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The critical gas velocity required for complete suspension of solid particles was studied experimentally in a solid-
suspended bubble column with a draught tube. It was shown that the critical gas velocity increases with increasing
terminal velocity of a single particle, solid concentration, liquid surface tension, diameter of gas distributor and
density difference between solid and liquid, and decreases with increasing column diameter and liquid viscosity.

Based on these observations, an empirical equation for critical gas velocity is proposed that is applicable to

columns with diameters of 0.1-0.3 m.

Introduction

The solid-suspended bubble column with a draught
tube and a conical bottom (usually with a =n/3 rad
angle), often called the pachuca tank, is used widely
for leaching ores.® In this column the gas is dispersed
into the draught tube and a stable circulating liquid
flow is induced by apparent density difference be-
tween the aerated liquid in the draught tube and that
in the annulus. This circulating liquid flow brings
settling solids in the conical bottom into the region of
the column top. To design a column of this type as a
slurry reactor, the values of the critical gas velocity U,
required for complete suspension of solid particles
and their concentration distribution should be
known. However, only a few research works®'® have
been reported on U,. Muroyama et al.'® have pro-
posed an empirical equation for the critical solid
holdup, which is defined as the maximum solid
amount maintained in complete suspension for a
given gas velocity. However, this equation is appli-
cable only to the slurry of water-activated carbon
particles, and the effect of liquid and solid properties
on the critical solid holdup is not clear.

The purpose of this study is to clarify experimen-
tally the effects of column dimensions and properties
of the liquid and the solid particles on the critical gas
velocity required for complete suspension of solid
particles in the solid-suspended bubble column with
draught tube in liquid-solid batch operation.
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1. Experimental

The experimental apparatus used in this work is
shown in Fig. 1. The dimensions of plexiglass columns
used are shown in Table 1. As shown in Fig. 2, the
column bottom consists of a conical section with a
cone angle of 7/3 rad, and a perforated plate is used as
gas distributor. The perforated plate is covered with a
stainless steel wire gauze of 260-300 mesh to prevent
the solid particles from penetrating to the gas dis-
tributor through the holes, and the holes of the gas
distributor are oriented in triangular pitches. Table 1
shows the dimensions of draught tubes and the
vertical clearance L between the lower end of the
draught tube and the wall of the conical bottom
shown in Fig. 2. Table 2 shows details of the gas
distributors.

The liquids used in this work were demineralized
water and aqueous solutions of glycerol and glycol,
and the gas used was air. The values of the static
slurry height H; above the gas distributor are shown
in Table 1. The operating temperature was kept at
298.2+ 0.5 K. Table 3 shows the physical properties of
liquids, and Table 4 shows those of glass and bronze
spheres. The particle diameter d, in the latter table is
the median diameter obtained from the weight cumu-
lative particle size distribution. The terminal velocity
V, of a single particle in stagnant liquid was calculated
on the basis of d, values listed in Table 3. The
concentration of solid particles was varied in the
range of 25-400kg-m 3.

Two different methods were employed to determine
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Fig. 1. Experimental apparatus.

Table 1. Experimental apparatus

Table 3. Properties of solid particles

. Size d, V, x 10?
Materials [mesh] [um] [m-s]

Glass sphere 24-35 498 7.79 (in water)
pp,=2500kg-m™3 60-80 198 2.44 (in water)
60-80 198 0.990 (in 39GL*)
60-80 198 0.472 (in 55GL¥*)
60-80 198 0.185 (in 69GL*)
60-80 198 0.635 (in 71EG*)
60-80 198 0.548 (in 73EG*)
80-100 136 1.40 (in water)
100-140 117 1.09 (in water)
High index
Glass sphere 140-200 79.0  1.25 (in water)
p,=4680kg-m 3
Bronze sphere 140-200 89.0  2.91 (in water)

p,=8770kg m™?

D, D H H, Lx10* Perforated
[m] [m] [m] [m] [m] plate** * 39GL, 55GL and 69GL: 39.4, 55.2 and 68.6 wt% glycerol aq.
solns. 71EG and 73EG: 70.5 and 72.9 wt%] ethylene glycol aq.
0.100  0.060 1.40 1.50 2.1 P1, P2 solns.
0.140  0.066 1.40 1.54 3.0 P1
0.140 0.082 0.70-2.10 0.84-2.24 1.2-7.1 P1,P2, P3
0.140  0.094 1.40 1.54 3.0 P1 Table 4. Properties of liquids at 298.2K
0.140  0.104 1.40 1.54 3.0 P1
0.218 0.128 1.40 1.58 4.8 P4, P5 . P ux10®  ox10®
Liquid —3 -1
0.300 0.190 1.40 1.68 6.2 P4, P5, P6 [kg'm™%] [Pa-s] [N-m™']
* t,=3mm for D;<0.128 m and Smm for D;=0.190m. Water 997.0 0.894 72.0
** Dimensions of perforated plates are shown in Table 2. 39.4 wt% Glycerol aq. soln 1098 2.81 69.7
55.2wt% Glycerol aq. soln 1142 6.13 67.6
68.6 wt% Glycerol aq. soln 1178 15.2 65.0
75.5wt% Ethylene glycol 1085 4.76 53.5
aq. soln
72.9wt% Ethylene glycol 1088 5.50 51.7
ag. soln

Fig. 2. Details of gas distributor. 1, conical bottom; 2, gas
distributor; 3, stainless steel rim; 4, stainless steel guaze; 5,
perforated plate; 6, buffer plate; 7, rubber packing.

Table 2. Dimensions of perforated plates

Gas distributor D, [m] 6 [mm] n[—]
P1 0.035 3 3
P2 0.050 3 7
P3 0.070 3 7
P4 0.054 4 7
P5 0.086 3 10
P6 0.150 2 38

the critical gas velocity U, required for complete
suspension of solid particles: pressure drop measure-
ment and visual observation. Solid particles of known
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quantity were settled in the liquid at a constant
temperature to adjust the static slurry height to a
certain value, and then air was dispersed into the
column through the gas distributor with sufficient gas
velocity to suspend all solid particles. Then, as gas
velocity was gradually decreased, the total pressure
drop 4P, due to the suspended solid in the liquid was
measured with a pressure transducer connected to a
Prandtl tube located at the same level as the gas
distributor, where the output signal from the pressure
transducer was adjusted to indicate zero value at
Ug;=0. Simultaneously, the behavior of solid particles
over the gas distributor was observed visually.

2. Results and Discussion

2.1 Determination of U,

Figure 3 shows the relationship between AP, and
the gas velocity based on the cross section of the
column. For Ug greater than a certain value, AP
becomes almost constant. In this region designated as
A in Fig. 3, solid particles are all in suspension and
circulating liquid flow in the column as shown in Fig.
4(a). Solid particles which tend to settle along the
conical wall are picked up by the local circulating

369



2 ‘ : ]
103 clBla
s L1
CA
:U. ST COOOO0-0—0—
!
ot
o 4 —|Air-Water-Glass Spheres ||
< -O0® |D,=0140m
D; =0.082m dp =198um
H =1.54m key C |
2 D,=0035m Ckgmr®]
L =00284m O 75
H =140m A 200
1 I I B
6 810" 2 4 6 81 2
U;Ims™]

Fig. 3. Pressure drop vs. gas velocity curves.
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Fig. 4. Phase transition with decreasing gas velocity.

liquid flow induced by gas flow from the gas dis-
tributor and then carried upwards by the bulk cir-
culating liquid flow induced by the difference be-
tween gas holdup in the draught tube and that in the
annulus. As Ug; was gradually decreased, clouds
with high solid concentration were generated, and a
small part of the solid particles began to stay on the
periphery of the gas distributor as shown in Fig.
4(b). This phenomenon was observed at Uy in
region B in Fig. 3. Decreasing Ug further resulted
in a situation where most solid particles settled
down on the gas distributor to form a mobile
packed bed as shown in Fig. 4(c). When the height
of this bed was higher than the level of the lower
end of the draught tube, the bulk circulating liquid
flow ceased. These situations were observed in region C
in Fig. 3.

Three straight lines corresponding to the three
regions of Ug; were obtained in the log AP, vs. log Ug
plot as shown in Fig. 3. The gas velocity at the
transition point from region A to region B agreed
with the lowest gas velocity where all the particles
were observed to be in suspension. Therefore, the
critical gas velocity U, required for complete suspen-
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sion of solid particles was determined as the transition
point from region A to region B in Fig. 3.
2.2 Effect of liquid and solid properties on U,

Figure 5 shows that U, is roughly proportional to
V11, Figure 6 shows that U, increases slightly with
increasing solid concentration c, to be proportional to
¢°27. Figure 7 shows that U, increases with increas-
ing density difference between the solid particle and
the liquid, and U/V}! is roughly proportional to
{(p,—P)IPpy* 7.

To see the effect of liquid viscosity g4 on U,
UV ENelp)* P {(pp— )P} is plotted
against u as shown in Fig. 8. Values for the quantity
taken in the ordinate are almost constant for values
of u lower than 0.003Pa-s, but increase with in-
creasing u in the range of u higher than 0.003Pa-s.
This figure does not show the effect of u on U, explic-
itly, but since ¥V, decreases with increasing u, e.g.,
V,ocu~ ! in the Stokes’ law region, it can be said that
U, decreases with increasing u.

2.3 Effect of column dimensions on U,

Figure 9 shows that the ratio of flow path area
(nD;,L) under the lower end of the draught tube (see
Fig. 2) and the cross-sectional area (nD?Z/4) of the
column has no effect on U, in the range of this ratio
larger than about 0.4, while U, decreases with decreas-
ing area ratio in the range of this ratio smaller than
about 0.4. This phenomenon might be due to the fact
that the bulk circulating liquid flow penetrates into
the column bottom as the area ratio decreases, and
then the settling particles near the base plate of the
column are picked up by this liquid flow directly.

Figure 10 shows that U, has a minimum value at a
certain value of draught tube length H. Average
velocity U, of the bulk circulating liquid flow is
roughly proportional to H'”? in a bubble column with
draught tube,? and the increase in U, might cause U,
to decrease. On the other hand, the total weight of the
solid particles to be suspended is proportional to Hy,
(roughly to H in this work) for constant value of c,
and the increase in total weight of solid particles
might cause U, to increase. The dependence of U, on
H shown in Fig. 10 might be attributed to these
conflicting effects of H on the mechanism of suspend-
ing solid particles.

Figure 11 shows that a reduction of U, value can be
achieved by using a conical bottom with small value
for D,/D,. This figure shows also that the degree of
reduction of U, value with decreasing D,/D, is higher
for the liquid of lower surface tension. Figure 12
shows that when column diameter is increased, the
degree of reduction of U, value with decreasing D,/D,
becomes higher and the value for U, at a given value
of Dy/D, becomes lower. Since reviewing previous
works! 737 on U, in bubble columns with draught
tube indicates that U, is almost constant for different
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Fig. 10. Effect of draught tube length on U,.

values of D,, the reduction of U, with increasing D,
might be due not to the increase in U, but to
increasing turbulent motion of liquid near the conical

bottom with

increasing D,

n
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Fig. 12. Effect of shape of conical bottom and column
diameter on U..

Figure 13 shows that U, has a minimum value at
D,;/D,~0.6 for each constant value of ¢ larger than
100kg-m™3. Since U, shows a maximum value at
D,/D,~0.6 in the bubble column without solid par-
ticles,” a similar phenomenon might occur in the
column used in this work, and then U, shows a
minimum value at D;/D,~0.6. However, at c¢=
75kg-m~% U, decreases slightly with increasing
D,/D,. The bulk circulating liquid flow from the
annulus into the draught tube carries upwards the
solid particles which are picked up from the conical
bottom by the local circulating liquid flow, and plays
a role in reducing the solid concentration in the
conical bottom. Since U, for different D;/D, might
be large enough for the bulk circulating liquid flow to
carry upwards the solid particles at c=75kg-m™?, the
process whereby the solid particles are picked up by
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Fig. 13. Effect of inner diameter of draught tube on U.,.

the local circulating liquid flow might be the control-
ling step for suspending the solid particles. There-
fore, the effect of D;/D, on U, is not so large at
c=75kg-m™>.
2.4 Correlation of U,

The observations above show that for the column

A of D;=0.035m
Uc/[th l(c/pp)027{(pp— P)/p}075]

depends on g, but for the columns other than column
A the relation of U,oc V! does not necessarily hold.
Therefore, an equation in the form of Eq. (1) was
assumed to express the effects of liquid and solid
properties and column dimensions on U, for
(4D, L/D?) >0.4, where the effects of D;/D,, H and
D,/D, on U, respectively, were expressed by the terms
S,/S,and S,/S;, the second bracketed term and the last
one.* The numerical constants in Eq. (1) were decided
by the direct search method® using data observed in
this work,

EJ_C=4_6O <i>0.273<pp_p>0.750(ﬁ)—0.634
|4 Py p o
D2 -0.340 0.546 0.454
o (Po9P S, S,
o S, S;
4\0.290
y {1 +897 <9“—3> }
po
|%
X {( d >+1.47 X 10-4<H>}
V gH D,
D 0.997(D2gp/o)° 7
x {1 —-1.32 (1 —D—"> } (1)

* The functional form in the last brackets in Eq. (1) to express
the effect of D,/D, is similar to that used in the previous paper.%
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in the experimental ranges of 8.55<(c/p,)<0.160,
L12={(p,— p)/p} <7.80,

1.31 x 107* < (Vu/0) £9.67 x 1074,

1.36 x 10° <(D2gp/o) £1.22 x 104,

1.68 x 101 <(gu*/pc®) <1.62x 107°°,
0.18<(D,/D,)<0.5,

4.99x 107*<(V,/\/ gH)<2.10x 1072,
4.67<(H/D,)<15,

0.222<(S,/S,)£0.552.

Figure 14 shows that U, values estimated by Eq. (1)
agree relatively well with those observed experimen-
tally, and the average error of estimation was 13%
for 142 data.

2.5 Comparison of this work with previous ones

1) Bubble column without draught tube From vi-
sual observation solid particles are distributed more
uniformly in the column with draught tube than in the
column without the tube where the solid concen-
tration decreases exponentially with increasing height
from column bottom.” Figures 5 and 6 show that
values for U, observed in this work are much smaller
than those observed in the column without draught
tube.® However, when a column with conical bottom
of small value for D; (D;=0.035m) is used, the
difference between values for U, observed in the
columns with and without draught tube becomes
small for a slurry of large particles. The reason might
be that the local circulating liquid flow has to pick up
large particles on the conical bottom before the bulk
circulating liquid carries them upwards, and the
former process controls in suspending large parti-
cles. Concerning the effects of other column dimen-
sions on U,, Eq. (1) shows that U, is roughly propor-
tional to D, 7, while U,oc D! and H have no effect
on U, in the column without draught tube.®

2) Bubble column with draught tube Figure 15

shows that agreement of the values of U, estimated by
Eq. (1) with those observed by Muroyama et al.!® for
the suspension of activated carbon particles in water
is not so good, and the dependence of U, on solid
concentration is much pronounced for the data of
Muroyama et al. This disagreement might be attrib-
uted to the difference in solid density; (p,—p)/p~0.3
in their work and 1.12=(p,—p)/p=<7.80 in this
work.

Matsuura et al.”’ measured the critical gas velocity
above which solid particles circulated from the
draught tube to the annulus, and showed a hysteresis
phenomenon whereby the critical gas velocity observ-
ed when U, was gradually increased to circulate the
solid particles was larger than that observed when Uy
was gradually decreased to cease the circulation of
solid particles. As Eq. (1) is based on U, values
observed when Uy is gradually decreased, care should
be taken for the hysterisis phenomenon noted above
when Eq. (1) is used for estimating the operating
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values observed in previous work.

conditions of gas velocity.

To clarify the mechanism of suspending solid par-
ticles, further work is necessary on U, and the solid
concentration distribution, as were done by Matsuura
et al.

Conclusions

1) The critical gas velocity U, required for com-
plete suspension of solid particles in the solid-
suspended bubble column with draught tube and with
conical bottom increases with increasing terminal
velocity of a single particle, solid particle concen-
tration, diameter of gas distributor and solid density,
and decreases with increasing column diameter and
liquid viscosity.

2) Solid particles are suspended at much smaller
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gas velocity and distributed more uniformly in the
bubble column with draught tube than in the column
with flat bottom and without draught tube.

3) An empirical equation for U, is proposed that
is applicable to columns with diameter of 0.1-0.3m.

Nomenclature

c =

3

SESESRS)
i

I

°

e &
I

s

ht/JLQ
o

w0

B
I

SN
[

3

@

374

average solid concentration in gas-free slurry

[kg-m™?]
= diameter of gas distributor fm]
inner diameter of draught tube [m]

[m]
(m]

D;+2t,, outer diameter of draught tube
column diameter

diameter of solid particle [m]
gravitational acceleration [m-s™?]
length of draught tube [m]
static slurry height above gas distributor {m]

= vertical clearance between lower end of draught

tube and wall of conical bottom shown in Fig. 2

[m]
= number of pores in gas distributor 1l
atmospheric pressure [Pa]

= P, +gH {c+(p/p,)p,—c)}, static pressure
on gas distributor [Pa]

total pressure drop caused by suspended solids

in liquid [Pa]
= flow rate of bulk circulating liquid [m3-s71]
cross-sectional area of annulus [m?]
cross-sectional area of draught tube [m?]
cross-sectional area of column [m?]
temperature K]
wall thickness of draught tube [m]
critical gas velocity based on cross section of
column required for complete suspension of
solid particles [m-s™1]
gas velocity based on cross section of column
and on static pressure P; [m-s™]

Uie = 8Q,/nD2, average velocity of bulk circulating
liquid flow [m-s™!]
V, = terminal velocity of a single particle in stagnant
liquid [m-s™!]
é = diameter of holes in gas distributor [m]
u = liquid viscosity [Pa-s]
14 = liquid density [kg-m™3]
Py = density of solid particle fkg-m~3)
I = liquid surface tension [N-m™]
{Subscripts)
est. = estimated value
obs. = observed value
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