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A semicylindrical fluidized bed of 15 cm diameter with a transparent flat wall was employed to observe bubbles
visually. The bed was operated in a range of (UG- Umf) from 8 to 35cm/s, showing the bubbling and slugging
regimes. No effect of particle size on bubble size was observed for different sands of 75 to 521 /im in average
diameter, where the different sands were compared at the same (UG - Umf) value. The expressions for bubble
growth in bubbling three-dimensional beds by Darton et al. and by Mori and Wen were found to be applicable to the
semi-cylindrical fluidized bed operating in these regimes. The absolute bubble rise velocity under the present

conditions was found to be well represented by the expression of Allahwala et al. developed for three-dimensional
beds.

Introduction

To measure bubble size and bubble rise velocity -
important fundamental properties of gas fluidized

beds- various methods8}have been proposed and
developed and a large amount of such data has been
accumulated. With methods that employ three-
dimensional beds, it is difficult to obtain the move-
ment of each bubble easily and directly by visual
observation. Two-dimensional fluidized beds are suit-
able for direct visual observation, but the data from 2-
D beds are qualitative and of limited applicability to
3-D beds. Semi-cylindrical beds have been used to
observe jets in fluidized beds and spouted beds,
proving that semi-cylindrical beds are a useful tool

that allow direct observation of in-bed phenomena
with only minor wall interference.5'10'13)

In the present work, bubbles and/or slugs were
observed using a 15 cm semi-cylindrical fluidized bed
with a flat Pyrex glass front face. The effect of bed
particles on the average size and the average rising
velocity of bubbles and/or slugs was investigated at
comparatively high gas velocities above the onset of
slugging defined by Stewart et al.12) The particles used
covered a wide range of sizes from 75 to 521/im

(Geldart's Group B).4)
1. Experimental

Four cuts of sand were used, as shown in Table 1,
and air was used as the fluidizing medium in all

experiments. In Table 1 the volume to surface average
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size dp32 determined by photography is shown as well
as the usual average size of solid particles dp de-
termined by a sieve analysis.*1 Considering that the
average size obtained from photography is a little
larger than that from a sieve analysis due to the

appreciable effect of projecting areas of particles, dp
from the sieve analysis is taken as the average size of
sand particles. Umfwas measured at room tempera-ture (~25°C).

Experimental apparatus and procedure
A schematic diagram of the experimental apparatus

is shown in Fig. 1. The fluidized bed, fabricated of
steel, is semi-cylindrical with an internal diameter of
147mmand a height of 1525mm. Three Pyrex glass
windows of size 300x 147mm and a quartz glass
window of size 120 x 147mmform the flat face of the
semi-cylindrical column. Through the windows, ad-
jacent bubbles and/or slugs are visible. A perforated
distributor plate was employed. As shown in Fig. 2,
the distributor has 88 holes of lmm diameter in
square pitch.
The flow rate was measured by a bank of calibrated

orifice meters. To prevent the blockage of pressure
taps, an extremely small flow of air was fed to P^Ps-
Operation at a given condition was maintainedfor
about 10 minutes to attain steady state. A high speed
video-camera system (by Sony Co., Ltd., exposuretime=1/800s, 60 frames/s) was employed to

photograph the bubbles. In the measurement of bub-
ble size, the lower (0 to 40cm above the distributor)
and the upper (40cm to the top surface) parts of the

** dp= lfe(Xi/dpi), where xt is the mass fraction on sieve /, and
dpi is the average diameter of particles on each sieve.
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Table 1. Properties of sand particles

dp dp3 2 Umf smf
[/im] [urn] [cm/ s] [-]

75.2 119 0.890 0.513

189 334 3.30 0.496

281 461 10.2 0.479

521 925 33.2 0.476

Density= 2.51 g/cm3.

Fig. 1. Experimental apparatus.

Fig. 2. Distributor (iron plate of 6.0mm thickness).

bed were separately photographed, and in order to
measure the bubble rise velocity all observation
windows were photographed simultaneously and

recorded on a VTR. Representative photos of bub-
bles are shown in Fig. 3.
The VTRpictures were analyzed to determine the

average size and the average rising velocity of
bubbles.

To determine the average equivalent bubble size,

the longitudinal and lateral lengths were measured for
each well-formed bubble with almost symmetric
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Fig. 3. Representative photos of bubbles ((a) dp=15.2^im,
UG-Umf=25cm/s, (b) 4,=189/im, UG-Umf=12cm/s, (c)

4,=189/mi, UG- Umf=25cmls, (d) dp=52liim, UG- Umf=
12cm/s).

Fig. 4. Behavior of bubbles.

shape of semi-spherical cap or semi-bullet on the front
glass plate. It was not so difficult to select VTR
pictures of such bubbles because the inside of a
bubble on the glass plate could be easily observed

through the plate. For the average rising velocity, the
bubble height above the distributor and the elapsed

time were read from the TVmonitor. An example of
the relationship observed between bubble height and
elapsed time is shown in Fig. 4.

Usually, 100 to 200 bubbles were chosen for in-
spection. In a few runs about 400 bubbles were
inspected for detailed distributions of both bubble

size and bubble rise velocity.

2. Determination of Average Size and Average Rising
Velocity of Bubbles
Average bubble size Let L and D, respectively, be
the longitudinal and lateral lengths of a bubble.

From the observation of more than 200 bubbles for
the 281 /im sand particles at UG- Umf= 12cm/s, bub-
ble shape has been found to depend on L/D as below.

1) A typical spherical cap shape is found for
L/D<0.5, so the upper part ofa hemisphere is a good
approximation to describe the shape.

2) A bullet shape with a comparatively sharp nose
is found for L/D> l.0. The smoothed curve portion
from the nose to the lower cylindrical part is ap-

proximately described with a parabola. The vertical
length of the smoothed curve portion can be approxi-
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Fig. 5. Bubble shape model for L/D>1.0.

Fig. 6. Relation between DE and h.

mated by D, which is the diameter of the cylindrical
part as shown in Fig. 5.

3) An intermediate shape between the above-
mentioned two types is found for 0.5<L/D< 1.0.

Therefore, depending on L/D, the equivalent
diameter DE can be calculated from the following

equations (see Appendix).
DE = D[(L/D)((L/D)2 + 3/4)]1/3

for L/D<0.5 (1)

DE = (l/2)Z)max[4/3 + 2(2(L/Dmax) -/)

x (l +/+/2)]1/2

for 0.5<L/Z><1.0 (2)

DE=(l/2)D[6+ \2((L/D)- l)]113

for L/D>1.0 (3)

where

Dmax = D[((2 -f)lf) - (2(1 -f)/f)(L/D)] ,

f= \A55-0.9l(L/D)

A representative example of bubble growth in
terms of the equivalent diameters is shown in Fig. 6.

The volume average diameter*2 has been adopted
for the average bubble size at given bed heights of

15±5cm, 25±5cm, 40±10cm and 60±10cm from
the distributor.

*2 A?=(Z £>LW1/3, where DE i is the equivalent diameter of i
bubble (/=1, 2, à" à" à", N) in a given bed height range.
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Average rising velocity Such figures as Fig. 4 were
used to determine the bubble rise velocities at 20, 40
and 60 cm above the distributor. The arithmetic mean
of these values at a given height is adopted as the
average rise velocity. Due to the quite broad distri-
bution of bubble rise velocities, the standard de-
viation was calculated to indicate the degree of
variation.

3. Results and Discussion
For visual observation through the front glass face
of the semi-cylindrical bed, bubbles greater than
20mmin size are desirable. Smaller bubbles tend to
movetoward the interior of the bed and disappear
from view. Hence, the semi-cylindrical bed seems to
be suitable for observation at comparatively high gas
velocities.

The experimental conditions are summarized in
Table 2. Gas velocities equal to or greater than 8 cm/s
were chosen-i.e. the calculated gas velocity from
Stewart's criterion (equation (4)) for the onset of
slugging. 12)

UG- Umf>0.2 x 0.35^D ~T (4)

Almost all combinations of the operating parameters
listed in Table 2 were investigated to measure both
bubble size and rising velocity.

Published data on both longitudinal and lateral
lengths of bubble in 3-D fluidized beds seem to be rare
for the experimental conditions of this work. Hence,
for comparison of the data from this work with the
published data,6) the stable slug length Ls is selected
and plotted against (UG- Umf)/035JgDT as shown
in Fig. 7. Here, plotting is made only for slugs at the
conditions of(UG- Umf) < 12 cm/s because //is not so
high as to make fully developed slugs at
(UG-Umf)>25 cm/s. A stable slug is defined as a
bubble of DE>0.9DT.1] The solid line in the figure
shows the calculated slug length from the following
equation6) based on an assumption that the vertical
distance between two successive stable slugs is 2DT.

(Ls/DT) - 0A95(Ls/DT)1!2
x (l -(t/G- t/m/)/(0.35V^D7))+0.061

- L939(UG - Umf)/(035jW^) = 0 (5)

Good agreement with the published data shows that
the measured results from the semi-cylindrical bed
could be applied to the 3-D fluidized bed.
3.1 Average bubble size
dp The effect of the sand size on the bubble size is
shown in Fig. 8, where the change of bubble size with
height is given for all four sands at (UG-Umf) of
12 cm/s. Within the range of experimental error, the
sizes of bubble at a given height are independent of
particle size. The solid and dotted lines in the figure
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Table 2. Experimental conditions

Particle: Sands shown in Table 1
Static bed height: 70cm

UG-Umf: 8, 12, 25and 35cm/s

Fig. 7. Comparison of slug length with published data 3-D
beds.

Fig. 8. Effect of particle size on DE vs. h relation.

show the calculated relations between DEand h from
Eq. (6) by Darton et al.2) and Eq. (7) by Mori and
Wen,9) respectively.

DE=0.54(UG-Umf)OA(h+4jA/nr8/g0-2 (6)

DE=DBM-(DBM-DB0) exp (-0.3h/DT) (7)

where

DBO = 0.347((UG - Umf)A/n)OA

DBM = 0.652((UG - Umf)A)OA

It is evident from Fig. 8 that both of the above
equations predict the DE data under the present

operating conditions.
UG- Umf In Fig.9, the observed average bubble sizes

are plotted against the bed heights in the range of
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Fig. 9. Effect of(UG-Umf) on DE vs. h relation.

Fig. 10. Comparison of observed DE with calculated DE
from Eq. (6).

(UG-Umf) from 8 to 35cm/s using the sand ofdp=
281 /im. Both the solid and dotted lines calculated

from Eqs. (6) and (7), respectively, show compara-
tively good agreement with the experimental data.

Comparisons between the observed bubble sizes
and those calculated from the equation of Darton et
al. are shown in Fig. 10 to examine the applicability of
Eq. (6) over the whole range of operating parameters.
The applicability of the Mori-Wen equation to the
present DE data is examined in Fig. ll. Although a
little underestimation from Eq. (6) and a little over-
estimation from Eq. (7) are observed at heigher bed

heights, agreement between observed and calculated
values in both cases is still good.
3.2 Average rising velocity
dp The effect of particle size on UB is shown in Fig.
12, where the change of average rising velocity with
height is given for four sands at UG- Umf= 12cm/s.

In spite of the large scattering of UB, the rising
velocities seem independent of particle size. Only the
sand of 521 /mi shows smaller rising velocities at lower
bed heights than the other three sands. The solid line
in the figure, which is calculated from the following
correlation by Allahwala and Potter,1} shows com-
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Fig.ll.

from Eq. (7).

Fig. 12. Effect of particle size on UBvs. h relation.

paratively good agreement with the experimental
data.

UB=0.35jgDT tanh1/1 8 {3.6QDB/DTY 8}

+ UG- Umf (8)

Equation (8) is applicable to the full range of flow
regimes, involving the bubbling regime3) and the
slugging regime.
UG-UmfIn Fig. 13, the observed average rising
velocities are plotted against the bed heights for a
range of (UG- Umf) from 8 to 35cm/s using the sand
ofdp= 189/mi. The solid lines calculated from Eq. (8)
show comparatively good agreement with the exper-
imental data. At lower bed heights the observed

rising velocities are smaller than those calculated. The
observed rising velocities at bed heights above 40cm
show comparatively good agreement with the calcu-
lated values.
Conclusions

Through the windows of the front face of a semi-
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Fig. 13. Effect of(UG-Umf) on UB vs. h relation.

cylindrical column, bubbles and/or slugs were ob-

served visually in order to measure bubble sizes and
rising velocities. Within the present experimental con-
ditions, the following aspects were found.

1) With the semi-cylindrical column the behavior
of bubbles was observed as easily as in a two-

dimensional fluidized bed. The measured values of
stable slugs were found to be in agreement with

published data6) for three-dimensional fluidized beds,
indicating that the results from semi-cylindrical fluid-
ized bed experiments are pertinent to the design and
scale-up of 3-D beds.

2) The bubbling to slugging regimes were in-

vestigated in this work with (UG- Umf) ranging from
8 to 35cm/s. The obtained DEdata showed compara-
tively good agreement with those from the Mori-Wen
equation.50 An expression derived by Darton et al.2) to
predict bubble sizes in truly bubbling fluidized beds
was found to be also applicable in a bed where the
transition from bubbling to slugging predominates.
3) No discontinuity or qualitative change in bub-

ble behavior is detected with change of particle size of
sands from dp-15 to 521jum, covering Geldart's
group B.

Appendix

A bubble of 0.5<L/D< 1.0, which is described as one bounded
by the thin line in Fig. A-l, is assumed to be a portion of the
fictitious bubble shown by the heavy dotted line. That fictitious

bubble has Dmaxas the longitudinal length as well as the lateral

Fig. A-l. A model for bubble shape of0.5<L/D<1.0.
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length ( = maximumdiameter). Further detailed assumptions are as
follows: 1. The nose portion of the bubble is described as a

hemisphere of/Dmax in diameter. 2. The side portion of the bubble
below the hemisphere is described as a conical trapezoid, as shown
in Fig. A-l. 3. L and D represent the vertical length and the bubble
diameter at the bottom of the bubble, respectively.
Equation (2) can be easily derived with the above assumption. To

satisfy the compatibility of both shape and calculated volume with
increasing L/D, the shape factor/must be 1 at L/D=0.5 and 0.545
at L/D= l.O. Assuming linearity, /= 1.455-0.9l(L/D). Bubbles
becomemorespherical with increasing/, and sharper with decreas-
ing/

Acknowledgment

The authors are thankful to Drs. R. Yamazaki, S. Moro-oka and
S. Mori for their useful suggestions and discussion regarding the
present study.

Nomenclature

cross sectional area of bed
lateral length ( = maximumdiameter) of

bubble

initial bubble diameter at distributor
maximumbubble diameter due to total
coalescence of bubbles

h

L

Ls

n
UB
Ug

bed height above distributor
longitudinal length of bubble
stable slug length

number of orifices in distributor plate
bubble rise velocity
superficial gas velocity
minimum fluidization velocity

[cm]
[cm]
[cm]

H
[cm/s]

[cm/ s]
[cm/s]

smf = bed voidage at minimumfluidization [-
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