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Nomenclature

a = activity -1
f = fugacity [MPa]
H = enthalpy [kJ-mol 1]
P = pressure [MPa]
R = gas constant [J-K~t-mol™Y]
T = temperature K]
14 = volume [m?]
zZ = compressibility factor !
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LONGITUDINAL CONCENTRATION DISTRIBUTION OF
DROPLETS IN MULTI-STAGE BUBBLE COLUMNS

FOR GAS-LIQUID-LIQUID SYSTEMS
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Multiphase Flow

The longitudinal concentration distribution of droplets dispersed in multi-stage bubble columns was analyzed by
the one-dimensional dispersion model with an effective slip velocity of droplets. The variables of the model—mean
gas holdup, longitudinal dispersion coefficient of droplet phase and droplet concentration at the top of the column in
4- and 8-stage bubble columns of 6.6 and 12.2 cm i.d.—were measured and correlated. The effective slip velocity
was determined by comparing observed mean droplet concentrations with theoretical ones and was correlated in an
experimental equation. The concentration distributions of droplets calculated with the above parameters are in
good agreement with the observed ones. Mean droplet diameter was also correlated as a function of gas velocity,

total liquid velocity and free area of horizontal baffle plates.

Introduction

A bubble column containing a dispersed organic
liquid phase is useful as an efficient contactor for gas-
liquid-liquid systems (G-L-L systems). The droplet
phase may be a liquid catalyst, an extracting solvent,
and so on. Though many studies have been reported
on the droplet size in agitated vessels,'> information
on the droplets in bubble columns is quite
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Yoshida and Yamada'” measured the average
diameter of kerosene droplets dispersed in bubble
columns which were operated batchwise with respect
to liquid. Hatate e al.?) measured gas holdup, longi-
tudinal dispersion coefficient of droplet phase, effec-
tive slip velocity between droplet and continuous
liquid, and longitudinal concentration distribution of
droplets in bubble columns. Hatate et al.¥ also cor-
related the average diameter of droplets as a function
of gas velocity, interfacial tension and bubble column
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diameter. All these works were carried out by using
single-stage bubble columns where the degree of
longitudinal liquid-phase dispersion was essentially
large.® The back-mixing of liquid can be reduced by
dividing the bubble column with horizontal baffle
plates.'> However, we have no information on the
behavior of droplets in multi-stage bubble columns to
date.

In the present paper, a model for the longitudinal
concentration distribution of droplets is newly de-
veloped by modifying the model for the longitudinal
concentration distribution of solid particles suspend-
ed in multi-stage columns for gas-liquid-solid sys-
tems (G-L-S systems).” The hydrodynamic properties
such as mean gas holdup, longitudinal dispersion
coefficient of droplet phase, effective slip velocity of
droplets with respect to total liquid flow, droplet
concentration at the outlet and mean droplet diam-
eter are measured and discussed.

1. Mathematical Model

Figure 1 shows a model for longitudinal con-
centration distribution of droplets dispersed in a
multi-stage bubble column. Two immiscible liquids
for droplet and continuous phase are introduced at
the bottom of the column and allowed to flow upward
cocurrently with gas bubbles and to overflow from the
top of the column. The column is partitioned into N
equal stages of height L/N. To simplify the equation,
the following assumptions are made.

(1) Concentration of droplets is maintained at
low levels.

(2) Concentration of droplets is laterally uniform.

(3) Gas holdup is uniform longitudinally and
laterally.

(4) Time-averaged motion of droplets in each
stage can be expressed by the one-dimensional disper-
sion model with an effective slip velocity of drop-
lets.}26 78101214 The values of the dispersion coef-
ficient of droplet phase, E, and the effective slip
velocity of droplet in each stage, v,, are longitudinally
uniform.

(5) The intermixing between adjacent stages is
brought on by the back-flow velocity of liquid, up,
through baffle plates.

The mass balance of suspended droplets in the i-th
stage is expressed as follows.

(i—1)L/N<z<iL|N:

d2C, dc,

pF—(Uﬂ*Uz)d—zl:O (1)

where i=1,2,3, -+, N. The concentration of drop-
lets, C,, is defined as the volume fraction of droplets
per unit volume of liquid-liquid mixtures, and u, is the
total velocity of liquid-liquid mixtures. The values of

E
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Fig. 1. Flow model of multi-stage bubble column.

E, and u, are based on the volume fraction of liquid-
liquid mixtures, & or (1 —&,). The effective slip velocity
is a parameter which expresses relative motions of
droplets with respect to u,. The effect of droplet
concentration on v, must be studied experimentally.

As shown in Fig. 1, the mass balance of droplets
crossing the i~th baffle plate can be given as follows.

(U, +up+0,,)Ci—(up—0,,)Ci 1 —u,C*=0  (2)
where i=1,2,3,---,N—1. v,, is the effective slip
velocity of droplet in the holes of baffle plates and is
expressed as

Upo = yArvp (3)

where y is the correction factor for the flow area of
liquid mixture in the holes of baffle plates.

The other boundary conditions is the mass balance
of droplets at z=0 and L.

ac,

z=0: Epd—
z

— (v, +u)C;+u,C*=0
ac @
z=L: Epﬁ—(vpﬁ-u,)c,v-i-u,c*:o

The concentration of droplets at the top of the
column, C; (=Cy|,=1), is not necessarily equal to the
feed or the effluent concentration, C*. Equations (1),
(2) and (4) hold approximately in the range of
C*=<0.3 as shown in the following experiments.

By solving Eq. (1) under the boundary conditions
of Egs. (2) and (4), the longitudinal concentration
distribution of droplets is obtained as follows.

C,.=B.exp <”P+”‘ z)+ o )
’ E, v,+u,

where i=1,2,3,---,N,and (i—1)L/N<z<iL/N. The
parameter, B;, in Eq. (5) is given by
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. be . .
B-=BNa’ N_*_ea——a_(ea(l N)_at N)

i

u v,+u
By=|{C,———C* -2y
N ( L v,t+u, )exp< Ep >

_ vp+u,£
o= BN (6)

u,+ug+uvp,
uB_vpo

b 0= 20, 4

Ug— U, Upt+ U, ]

The mean droplet concentration in the column can
be obtained from Egs. (5) and (6).

= p(e - e U *

¢= (v +u,)L ; vp+u, ¢ @
Equations (5)—(7) are analogous to those of Kato et
al.,”” who analyzed the concentration distribution of
solid particles in bubble columns for G-L-S systems.
The sign of v, and v,, in Eqgs. (5)—(7) is, however,
different from that of the equations of Kato ez al.” To
calculate the concentration distribution of droplets
from Egs. (5) and (6), the values of Cy, &, E,, up, v,
and v, are needed.

2. Experimental Apparatus and Procedure

2.1 Experimental apparatus

A schematic diagram of the experimental apparatus
is shown in Fig. 2. Bubble columns of 6.6 and 12.2¢cm
i.d. were made of transparent acrylic resin. The
columns were 200 to 220cm in height and were
divided into 1, 4 and 8 stages. The horizontal baffles
were 1.0 mm-thick perforated brass plate with holes

drilled in an equilateral triangular arrangement. The-

dimensions of the bubble columns and the baffle
plates are summarized in Table 1.

The gas distributors of both the columns were
3.0 mm-thick acrylic plates with 2-mm holes in an
equilateral triangular arrangement. The number of
holes was 7 and 19 for the 6.6 and 12.2cm id.
column, respectively. To determine the longitudinal
concentration distribution of droplets, sixteen sam-
pling taps were installed on the column wall at differ-
ent heights.

Air, tap water and kerosene were used as gas,
continuous liquid and dispersed liquid, respectively.
Density, interfacial tension and viscosity of kerosene
were 800 kg'm~3, 33+3 mN-m™* and 1.6 mPa-s,
respectively. Water and kerosene were fed into the
column independently through a single pipe just
above the gas distributor. The diameter of the ke-
rosene feed pipe was 0.8 and 0.7cm for the 6.6 and
12.2cm i.d. column, respectively. For the single-stage
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Fig. 2. Experimental apparatus.

Table 1. Dimensions of bubble column and horizontal
baffle plate
Dyfem] N ALfem] D, [em] ljf“}’i?: 4,
6.6 1 210-220 — — 1.0
4 50 0.65 7 0.068
4 50 0.90 7 0.130
4 50 1.20 7 0.231
8 25 0.65 7 0.068
8 25 0.90 7 0.130
8 25 1.20 7 0.231
12.2 1 200-220 — — 1.0
4 50 1.0 9 0.0605
4 50 1.0 19 0.128
4 50 1.0 43 0.289
8 25 1.0 9 0.0605
8 25 1.0 19 0.128
8 25 1.0 43 0.289

column of 12.2cm i.d., kerosene was also fed through
a 0.4 and 1.4cm i.d. pipe. The experiments were
carried out mainly under the following conditions.

U,=15-13cm-s™!
U,=01-10cm-s™!
T=287-298 K
C*=0.05-0.3

For measurement of the mean gas holdup only, the
range of C* was 0.05-0.5.

2.2 Experimental procedure

Droplet concentration and mean holdups After
steady state was attained, samples of liquid mixture
were taken from the sampling taps at the column wall
and from the effluent stream. The droplet concen-
tration was determined from the settled volume of
kerosene in each sample. The value of C, was ob-
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tained by extrapolating the observed droplet con-
centration curve to z= L. At the end of each run the
feeds of gas, water and kerosene were stopped simul-
taneously, and the mean holdups of gas and con-
tinuous liquid and the mean droplet concentration
were determined from the settled volume of each
phase.

Longitudinal dispersion coefficient The residence
time distribution curve of the droplet phase in single-
stage bubble columns was measured by the impulse
response method.? The tracer was a kerosene solution
of an oleophilic dye (Fat orange R, Hoechst). The
longitudinal dispersion coefficient of the droplet
phase, E, was calculated by applying the one-
dimensional dispersion model.?*1%

Mean droplet diameter The droplet diameter was
determined by the photographic method. In the range
of higher gas velocities, gas-liquid mixtures in the
column were very cloudy, and there was no distinc-
tion between small gas bubbles and droplets.
Therefore, small rectangular boxes (4cm wide, 2cm
thick and 6 cm high) were connected to the column,
and gas-liquid mixtures were quickly introduced into
the box by opening a release valve. Very shortly after
the valve was closed again, gas bubbles in the box
went upward. A photograph of droplets was taken at
that moment. The mean droplet diameter was ¢alcu-
lated from the following equation.

1/3
d,=(Znd3[sn) ®

Equation (8) was adopted because the droplet con-
centration was closely related to the volume of each
droplet.

3. Results and Discussion

3.1 Evaluation of variables

Mean gas holdup Figure 3 shows the mean holdup
in multi-stage bubble columns. The value of &, was
nearly independent of the free area of baffle plates, the
number of stages and the column diameter, and was
correlated as follows.

£,=U,/(30+3.3U%%) )

where U, is expressed in the unit of cm-s™'. Kato et
al.® and Nakamura et al.'® found that the gas holdup
in bubble columns with suspended solid particles (G-
L-S systems) was smaller than that in gas-liquid
systems (G-L systems). Their results are in agreement
with the present ones.

Longitudinal dispersion coefficient Figure 4 shows
the longitudinal dispersion coefficient of dropilet
phase in single-stage bubble columns. The value of E,
increased with increasing gas velocity and column
diameter, and was independent of total liquid velocity
in the range of 0.05-1.0cm-s~!. The data of E, were
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Fig. 3. Mean gas holdup in multi-stage bubble columns.
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Fig. 4. Longitudinal dispersion coefficient of droplet phase
in single-stage bubble columns.

correlated as follows.
U,D1/E,=10(U,/\/gDp)/{1+6.5(U,/\/gD)°*} (10)

Equation (10) was derived analogously to the cor-
relation for the longitudinal dispersion coefficient of
continuous liquid for G-L systems.® The longitudinal
dispersion coefficient of droplet phase in each stage of
the multi-stage column was assumed to be equal to E,,
in the single-stage column.

Droplet concentration at outlet As shown in Fig. 5,
the concentration ratio at the outlet, C,/C*, was

equal to unity.
C/C*=140.15 1D

This equation holds good also for single-stage

columns.

Mean droplet diameter Figure 6 shows examples of
the droplet diameter distribution measured at fixed

heights. Figure 7 shows the longitudinal distribution

of d, in the eight-stage bubble column. The mean

droplet diameter became smaller at higher axial levels,

and was affected by U,, U, and 4,. However, d, was

not much influenced by the number of stages or the
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droplet concentration. When kerosene was dispersed
in the 12.2¢m i.d. column, d, near the middle of the
column was correlated by the following equation as

shown in Fig. 8.
Jp=2.60;0’78U§)'33A?'15 (12)

where EI,, U, and U, are expressed in mm, cm-s~" and
cm-s™!, respectively. The mean droplet diameter in

1
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the multi-stage bubble columns of 6.6cm id. was
nearly expressed by Eq. (12). The effect of the ke-
rosene feed pipe diameter on d, was determined under
the conditions of N=1, D;=12.2¢m, U,=3cm-s ™%,
U,=0.5cm-s”! and C*=0.05. The data for pipe
diameters of 0.4, 0.7 and 1.4 cm coincided.
Back-flow velocity The back-flow velocity through
baffle plates for G-L-L systems is approximated by
the back-flow velocity for G-L systems, where the
following correlations have been obtained over a wide
range of experimental conditions.*?

At lower gas velocities of 1.5-4.5 cm-s™1:

Up/U, =4.7/[(U,A; M) {1+0.055(U, 4,114

=P (13)
At higher gas velocities of 13-20 cm-s™1:
Us/U, =13/[(U, A7 5){1+0.011(U,4; )5}
=Py (14)
At intermediate gas velocities of 4.5-13 cm-s™!:
Us/Uy=Bu(UJ4.4) 7200 (15)

where U, and U, are expressed in cm-s™!. The back-
flow velocity based on the liquid holdup is given by
Effective slip velocity By assuming the value of y in

Eq. (3) and substituting measured values of C and the
other variables into Eq. (7), the only unknown vari-
able, v,, can be obtained. The value of v, decreased
with increase in droplet concentration. According to
Kato er al.,” v, for G-L-S systems is expressed by

v,=k(1—-C)*? (16)
The coefficient, k, is a function of single-particle
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Fig. 9. Correlation of effective slip velocity in multi-stage
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terminal velocity and gas velocity. We assume that
Eq. (16) can be applied to the present experiments. In
G-L-L systems, however, droplet diameter changes
with gas velocity and other experimental conditions.
Figure 9 shows that the values of v,(1—C)™*? in the
multi-stage bubble columns decrease with increasing
gas velocity and with decreasing total liquid velocity.
No effect of 4, on v, is observed in Fig. 9. With y=1,
the data were correlated as follows.

0,=6.0U; - OU>5(1—C)* (17

where v,, U, and U, are expressed in cm-s” L.

3.2 Longitudinal concentration distribution of drop-
lets

Figure 10a and 10b show example data of the
longitudinal concentration distribution of droplets in
the four-stage bubble columns. The solid lines are
calculated ones from Egs. (5) and (6) with the cor-
relations of Egs. (9)—(11), (13)~(15) and (17) and with
y=1. The broken lines indicate the calculated droplet
concentration with y=0.7. This value of y=0.7 was
deduced from the experiments of Kato ez al.” for G-
L-S systems. The effect of y on the concentration of
droplets was very small in the range of higher gas
velocities.

Figure 11 shows sample data of the longitudinal
concentration distribution of droplets in the eight-
stage bubble columns. The calculated values of C
agree with the observed ones within 10-20%.

Conclusion

The longitudinal concentration distribution of
droplets in multi-stage bubble columns was analyzed
on the basis of the one-dimensional dispersion model
with an effective slip velocity of droplet with respect
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to u,. The applicability of the model was confirmed for
four- and eight-stage bubble columns of 6.6 and
12.2cm i.d. The variables of the model were cor-
related as Egs. (9)—(11), (13)—(15) and (17).

The mean droplet diameter was affected by various
variables as expressed by Eq. (12). The dependence of
JI, on the physical properties of liquid remains to be
studied in future work.
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= mean gas holdup —

= mean holdup of liquid mixture

Tr—.T
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