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Abstract—The local bubble hehavior such as holdup, bubble frequency, bubble size and rising velocity
in a bubble column of CMC solution was measured using the electroresislivity probe technique, and the
uffects of gas velocity and CMC conceruration un the behavior were investigaled. Also, the total gas holdup
was teasured from the liquid fevel in the column, and tts relation with gas velocity and CMC concertration
was studied. Two currelations of mean bubble size and toial gas holdup with dimensionless groups, com-

posed of cas velocity and physical properties of gas and hquid, were oblained front the experimenta) results.

INTRODUCTION

The bubble column is widely used in the chemical
processes, since its operating cost is low and heal and
mass transfer rates are higher than those of the other
equipments owing to the large gas-liquid interfacial
area. It also has an advantage giving an easy control of
the residence time of liquid phase. Moreover, its main-
tenance is easy, because it has no movirg part and
probleni caused by corrosion and clogging. Recently il
is also used as a bioreactor.

The flow regime, coalescence behavior of bubble,
gas holdup, interfacial area and heat and mass transfer
coefiicients are the important factors in the design of
bubble columns, and the bubble diameler, bubble ris-
g velocity, bubble size distribution and bubble veloc-
ity distribution are closely related to the column oper-
alion,

Many studies have been conducted to obtain tie
correlation for the prediction of gas holdup i the bub-
ble column, and in the most of the studies the holdup
was measured by the pressure difference or liquid
level difference at the top and bottom of the column. It
is simple and easy to measure the gas holdup. but it
does not give any information on the bubble behavior
and the local gas holdup in the column.

The observation of bubble behavior in a bubble
column can be performed by several different nieth-
ods. The photographic method takes picture of the
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bubble and measures the size and distribution. The
electroresistivity method utilizes an electric probe
installed inside the column and measures the resist-
ance in the gas and liquid phases. Besides, the elec-
trooptical probe method and light scattering method
have also been adopted in the studies of bubble be-
havior.

An early repert using the electroresistivity method
was published by Neal and Bankoff [1]. In the study,
the local gas holdup and bubble behavior were observ-
ed with a single tip probe in a nitrogen-mercury sys-
tem. Two groups of investigators [2,3] compared the
dual tip electroresistivity method with the photo-
graphic method, and found that both methods shuw
relatively good agreement in the measurement of bub-
bie size. Also a study on the bubble behavior and gas
holdup in a slurry bubble columin using dual t.p elec-
troresistivily method was presented by Yasunishi el al.
[4].

The gas holdup and bubble behavior in the non-
Newtonian liquid have been studied by many re-
searchers, since their values can not be predicted from
the correlations between the gas holdup and the cul-
umn operating condition and physical properties of
liquid for the Newtonian liquid systems.

The gas holdup in a carboxymethyl cellulose (CMC)
solution was measured by Nakanoh and Yoshida {5].
Their experimental data were correlated with the
dimensionless groups of Bond, Galilei and Froude
which were also used for the Newtonian liquid. The
variation of gas holdup with gas velocities in CMC
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solution was observed by Franz et al. [6]. The increase
of holdup with increasing gas velocity was explained
with the fact that the column acts like an aerator,.and
the acrator effect reduces with increasing CMC concen-
traticn. The effect of hole size of perforated plate on
the gas holdup has also been studied, and it was found
that the large holes result in the low gas holdup. The
effect of CMC concentration on gas holdup diminishes
for the large hole perforated plate. The effects of gas
velocity, CMC concentration and hole size on the
Sauter mean bubble diameter were also investigated in
the study. Another correlation on the gas holdup with
gas velocity and effective viscosity of the CMC solution
was obtained by Godbole et al. [7]. The gas velocity
has the same influence on the gas holdup as shown in
the previous studies [5,6], and the high effective vis-
cosity is leading to low gas holdup.

The effect of the column height on the gas holdup
for the CMC solution was studied by Haque et al. [8].
The possibility of bubble coalescence is h.gh as the
column height increases owing to the high frequency
of collision between bubbles, and it results in large
bubbles. In the study, an explanation on the decreas-
ing bubble diameter with increasing gas velocity was
given as a contrary result to the Newtonian liquid sys-
tems. The explanation is that high gas velocity gives
high shear rate, leading to low effective viscosity in
CMC solutions, and the bubbles are susceptible to
break.

In this study, the bubble behavior such as bubble
size and bubble rising velocity in a bubble column of
CMC solution was measured with an electreresislivily
dual-tip probe. The obtained signals were digitized and
processed with a microcomputer, and the local gas
holdup, bubble frequency, bubble rising velocity, bub-
ble size, cross-sectionally averaged gas holdup and
bubble size distribution were calculated front the pro-
cessed data. And the total gas holdup was determined
by the liquid level method.

The effects of gas velocity and CMC concentration
on the bubble properties and total gas holdup were
investigated, and the correlations of mean bubble size
and total gas holdup were formulated from the experi-
mental values.

EXPERIMENTAL

1. Experimental setup

The bubble column is coniposed of a column, a
perforated plate and a bottom section. The column is
14 ¢m in diameter and 200 ¢m high, and the bottom
section has the same diameter and 20 cnm in depth. All
of them are made of polymethyl metacrylate, and con-
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1. Column 9. Compressor
2. Air chamber 10. Manometer
3. Perforated plate 11. Counter electrode
4. Valve 12. Electro-resistivity probe
5. Manometer 13. Sampling
6. Regulator 14. Ny cylinder
7. Saturator 15. Data instrumentation unit
8. Oil water separator 16. Data processing unit

Fig. 1. Schematic diagram of experimental appara-
tus.

nected with flange joint. The perforated plate has 51
holes of 0.3 mm diameter in the equilateral triangular
pitch through the whole area inside the column. A
brief arrangement of the experimental setup is shown
in Figure 1.

A barometric manometer tap is installed at the
bottom of the column. A movable probe in the radial
direction is placed at the position of 60 cm from the
perforated plate. The detail of the probe is illustrated in
the subdiagram of Figure 1. The probe is made of plat-
num wire of 0.28 mm in diameter, sharpened and
coated with epoxy resin for insulation except the probe
tip. The wire is supported with a stainless steel tube of
1.23 mm O.D., and the support tube is bent in 45
degrees downward to minimize the interference of
probe in the path of bubbles at the measuring
moment. The vertical distance between two tips is 3
mny, and the bubble rising velocity is calculated from
the distance and the difference of the initial conlact
rime of bubble and the lips. A counter electrode is
made of a stainless steel plate of 25 mm x 100 nini,
and installed on the wall of the column in the opposite
side of probe.

The signal in the form of voltage difference be-
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conc.

density 4 k
wi%of CMC .
gem?  dynelcm  dvne s?cm?
in water .
0 0.9971 72 0.01 1.0
(.05 09971 71.41 0.013: 1,998
(.075 09975 71.35 0.0161 0.986
.10 0.9976 71.25 0.0215 0.939
C.15 0.9978 71.09 0.0281 0.893
C.20 0.9979 70.90 0.0445 0.873

0.30 0.9982 70.53 0.075 0.509

tween the probe tip and counter electrode is fed to an
A7D converter after the rectification of high frequency
signal.

Air is supplied from a compressor and passed
through an oil separator and a water saturator. A sel of
orifice and manometer is provided for the measure
ment of air flow rate.

2. Measurement of physical properties

The surface tension of the CMC (st grade, Junsei
Chemical Co.. Japan) solution was measured with a du
Nouy type surface tensiometer (Fischer, model 20),
and the specific gravity was with Baume tydrometer.

The viscosity of CMC solution was expressed with
the power law model, as in Eq. (1), and its flow consisl-
ency index, k, and flow behavior index, n, were cal-
culated froni the measured shear force at the different
shear rate using the linear least square teck nique. The
shear force was obtained with concentric cylinder vis-
cometer (Brookfield, model LV). The physical proper-
ties of the water and CMC solutions are given in Table
1.

=ky" ili

3. Measurement of bubble size and rising veloc-
ity

When a bubble passes through the tip of probe, it is
detected by the conductivity variation. The bubbles
passing the tip are so many and the bubble rising is
very fast, and so the conductivity measurement and
data collection have to be fast. A brief diagram of sig-
nal processing is given in Figure 2.

A signal function generator supplies the sine wave
signal of 90 kHz and 10 volts peak-to-peak to the coun-
ter electrode. The continuous signal measured through
the probe is varied while a gas bubble contacts the
probe tip. The detected signal is rectified and amplified
to feed an A/ D converter (MetraByte, model DAS-8) in-

Fig. 2. Diagram of signal processing for electrore-
sistivity probe.

Fig. 3. Signal sequences of bubble detected by the
electroresistivity probe.

stalled in an IBM PC/XT microcomputer.

The digitized signal was sampled in every 376.3
microseconds and stored in the main memory of the
computer. An one time experiment was conducted for
25.4 seconds because of the mam memory limitation,
and the obtained data were transferred into the auxil-
lary memory device after a set of data was gathered.
The memorized data were retrieved and analyzed to
calculate the number of bubbles for the sampling
period, the bubble length and the bubble rising veloci-
ty.

The signals from the upper and lower tps of the
probe should be matched for a single bubble as shown
in Figure 3. Yasunishi et al. [4] used the several cri-
teria to find a pair of bubble signals for a single bubble,
and the modified crileria were applied in this study.

Korean J. Ch. E. (Vol. 7, No. 1)



1. At <1.54t,
2. At,<1.54t,
3. 0.75=2¢/ (1, + 1,)=1.25

The first and second conditions were made consi-
dering that the gap of two tips is only 3 mm and a
matched bubble signal should nct have a large differ-
ence in the time delays of the on and off contact. The
third condition was made from the fact that the possi-
bility of bubble coalescence or bubble breakup within
the tip clearance is very small.

The experiment was conducted for the superficial
gas velocities between 0.96 and 5.04 cm/sec and the
CMC concentration of liquid was varied from 0.05 to
0.3 wt%.

RESULTS AND DISCUSSION
1. Bubble behavior
1.1. Local gas holdup and bubble frequency

The local gas holdup at the height of 60 ¢cm from
the perforated plate was measured at the different

Fig. 4. Radial distribution of local gas holdup.
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radial positions. The radial positions were selected in
the equal distance of 1.4 cm except the very wall posi-
tion where the tip of the bent probe could not be lo-
cated. In the case the probe was placed at 0.5 cm
inside from the wall.

The radial distribution of local gas holdup for the
various concentrations of CMC solution is shown in
Figure 4. At high gas flow rate, the local gas holdup
was also high for all the CMC concentrations. The
bubble frequency distribution for the same solutions is
shown in Figure 5, and the variation trends are similar
to the local gas holdup. The distribution of local gas
holdup and bubble frequency in the radial direction
was nearly uniform except for the points near the wall
at the low CMC concentration and low gas velocity
such as 0.2% or less and 4.03 cm/sec or lower, respec-
tively. At the high velocity and concentration, the
distribution has a half parabola shape with a maxi-
mum value in the center of the column. At high gas
velocity, the wall effect is stronger than that of low
velocity, and the parabola shape is more apparent.
The same result has been reported in the air-water

- ' . v |
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Fig. 5. Radial distribution of local bubble frequency.
system [4]. 9
. . L =L )
The unique behavior of CMC solution is appeared TR ‘,\:Eirim @

in high concentration of CMC solution. The effective
viscosity of the CMC solution decreases as the shear
rate increases. and higher shear rates are obtained at
higher gas velocities. The relation can be found from
the definition of the effective viscosity in the power
law model of Ostwald-de Waele {8] for the pseudoplas-
tic liquid as given in Eq. (2).

Herr=ky™! (2)
Since the flow behavior index, n, is far smaller than
unity for the high concentration of CMC solution. the
effective viscosity is smaller than low concentration
solution. It accounts for the parabola shape distribu-
ticn of local gas holdup for the high concentration
CMC solution. The apparent parabola distribution in
waler having low viscosity also indicates the relation
between the local holdup distribution and viscosity.
1-2. Cruss-sectionally averaged g¢as holduap

The cross-sectionally averaged gas holdup can be
defined as

bl R
& f erdr

However, the local gas holdup can not be meas-
ured continuously along the radial pusition. From the
nieasurement at the discrete radial position, the aver-
aged gas holdup can be redefined as Ec. (4).

=

(3

The cross-sectionally averaged gas holdup in the
various concentrations of CMC solution and different
gas velocities is plotted in Figure 6, and it shows thal
the holdup increases with increasing gas wvelocity,
which is the same tendency as in the total gas holdup.
At the high CMC concentration. the cross-sectionaily
averaged gas holdup is found to be small. It is because
the effective viscosity of the CMC solution lowers while
the concentration increases. The holdup in 0.3% CMC
solution is even smaller than that of water. At low
CMC concentralion, 0.2% or less, the viscosity is high-
er than that of water, therefore the holdup of water 1s
fower than that of the solutions. The same result is
shown in the total gas holdup.

1-3. Distribution of bubble size

The mean bubble size at the center of the column
in various concentrations of CMC solution with dif-
ferent gas velocities are shown in Figure 7. The bigger
the bubble size is, the higher the gas velocity, and it
can be found also in Ueki [9]'s work. The effect of
viscosity on the mean bubble size is not significant
except for 0.3% CMC solution. In 0.3% CMC solution
the miean size of bubble is larger than that of other
solutions, and it is resulted from the low effective
viscosity of the solution.

A correlation of the mean bubble diameter, arith-
metically averaged value of the vertical bubble length,

Kor.an J. Ch. E. (Vol. 7, No. 1)
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Fig. 6. Effect of gas velocity on cross-sectionally
averaged gas holdup.

e

o’

Fig. 7. Effect of gas velocity on mean bubble diame-
ter for different CMC aqueous solutions at the
center of column.

in terms of dimensioniess groups has been raported by
Miyahara et al. {10}, and the same form of equation
was used in this study. The coefficient and exponen! of
Eq. (5) was obtained from the measured mean bubble
diameter using the least square method.

Lomip g/8a" *=2.61 (We/Fr*® 0% i51

A oot for the correlation is shown in Figure 8, and the
values in 0.3% CMC solution were not included in it
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Fig. 9. Bubble size distribution for 0.1% CMC aque-
ous solution at different radial locations and
gas velocities.

since they are quite different from those of lower cor-
centration solutions. The standard deviation and it.c
correlation coefficient of the fitting are 0.12 and (.59,
respeclively.

The bubble size distribution of (.1% CMC solution
in the radial direction is shown in Figure 9. At low pas
velocities the distribution is nearly same regardless of
the radial location. but the size distribution moves to
wider bubble distribution al high velocities. The coa-
lescence of small bubbles. occurring from the begin-
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Fig. 10. Effect of gas velocity on mean bubble rising
velocity for different CMC aqueous solu-
tions (.l’% =0.2).

ning of the bubble formation, is responsible for the
large bubble at high velocity.
1-4. Bubble rising velocity

The mean bubble rising velocity for the different
gas velocities and CMC concentrations is shown in
Figure 10, and generally it decreases while the gas
velocity increases excepting the cases of high gas ve-
locity and high CMC concentration. The same results
have been obtained by Nicklin [11], and he explained
that it 1s because the bubbles are becoming densely
packed. At high gas velocity and high CMC concentra-
tion, the effective viscosity of the solution is low in
which the drag force is small, and bubbles rise fast. For
0.3% CMC solution the bubble rising velucity increas-
es with gas velocity contrarily to vther solutions, and
it is because the effect of the reduction cf the effective
viscosity is stronger than that of dense bubble popula-
tion.

For the better observation of the bubble rising ve-
locity distribution, the cumulative bubble rising veluci-
ty distribution is prepared as scen in Figure 11, At low
gas velocity the distribution of bubble rising velocity
has nearly same no matter what the CMC concentra-
tion is. For high velocity, however, the distribution is
broadened. and at high CMC concentration it is even
broader. It also relates with the low effective viscosity.
2. Total gas holdup

The total gas holdup was measured with a liquid
level manometer. A plot of gas holdup versus CMC
ccneentration at the different gas velocites is shown in
Figure 12. The total gas holdup in CMC solution in-
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Fig. 11. Cumulative bubble rising velocity distribu-
tion for different CMC aqueous solutions
and gas velocities at the center of column.

Fig. 12. Effect of CMC concentrations and gas
velocities on total gas holdup.

creases as gas velocity increases. The effect of CMC

concentration on the total gas holdup is not observed

at low gas velocities. At high gas velocities, however,

Korean J. Ch. E. (Vol. 7, No. 1)
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LA

Fig. 13. Comparison of the experimental and cal-
culated gas holdup.

the effect of CMC concentration on gas holdup is signif-
icant and the holdup decreases as the concentration
increases. The pseudoplastic behavior of CMC solution
is responsible for the result, and it has beer discussed
in the explanation for the cross-sectionally averaged
gas holdup.

The gas velocity, physical properties of solution
and hole size of the perforated plate affect the gas hold-
up of bubble column and the gas holdup can be cor-
related with the factors. An experimental correlation
between the gas holdup and the affecting factors in the
form of dimensicnless groups was obtained as follows

Eg: 0 107 % loAlRe(l;.DﬁGaOAODG (5/1’) ) -0.18 (6)

The coefficient and exponents in the equation were
calculated by the least square method using matrix
pseudo-inversion. The standard deviation and the
coefficient of determination of the fitting are 0.015 and
0.98, respectively.

The comparison of the calculated holdup from
Eq.(6) with the experimental results of this study and
published data [12] is given in Figure 13, and it shows
a good agreement.

CONCLUSION

The local bubble behavior and total gas holdup in a
bubble column of CMC solution were obtairied by the
electroresistivity probe technique and liquid level
measuring.

The high gas velocity up to 5.04 cm/sec raises the
local gas holdup and bubble frequency. The distribu-
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tion of local gas holdup in the radial direction is nearly
uniform at low gas velocity and low CMC concentra-
tion. The cross-sectionally averaged gas holdup in-
creases with increasing gas velocity, while it decreases
with increasing CMC concentration up to 0.3 wt%. The
mean bubble size is nearly same at low gas velocity
and low concentration. At high gas velocity and CMC
concentration, the effective viscosity is low and the
bubble coalescence is promoted, and it leads to the
large bubbles. The mean bubble rising velocity lowers
when the gas velocity becomes higher for the low gas
velocity and low CMC concentration. At high gas ve-
locity and high CMC concentration the same increase
of the bubble rising velocity as found in the mean bub-
ble size is obtained.

The total gas holdup increases as the gas velocity
increases, but it diminishes in the high CMC concen-
tration solution even as the velocity increases.

Two correlations with low deviation for the mean
bubble diameter and the total gas holdup were made
from the experimental results.

NOMENCLATURE

D : column diameter, [cm]

Fr : Froude number [=U/(gD)"’]

Fv : cumulative bubble velocity distribution, [ %]
Ga : Galilei number (=gD%/v2)

g : gravitational acceleration, [em/s?]

k : fluid consistency index, [dyne s"/cm?)

L, : vertical bubble length, [cm]

L,, : arithmatic mean of bubble diameter, [cm]

n : flow behavior index, or number of holes in per-
forated plate

n, : local bubble frequency, [s']

R : column radius, [cm]

Re; : Reynolds number of gas (=DUg /()

T . radial distance from center, [cm]

t : time, (s]

U, : local bubble rising velocity, [cm/s)

U,, : arithmatic mean of bubble rising velocity,
[em/s)

Us : superficial gas velocity, [cm/s]
We : Weber number (=8U0,/0)

Greek Letters

shear stress, [dyne/cmz]
. shear rate, [s7]
hole size of perforated plate, [cm]
local gas holdup
: cross-sectionally averaged gas holdup
: total gas holdup
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: gas viscosity, [g/cm:-s]

effective liquid viscosity, [g/cm-s]
effective kinematic viscosity, {cm?/s]

. liquid density, [g/cm®]

. gas density, [g/cm®)

. surface tension, [dyne/cm)]

. bubble duration time at a probe tip, (s]
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