kia = volumetric mass transfer coefficient [s7!

]
Lg = aerated liquid height in column [m]
L = quiescent liquid height in column [m]
Sc = Schmidt number=y,/D,p, —]
Sh = Sherwood number=+k;D./D, -]
t = time [s]
Ug = superficial gas velocity [m-s™!]
Vel = volume of gels in column [m3]
V. = volume of liquid in column [m3]
&g = gas-phase holdup -]
& = liquid-phase holdup [—]
Es/1, = Vga/(V+ Vi) =particle concentration ]
UL = liquid viscosity [Pa-s]
oL = liquid density [kg-m~3]
o = surface tension kg-s™?]
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MEAN BUBBLE DIAMETER AND OXYGEN TRANSFER
COEFFICIENT IN A THREE-PHASE FLUIDIZED

BED BIOREACTOR
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The volume-surface mean diameter of bubbles d,, was measured using the electroresistivity probe method. From
the mean bubble diameter and volumetric mass transfer coefficient k,a, interfacial area a and mass transfer
coefficient 4, were obtained. The solid phase, Ca-alginate gels, had almost no effect on bubble breakup, and a
decrease in k; a with decreasing gel diameter was found to be caused by the corresponding decrease in k. The mean
bubble diameter increased significantly with increasing particle concentration. The value of k; was not affected by
particle concentration. Thus, a decrease in k;a with increasing particle concentration was mainly attributed to the
corresponding decrease in interfacial area. Dimensionless correlations were proposed for d,, a and &;.

Introduction

The volumetric mass transfer coefficient, k,a, has
been investigated in a three-phase fluidized bed of
large and light particles.” k,a depends on the mass
transfer coefficient &, and the interfacial area a, and
there is enough evidence in the literature to suggest
that &k, and a depend upon completely different

Received April 21, 1987. Correspondence concerning this article should be addressed
to S. Furusaki.
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variables of the system. k; depends mainly on the
diffusivity of gas solute in the liquid and the viscosity
of the liquid. However, a depends mainly on the
surface tension and ionic strength of the solution and
on the solid particles. Fan and Newcomer? studied
the gas-liquid mass transfer properties in three-phase
fluidized beds of glass and metal beads and suggested
that larger and denser particles. broke up bubbles.
Ostergaard® reported that the interfacial area in a bed
of 6-mm glass beads was much greater than that in a
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bubble column. Hence, to understand fully the mass
transfer. properties in the reactor, k; and a should be
investigated separately.

Thus the present work attempts to study systemati-
cally the mean bubble diameter in the three-phase
fluidized bed. The electroresistivity probe method was
employed to measure the mean bubble diameter 4,
and the effects of liquid properties, particle con-
centration, and gel diameter on d,, a and k; were
studied.

1. Experimental

1.1 Apparatus

The experimental setup was the same as in the
previous work® except for an electric probe instead
of the oxygen electrode. Figure 1 shows the details of
the measuring circuits. The probe consisted of two
0.5mm dia. enamel-covered copper wires as elec-
trodes which were aligned vertically 3mm apart.
The electrodes were insulated except for a distance of
about 0.2mm from the tip, which was cut sharply.
The electrodes were connected with shield wire and
contained and fixed with epoxy resin in stainless steel
tubes. Then they were inserted through the column
wall at a height of 0.27m above the bottom using a
silicon stopper as seal. The electrodes could be po-
sitioned at any radial point within the bed. The wall
electrode was made using a copper wire coil po-
sitioned at the bottom of the column.

The output from each electrode was adjusted by a
DC amplifier to give a voltage drop fluctuating
between 0 and 1 volt when the circuit between the tip
and the wall electrode was opened and closed by the
bubble and liquid phase, respectively. The output
from the two electrodes was recorded on an
oscillograph.

1.2 Determination of mean bubble diameter

Measuring time of one experiment was about 30—
40s and about 100-150 bubble data were obtained.
All the experimental data were used to determine the
volume-surface mean diameter d,; of bubbles. Since
no radial distribution of the mean bubble diameter
was present,¥ the bubble data were obtained by
positioning the tip electrodes at the central axis of the
column. Moreover, because the bubble size was vi-
sually uniform above a height of Scm from the gas
distributor, the bubble data obtained as above were
used as the average values for the whole column.

The data were analysed according to Ueyama and
Miyauchi.®” From the values of the mean bubble
diameter one obtains
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Fig. 1. Measuring circuits: 1, tip electrodes; 2, wall elec-
trode; 3, column; 4, oscillator; 5, DC amplifier; 6,
oscillograph.
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2. Results and Discussion

2.1 Volume-surface mean diameter and interfacial
area
1) Effect of variables Figure 2 shows the volume-

surface mean diameter of bubbles as a function of the
superficial gas velocity with the gel diameter and the
particle concentration as parameters. The bubble size
increased significantly with increasing superficial gas
velocity. This is considered to be due to the fact that
bubble density in the column became higher as super-
ficial gas velocity was increased. Consequently, more
frequent bubble coalescence occurred. No effect of gel
diameter on d,, was found in the case of such low-
density gels. Since the gas holdup was also inde-
pendent of gel diameter,” the interfacial area is
independent of gel diameter.

The relationship between volumetric mass transfer
coefficient and particle concentration has been dis-
cussed.> It was pointed out that large bubbles were
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observed visually in three-phase fluidized beds, es-
pecially in beds of e5,;, =0.15. Here the dependence of
the bubble diameter on the particle concentration was
determined and is also shown in Fig. 2. The figure
verifies the visual observation mentioned above.
Because of the presence of the solid phase, the free
space for bubble rising becomes smaller in three-
phase fluidized beds than in bubble columns. This
effect was greater at higher particle concentrations.
Hence the bubbles contact or collide with each other
more frequently in three-phase fluidized beds.

The decrease in a with increasing particle con-
centration can be derived in terms of Eq. (1). The
greatest interfacial area was found in the bubble
column (g5, =0).

The mean diameter of bubbles was much smaller in
the sucrose solutions, compared with that in water, as
shown in Fig. 3. This may be attributed to the higher
viscosity and density of the sucrose solutions, which
makes coalescence of bubbles more difficult.
However, the reason why an insignificant difference
was found between 10 and 309, sucrose solutions is
not clear. In the same figure, the fact that the mean
bubble diameter was much smaller in the ethanol
solutions than in water at lower u,; values is shown,
affirming the visual observation mentioned in the
previous paper.> The higher increasing rate of mean
bubble diameter with increasing u; was considered to
be due to the very small size of the bubbles at lower
ug, and much more significant bubble coalescence
occurred at higher u; values.

2) Correlations for d,; and a According to the
results discussed above, dimensional analysis yields

d
vs =f,(Bo, Ga, Fr, 8s/L) (3)
Dy
Assuming that
dvs b4 Ly 2
=¢,;Bo?Ga’Fr"exp(c,ég1) “)
T

the least square fitting the experimental data gives

d
D”S =0.87Bo~ ***Ga® ' Fr®3% exp(2.0¢e5.)  (5)
T

Rewriting Eq. (5) gives
dvs — 0 14u%39)0£0.22ﬂ£0.200.0.44

x exp(2.0eg,;) 6)

The standard deviation of Eq. (5) is 6.3%,.

Figure 4 shows the plot of Eq. (5) on log-log
coordinates with the Froude number as abscissa. The
results for the bubble column are presented in the
figure. Eq. (5) well correlates the values of d,_ in the
bubble column. The result reported by Akita and
Yoshida" for bubble columns is also shown. They
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suggested that d,, was proportional to Fr to the —0.12
power, which is different from the present result. The
different gas distributors employed were considered to
be the main reason, as discussed in the previous
paper.®)

The correlation for the gas holdup was given as
follows:>

e =2.1 x 1073 Fr%82 Bo%80G40-10 N

Combining Egs. (1), (5) and (7) and simplifying the
exponents, the following relationship is obtained:

aD;=1.4x1072F** Bo' ** exp(—2.0¢g,,) 8)

The dependence of the interfacial area a on particle
diameter and concentration, discussed above, is
shown in Eq. (8).

Ostergaard® measured the specific interfacial area
by a chemical method in beds of 1, 3 and 6-mm glass
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ballotini and reported that the greatest interfacial
area was formed in the bed of 6-mm beads and the
smallest in that of 1-mm beads. The relationship of
the interfacial area in the three-phase fluidized beds
and the bubble column was

dg:a3:ayagc=105:56:15:49 C))

The a in the bed of 6-mm particles was 7 times as
great as that of 1-mm particles, and over twice that in
the bubble column. Fan and Newcomer? reported
that the bubbles broke in beds of large particles. In
this work, however, the gels of low density were
considered not to cause the bubbles to split, even if
the gels were large particles.

2.2 Mass transfer coefficient

1) Effect of variables It was noted in the previous
section that the interfacial area was not affected by gel
diameter. Calculated by Eq. (2) with the experimental
data of k;a,> k,; decreased with decreasing gel diam-
eter, as shown in Fig. 5. The result obtained in the
bubble column is also shown in the figure. It is found
that the value of k&, in the bubble column was
approximately the same as that in the bed of 3.87-mm
beads. Since the independence of d,, (or a) from the
gel diameter was found in the previous section, the
decrease in k;a with decreasing gel diameter men-
tioned in the previous paper>’ was determined by the
k; dependence on d,,.

For gels with such a low density, the smaller ones
were easy to adhere to the bubbles. From this we can
conclude that two phenomena will occur for the
smaller gels: (1) The effective interfacial area for mass
transfer decreases. Thus the apparent decrease in the
mass transfer coefficient may be attributed to a
decrease in the effective interfacial area. (2) The
renewal of gas-liquid interface was impeded. Thus the
gas-liquid mass transfer coefficient decreases. It can
be said that it is inappropriate to use very small gels to
immobilize aerobe, as mentioned by Sun et al.®

Figure 6 shows that the particle concentration had
negligible effect on k;. Therefore, the decrease in k;a
with increasing particle concentration was mainly
attributed to the decrease in interfacial area.

In the sucrose solutions, k; was much lower than
that in water and decreased with increasing sucrose
concentration, as shown in Fig. 7. The decrease in &k
owing to the addition of ethanol, as shown in the
same figure, was considered partly due to the effect of
ethanol impeding the renewal of gas-liquid interface.
2) Correlation for k;, Dimensional analysis of k
results in

SK =f, (Sc, B0, Gd, g_,,) (10)

T
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Referring to Higbie’s penetration theory, the ex-
ponent of the Schmidt number should be 1/2. Hence,
the least square fitting gives

d 0.20
Sh' =0.13Sc2Bo’%1°Ga’ 43 <i> (15)
DT
From Eq. (15), k, is proportional to d%*.

Akita and Yoshida® reported a correlation of the
same type as Eq. (15) for &, in the bubble column and
noted that the exponent of d,, was 0.5. Figure 8 shows
a plot for Eq. (15). For comparison, Akita and
Yoshida’s result is shown in the figure with the term
(d,/D1)°*° being excluded in the oridinate. The pres-
ent results obtained in the bubble column are also
shown in Fig. 8, and are in agreement with the
correlation of Akita and Yoshida." To make Eq. (15)
hold for the bubble column, we may let the term (d,/
Dp)%*° be a constant and the coefficient be 0.067
(equal to the average value of 0.13 (d,/D;)°*°). The
exponents of the other dimensionless numbers are the
same as those of the equation.

Conclusions

1. Ca-alginate gel was considered not to split
bubbles, regardless of gel diameter. A decrease in k;a
with decreasing gel diameter was found to be the
corresponding decrease in k;.

2. Increasing particle concentration caused bub-
ble coalescence to increase the bubble size, but had
almost no effect on the mass transfer coefficient. A
decrease in k;a with increasing particle concentration
was mainly attributed to the corresponding decrease
in the interfacial area.

3. Dimensionless correlations for d,, a and k,
were proposed.
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Nomenclature
a = gas-liquid interfacial area [m™
age, 4y, s, ag = interfacial area in bubble column and beds

of 1-, 3- and 6-mm beads, respectively [m™1]
Bo = Bond number=gD2p,/c [—1
Bo’ = Bond number=gd%p,/c [—]
D, = molecular diffusivity of O, in liquid

phase [m?-s7!]
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Dy = inside column diameter [m]
d, = particle diameter [m]
dyg = volume-surface mean diameter

of bubbles [m]
Fr = Froude number =ug/(gD;)'"? [—1]
Ga = Galileo number =gD3 /v [—1
Ga’ = Galileo number =gd> /2 [—1
g = gravitational constant [m-s72]
ky = gas-liquid mass transfer coefficient [m-s™?]
kia = volumetric mass transfer coefficient [s7]
Sc = Schmidt number=y,/D, p, [—]
Sh’ = Sherwood number=k,d, /D, —]
Ug = superficial gas velocity [m-s~1)
Vel = volume of gels in column [m3]
Vi = volume of liquid in column [m3]
& = gas-phase holdup f—]
SsiL = Vge/(Vgei+ V) =particle concentration ]
iy = liquid viscosity [Pa-s]
oL = liquid density [kg-m™3
o = surface tension kg-s™?]
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