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The effects of solid concentration and liquid viscosity on bubble properties such as bubble size and bubble rising
velocity were measured with a dual-electroresistivity probe in a slurry bubble column of 0.15m diameter. The
behavior of volume-surface mean bubble diameter, 4, was analyzed.

By addition of solid particles at small gas velocity, the bubble size distribution shifted to a large-size region and
the bubble velocity distribution shifted to a large-velocity region. At the same time, the flow pattern changed from
homogeneous flow to heterogeneous flow. The effect of solid particles on bubble size, however, became small as the

particle diameter decreased or the liquid viscosity increased.
The following equation was derived to estimate 4.

d,,=0.59(V,,[2,\ g

where ¥V, is the drift flux of gas, &, Is the cross-sectionally averaged gas holdup and g is the gravitational

acceleration.

Introduction

Slurry bubble columns are widely used as absorbers
and chemical reactors in industrial practice. Though
simple in their construction, the design of slurry
bubble columns, especially those with high solid
content, is a difficult task because of the complexities
of their hydrodynamic, heat transfer and mass trans-
fer characteristics. Bubble properties such as bubble
size and bubble velocity are important parameters in
analyzing those characteristics.

A few works have been reported on the bubble
characteristics in slurry bubble columns.”1%13:1) The
effects of particle diameter, solid concentration and
liquid viscosity on the bubble properties in slurry
bubble columns, however, have not been made clear.

The authors investigated the fundamental proper-
ties of gas bubbles in a slurry bubble column using a
dual-electroresistivity probe method and reached the
following conclusions.!*

1) The cross-sectionally averaged gas holdup, &,
can be correlated well by the equation of Koide ez al.
in the range of mean solid holdup, &, less than 0.4 as
follows:
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where U, is the superficial gas velocity, C; the solid
concentration, p, the solid density, p, the liquid
density, g the liquid viscosity, y, the surface tension
and D, the column diameter.

2) The bubble length distribution, F,, follows a
log-normal distribution. The bubble velocity distri-
bution, F,, follows a normal distribution.

3) In a slurry bubble column with high solid
content, F; lies in a larger-size region and F, lies in a
larger-velocity region, respectively, in comparison
with the case of the bubble column.

4) U, has little effect on F; and F, in the slurry
bubble column at high solid content.

In the present work, the effects of &, and y; on F,, F,,
mean bubble length and mean bubble rising velocity
are investigated by using the dual-electroresistivity
probe technique,'® and an equation to correlate d,
with operating variables is presented.
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1. Experimental

The experimental system used was described in
detail elsewhere.'® The main column was 0.15m in
diameter and 1.2, 1.7 or 3.2m in length. A multi-
nozzle gas distributor consisting of 8 tubes of 2.6 mm
i.d. was used. The column was equipped with two
fine-mesh screens. One was the bed support at the
bottom and the other was the cylindrical filter at the
top. The operation was batchwise with respect to
solid particles, which were suspended by a concurrent
up-flow of gas and liquid. The solid concentration in
the column could be maintained at a value much
higher than that in the usual suspended bubble col-
umn. The liquid viscosity was changed by adding
glycerol to tap water. The liquid temperature was
maintained at 293.2 K. The solid particles used were
glass beads. The physical properties of the liquid used
are presented in Table 1. The size of particles used and
the corresponding operational conditions are pre-
sented in Table 2.

A dual-electroresistivity probe was located at a
position 0.56 m above the bed support screen. The gas
holdup was measured at 5 radial positions of 0, 34, 47,
58 and 67mm from the column axis with the probe.
Bubble properties such as size and velocity were
measured at 3 radial positions of 0, 47 and 67 mm
from the column axis with the probe. When a bubble
passed through the probe points vertically (upward or
downward), the bubble velocity, U,, and the bubble
length (chord length), L,, could be calculated from the
lag time between two bubble signals detected by the
probe points, the duration time for the bubble and the
distance between the probe points. The processing of
the bubble signals from the probes was performed by
use of a microcomputer. The details of the probe
setup and the method for measuring the gas holdup,
U, and L, were described elsewhere.'®)

The local values of solid holdup, ¢, along the
column were measured prior to the measurement of
bubble properties. Details of the method for measur-
ing ¢, and the behavior of ¢ were discussed else-
where.!® When two slurry layers, i.e. the dense
region and the lean region, were formed, the bubble
properties were measured in the dense region and the
characteristic mean solid holdup, &,, was the mean of
&, values in the dense region. On the other hand, when
¢, decreased continuously with axial distance, &, was
taken as the mean of ¢, values from the base to the top
of the column. In both cases the value of & was almost
equal to the value of ¢, at the axial position where the
electroresistivity probe was present.
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Table 1. Properties of liquids used (at 293.2K)

P Pi Hy Y
Liguid [kg/m’] [mPa-s] [mN'/m]
Water 998 1.00 72.8
5GL 1012 1.20 72.4
16GL 1040 1.70 715
20GL 1051 1.95 71.2
50GL 1127 6.60 68.8

SGL, 16GL, 20GL and 50GL: 5, 16, 20 and 50vol%, glycerol
aqueous solution

Table 2. Size of glass beads and experimental conditions
d Mesh size - V, &
[rom] mesh] U emy ]
0.056 200-400 Water 0.26 <04
0.16 80-100 Water 1.63 <0.4

5GL 1.42 <0.13

16GL 1.07 <0.13

20GL 0.94 <0.13
50GL 0.29 <0.2
0.23 60-65 Water 2.8 <04
0.46 32-35 Water 6.7 <0.5

2. Results and Discussion

2.1 Effects of solid concentration and liquid viscosity
on bubble properties

Figure 1 shows the effect of mean solid holdup, &,
on the bubble length distribution, F;,, and on the
bubble velocity distribution, F,, in a slurry bubble
column containing 0.16 mm glass beads. In the figure,
the logarithmic standard deviation, o, and the me-
dian, L,, for F, and the standard deviation, ¢,, and
the median, U,, for F, are noted. With increasing &,
F; shifts to a region of large bubble size and F, shifts
to a region of large velocity in the range of £<0.05,
but both remain unchanged in the range of £,>0.05.
The values of L,, and U,, increase with increasing &
suddenly in a narrow range of & from 0.02 to 0.03,
and correspondingly the flow pattern changes from
homogeneous flow to heterogeneous flow. The vari-
ation for ¢, is small, however.

Figure 2 shows the effect of liquid viscosity, g, on
g, L, o,and U, in the slurry bubble column and the
bubble column. The values of these parameters for the
bubble column increase with increasing y, sharply in
the range of 1, <0.002Pa-s, but slightly in the range
of 1,>0.002Pa-s. On the contrary, the values of the
parameters for the slurry bubble column with high
solid content decrease gradually with increasing u,
and agree with the corresponding values for the
bubble column at high values of y,.

Figure 3 shows the effect of & on the arithmetic
mean bubble length, I,, and the arithmetic mean
bubble rising velocity, U,, in the slurry bubble column
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Fig. 1. Effect of ¢ on F, and F, at U,=2cm/s and
#;=0.001Pa-s.
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Fig. 3. Effect of & on I, and U,.

containing 0.16-mm or 0.056-mm glass beads. The
values of U, and L, for the column with 0.16-mm
glass beads increase with increasing & in the range of
£,<0.05, but both remain unchanged with further
increase in &, The variation of L, and that of U, with
respect to £, are similar to the variation of L,, and that
of U, shown in Fig. 1, respectively. For the column
with 0.056-mm glass beads, the variations of L, and
U, are smaller than those for the column with 0.16-
mm glass beads. For the column with 0.056-mm glass
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beads, the values of I, and U, remain at constant
values in the range of &,<0.1, then increase with
increasing &, in the range of & from 0.1 to 0.2 and
attain other constant values with further increase in
£.. Moreover, the values of £, and U, for 0.056-mm
glass beads are smaller than the corresponding values
for 0.16-mm glass beads.

Figure 4 shows the effect of y, on L, in the slurry
bubble column and that in the bubble column for
various gas velocities. In the whole range of U,
studied, the value of L, in the slurry bubble column
decreases gradually with increasing ,, whereas that in
the bubble column increases with increasing ;.
Thus, at higher values of y the values of L, for the
slurry bubble column may approach those for the
bubble column.

2.2 Volume-surface mean bubble diameter

Based on the assumption that the shape of bubbles
is spherical, the volume-surface mean bubble diam-
eter, d,, is correlated by the following equation.*®

d,=15L, )

Figure 5 shows the variation of d, in the bubble
column. For the case of low viscous liquid, the value
of d, increases slightly with increasing U, in the range
of U, less than about 2cm/s, where the flow mode is
termed homogeneous flow.*) However, the value of d,
increases considerably with increasing U, in the range
of U, larger than about 4 cm/s, where the flow mode is
termed heterogeneous flow.¥ The superficial liquid
velocity, U,, has little effect on d in the range of U,
from 0 to Scmy/s. On the other hand, the value of d,
increases with increasing u;.

The values of d, for air-water systems observed by
various workers"'®1® are shown in the figure. The
values of d,; of Ueyama er al'® for an air-water
system based on a dual-electroresistivity probe meth-
od are almost the same in magnitude as those for
this work. They used a multi-nozzle as the gas
distributor. The hatched area for the volume-mean
bubble diameter of Koide ez al.® for a column with a
perforated plate as gas distributor overlaps with that
for d, in this work. This indicates that the volume-
mean bubble diameter may be equivalent to d,; when
bubble size is relatively small. On the other hand, The
values of d, of Akita and Yoshida' decrease with
increasing U,. This different trend may be attributed
to the difference in measuring method for d,, and the
difference in type of the gas distributor used; i.e., they
used a photographic method for measuring d,; and a
single orifice as the gas distributor. It may be suggest-
ed that since large bubbles, which tend to pass by in
the central region of the column, cannot be clearly
photographed the value of d,, measured by the photo-
graphic method is smaller than that measured by the
electroresistivity probe method, especially at high gas
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flow rate.

Figure 6 shows the behavior of d,; in a slurry bubble
column containing 0.16-mm glass beads. The values
of d,, for the column with high solid content increase
slightly with increasing U,. When g, is 0.001 Pa-s, no
effect of & on d,,, is observed in the region of high solid
concentration (£,>0.10). On the other hand, in the
region of small U, the value of d,; decreases with
increasing y; at §,=0.13. In contrast to this, g, has
little effect on d,, at &=0.20.

Figure 7 shows that the value of d, for the column
containing 0.46-mm glass beads increases with in-
creasing U,, while it decreases with increasing U, or
decreasing &. The decrease in bubble size with in-
creasing U, may be due to the increase in bed mobility
resulting from bed expansion.

Figure 8 shows that the relationship between U,
and d, is independent of d,, & and g, in the whole
experimental range, and all the data for both the gas-
liquid and the gas-liquid-solid bubble columns can be
correlated by a Davies-Taylor type equation® as
follows:

U,=13./gd,, 3

The coefficient of variation for Eq. (3) is 16%. It is
interesting to note that a Davies-Taylor type equation
is applicable to correlate the mean rising velocity of
bubbles in a gas-solid fluidjzed bed.®
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Fig. 8. Relationship between U, and d,,.

Clift et al.? correlated the rising velocity of a single
bubble in pure water, U,,, over a wide range of
bubble diameter. Their correlation coincides with the
Davies-Taylor equation at large values of d,. As
shown in Fig. 8, the value of U, from Eq. (3) is close
to that of U, by Clift et a/.? in the range of small d,,
but the former is about 409 larger than the latter in
the range of d,,>0.01 m.

2.3 Correlation of volume-surface mean bubble
diameter

In the following section, an attempt is made to
correlate U, with operating variables. According to
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Wallis,!” the drift flux of gas, V), in gas-liquid two-
phase flow is defined as

Vp=U/(1—-¢8)—Ug,(1—¢)/& @)

where ¢, is the mean liquid holdup. Furthermore, V),
is represented empirically as follows:

VD: ggUboo(l - 5g)n (5)

where # is the adjustable parameter. As the value of
U, is almost proportional to that of U, (Fig. 8), it
may be reasonable to replace U, with kU, in Eq. (5).
It may be assumed that n=0 for the case of the
heterogeneous flow,!” which is the prevailing flow
mode in this work. Consequently, Eq. (5) is reduced
to

Vp=ke,U, (6)

The relationship between 5gl7b and ¥, is shown in
Fig. 9, where observed values of £, are used in the
calculation. It is seen that Eq. (6) holds best in the
case of k=1. The coefficient of variation for the above
estimation is about 35%,. But it falls to 239, when the
values of &, estimated from Eq. (1) are used.

From Egs. (3) and (6), the following equation is
derived.

dvs:059( VD/ég)Z/g (7)

Figure 10 compares the values of d,, observed with
those calculated by Eq. (7). In the calculation, the
value of &, is estimated from Eq. (1). It is seen that the
values of d ; observed for the experimental conditions
noted in the figure are correlated fairly well. The
coefficient of variation for Eq. (7) is about 30%. The
dashed lines in Figs. 5-7 indicate the values of d,
estimated from Egs. (7) and (1) under typical con-
ditions. It may be seen that the calculated values agree
fairly well with the corresponding data.

Also shown in Fig. 10 are the relationship between
the values of d, observed by various work-
ers' 8191516 and those calculated from Eq. (7) with
their own £, data. The values of volume-mean bubble
diameter of Koide et al.®’ for a bubble column with
perforated plate as gas distributor are correlated
fairly well by Eq. (7). However, the deviation of the
estimated value from the observed value becomes
large for small hole diameter of the gas distributor.
The trend for d,; observed by Akita and Yoshida is
not consistent with that estimated, but the deviation
of estimation is relatively small in the range of their
experimental conditions. The data for d,, of other
workers are correlated fairly well by Eq. (7), as shown
in Fig. 10. The deviation of estimated value from the
observed value for the column with aqueous solution
of electrolyte®’'?) is somewhat larger than that for
the non-electrolyte system.

Figure 11 shows the relationship between d,; and d,

32

21T T T T TTT17
Uy=08~10cmis g
Key|c3ona| 4 <1-6.6mPa 10 s
M, =1-6.6mPas  ~ )
Mo | — | =
O o toosE] B =0-045 77
C [a 016 6 S40%]
- | O 1023 ¢ o7 -
% sk [oTose a,’ i
£ 7 ’
o) a // A/ 1
- o <
L /% B
1§ 2k el 7 B
/7 7
oV 7 "Eq(6) with k=1
A/ /
Y 5o o;%
1072~ s —
F v =
P :
C aa 7
5 1 Pt oip el

oy
~N

1072 2 5 1071
Vp Cmi/s]

Fig. 9. Correlation of U, based on the drift-flux model.

5 T T T 17171 T T7 1 TTTT
| 7
- This work:Ug=0.8~10cm/s 4 L7
—1~B€ 5 * ° ’
L [key| O |Ri=1~88mPas U 0%
[mm] g P
e} — §s=0~0.4 VA
2L Vv 10056 A 7/ -
A 1016
o 1023 /,

n © 046 Q' D Ueyama

£ ¥,/ and Miyauchi

107 7/ bubble column; -

& single nozzle,D=0.6 m .
x —
% wa Akita and Yoshida® | ]
> bubble column;

T 5 single nozzle, D.=0.15,03m | 7
© Ueyama etal.'®! |7]
bubble column; -
multi-nozzle, De=06m

2 @) Koide et al. ¥ + Kojima and Asano'®)|
bubble column; slurry bubble column
porous plate,
pertorated plate, 0=02m dp=0.2mm, Dc=0.095 m
108 L1l i L1ty
2 5 1072 2 5 107

dys,cal. [m1l

Fig. 10. Comparison of values of d, estimated with those
observed.

50 7T T T T

T T
‘//Bubble column Lee et al.’”

€5 :03-05
Ug=03~44cmis

N

&\ Ug=03~6cmis
water

dy,s Tmm3l

€5=005~04
Uy=08-~8cmis

water .
2= This work Solid : -
i (Ug=0.8~8 cmis,water) glass beads
1 b1 | ! N 1 !
777005 01 0.2 05 1 2 5 10

d, [mm3l

p

Fig. 11. Effect of d, on d, for a slurry bubble column and
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observed in this work along with those observed in
other systems, i.e., for a bubble column by Akita and
Yoshida' and for a three-phase fluidized bed by Lee
et al. 'V Allowance should be made for neglecting the
effect of operational conditions other than d,. It may
be seen that the variation of d,, with d, is represented
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by a convex band, and the values of d, for the slurry
bubbie column approach those for the bubble column
with decreasing 4,. It may be indicated that the
bubble size has a maximum at about d,=0.2mm for
air-water-glass beads systems.

Conclusions

1) When solid particles are added at a small gas
velocity in a bubble column, the bubble length distri-
bution, F), shifts to a large-size region and the bubble
velocity distribution, F,, shifts to a large-velocity
region. However, the effect of the presence of solid
particles on F; and F, becomes small as the particle
diameter decreases or the liquid viscosity increases.

2) The trends for the mean bubble length, Z,, and
the mean bubble rising velocity, U,, are similar to
those for F, and F,, respectively.

3) The volume-surface mean bubble diameter, d,,
which is assumed to be 1.5 times L, is correlated as a
function of U, by a Davies-Taylor type equation, Eq.
(3). U, is correlated by Eq. (6) on the basis of the drift-
flux model. Consequently, d,; is correlated in terms of
operational variables and phase holdups by Eq. (7).

4) The mean bubble size may become largest at a
particle diameter of about 0.2 mm for the air-water-
glass beads system.
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Nomenclature

C = solid concentration in slurry [kg/m3]
D, = column diameter [m]
d, = particle diameter [m]
d = volume-surface mean bubble diameter [m]
F, = cumulative bubble length distribution [%]
F, = cumulative bubble velocity distribution [%]
g = gravitational acceleration [m/s?]
k = constant in Eq. (6) [—]
L, = vertical bubble length (chord length) [m]}
L, = arithmetic mean of L, in column [m}
L, = median of bubble length distribution [m]
U, = bubble rising velocity [m/s]
U, = arithmetic mean of U, in column [m/s]
Uy = terminal rising velocity of a single bubble  [m/s]
U, = superficial gas velocity [m/s]
U, = superficial liquid velocity [m/s]
U, = median of bubble velocity distribution [m/s]
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Vp = drift flux [m/s]
Vv, = terminal settling velocity of a single

particle [m/s]
V0 = surface tension of liquid [N/m]
é = hole diameter of gas distributor [m]
&, = cross-sectionally averaged gas holdup [—]
& = mean liquid holdup 1
& = solid - holdup [~
£ = mean solid holdup 1
I = liquid viscosity [Pa-s]
01 = liquid density [kg/m3]
0y = solid density [kg/m?3]
o = logarithmic standard deviation for bubble

length distribution 1]
o, = standard deviation for bubble velocity

distribution [m/s]
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