effect of fluid flowrate above minimum on the
particle flowrate is shown in Fig. 5. The figure shows
that W, increases with U/U,, for all values of z/H.
Since the average particle velocity increases linearly
with fluid flowrate and p,A.(1—¢,) in Eq. (2) is practi-
cally constant for the flowrate studied, the particle
circulation rate also increases linearly with U/U,.. For
gas spouted beds of quartz, coal and mustard seed
of 1.08-2.48 mm in diameter, Van Velzen et al. [8]
also reported the solid circulation rate is proportional
to fluid flowrate.

The particle velocity and pathline were also meas-
ured in larger columns, 60 and 90 mm in diameters.
The contour maps of the particle pathlines and equi-
velocity lines in these beds are similar in shape to
that of 40 mm column. The average particle velocity
measured near the top of the annulus for the different
columns are shown in Table 2. The table shows that
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Fig. 5. Effect of spout inlet fluid flowrate on the particle
circulation rate; D.=40 mm, d,=0.77 mm, H=0.8
H.

Table 2. Experimentally measured spouted bed properties,
d,=0.77 mm, H=0.8H,,, U=1.25U,,, £=0.400

D, (mm) 40 60 90
d; (mm) 4.2 8.0 12.2
H (mm) 52.7 68.0 904
d; (mm) 12.0 12.8 14.0
V., (mm/s) 34 20 12
W, (kg/s) 0.0056 0.0099 0.0136

the average particle velocity in the annulus decrease
rapidly with increasing column diameter and the ef-
fect of the column size can be expressed as (D,/40) 5.
However, the particle circulation rate increased with
column diameter for the same value of U/U,..

The spout particle velocity distributions of 0.77 mm
particles for different fluid flowrate in 60 mm column
are obtained from the analysis of high speed film. Fig.
6 shows that the particles are accelerated rapidly near
the spout inlet to a maximum which is much greater
than U, 123 mm/s, at z/H around 0.3, then decelerated
as they approach the top of the spout. The particle
velocity increased with spout inlet fluid flowrate every-
where in the spout. It is observed that the spout diam-
eter is practically constant in the region where the
particles are accelerated while the diameter expands
in the decelerating zone.

Ws= P A1~ es)vs (3)
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Fig. 6. Particle velocity distribution measured in the spout;
D.=60 mm, d,=0.77 mm, H=0.8H,.

Particle circulation rate was also caiculated from Eq.
(3) using the measured particle velocity in the spout.
At U=1.25U,,=78 mm/s, H=0.8 H,, =68 mm and D,
=60 mm, W, is 8.75 g/s. In the calculation of W,
d; was assumed to be constant and ¢, was taken from
Lefroy and Davidson theory based on Ergun friction
factor (4). W, calculated from Eq. (2) using the meas-
ured V, is 8.1 g/s which is slightly lower than W.,.

Although the two approaches [2, 4] for predicting
W, are similar in concept, the final equations for W,
are very different. Thorley et al. [2] derived Eq. (4)
for the particle circulaticn rate.

W,=p, AL 1—e(H)I[2g(p, - pp)(H' —H)/p, ]** )

In the equation, H' and H are the heights of the spout
fountain and annulus, respectively. Morgan et al. [4]
derived Eq. (5) for W..

W, =p, AdgH)2 {[1-&,(H)) pf’; B Cle(H)—w]
¢4
e(MIUH)1*~ end UH) T2 2
gH

—[1— ()] % ®)
p

0 [ULO) s~ EmLUAH) 2}
(1 —en)p,—pgH

where C,= AP, /AP,,+

based on the momentum balance approach of Lefroy
and Davidson[3]. For the spouting of small particles
with liquid at or near the minimum spouting condition,
the inertial force of the jet is less than 10% of the
bed pressure drop, so that Eq. (5§) can be reduced
to Eq. (6).



Particle Velocity and Circulation Rate in Liquid Spouted Beds 135

WS: Pr As { [1 - Ss(H)] [SS(H) - sm/]

Pr é.f_)ﬁ 172 ~
-2 [AE ) ®
Egs. (4) and (6) were used to calculate W.. In the cal-
culation, the measured values of H=68 mm, H'=69
mm, AP, /AP,,~050 and d;=12.8 mm were used.
W, calculated from Eq. (4) 1s 13.9 g/s, and that calculat-
ed from Eq. (6) is 7.6 g/s. Agreements between the
values for W, obtained from this study and calculated
from Eq. (6) are good. However, Eq. (4) predicts W,
which is substantially higher than that from Eq. (6)
or of this study. In applying Eqgs. (4) and (6), one has
to know H' and &(H) accurately. Because H' is slightly
higher than H and ¢(H) is slightly greater than &,
a small change in these values will cause great effect
on W,

The calculated values of particle circulation rate will
be affected by the spout diameter variation. In liquid
spouting of small particles, the spout-annulus interface
is not clear in terms of voidage and the spout diameter
expands in the region where the particles decelerate.
Recently, Benkrid and Caram [9] reported that the
particle velocity in the annulus of a gas spouted bed
measured at the flat wall of the half-cylindrical column
was substantially lower than that in the full column.
This wall effect in the annulus as well as in the spout
along with the spout diameter variation and spout void-
age profile need further investigation.

CONCLUSIONS

The particle velocity in the annulus and the circula-
tion rate increase practically linearly with spout inlet
fluid flowrate.

As the column diameter is increased, the average
particie velocity in the annulus is decreased, but the
particle circulation rate is increased.

The particle residence time distribution in the an-
nulus is broad and the particle residence time is ap-
proximately three times than that of fluid which has
a similar streamline to the particle pathline at the min-
imum spouting, but the difference is getting smaller
as the spout inlet fluid velocity is increased above
the minimum.

The particle velocity increases with spout inlet fluid
velocity everywhere in the spout and the paricle cir-
culation rate calculated from the measured spout veloc-
ity is slightly higher than that in the annulus.

ACKNOWLEDGEMENT

The author wish to acknowledge a grant-in-aid for

research from the KOSEF(Grant No.: 901-1001-018-2).

NOMENCLATURE
A, D (/4)(DF—dP [mm?]
A, > (n/4) d2 [mm?]
D,  column diameter [mm]
d; : spout inlet diameter [mm]
d, ! particle diameter [mm]
d; : spout diameter [mm]
g . gravitational acceleration [m/s?]
H > height of the annulus [mm]
H, : maximum spoutable height in the condition
of minimum spouting [mm]
H' > height of the annulus [mm]
h *H/H,. [-]

AP, . overall pressure drop at the minimum spout-
ing in a bed of height, H [Pa/m?]

AP,,  minimum fluidization pressure drop in a bed
of height, H [Pa/m’]

r . distance from the axis of symmetry of the
column [mm]

I, . column radius [mm]

t . residence time of a particle along a pathline
[mm/s]

U . superficial fluid velocity in the bed [mm/s]

U,y » minimum fluidization velocity (superficial)
[mm/s]

U » minimum spouting velocity (superficial)
(mm/s]

U, * terminal fall velocity of a particle [mm/s]

\'A . particle velocity in the annulus [mm/s]

V. : particle velocity in the spout [mm/s]

W, D pAV, (1—e) [kg/s]

W, I p AV, (1—¢) [kg/s]

Z . vertical height from the spout inlet [mm]

€, : voidage in the annulus [ —]

Ems : bed voidage in the minimum fluidization con-
dition [—]

£, . voidage in the spout [—]

o : fluid density [kg/m?]

Py . particle density [kg/m®]

Subscript

ms I in the condition of the minimum spouting
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