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Gas holdup, bubble size distribution and gas absorption capacity coefficient in a multi-stage gas-liquid spouted
vessel are observed in this study and it is confirmed that coalescence of gas bubbles observed in the calm uniform-
flow section in a single-stage spouted vessel can be avoided by introduction of perforated plates.
Experimental results show that effect of physical properties of liquid on the capacity coefficient in a spouted

vessel is more similar to that observed in an aerated mixing vessel than to that of a bubbling column.
It is also observed that the gas absorption coefficient is proportional to the square root of the Sauter mean bubble

diameter.

Introduction

In the gas-liquid spouted vessel, where power is
supplied from a pump to the liquid and the gas is
introduced at a nozzle attached to the bottom of the
vessel, gas bubbles are finely broken at the nozzle
outlet and dispersed into the vessel as reported by
Nishikawa et al.8~10) Due to the large liquid energy

concentrated at the nozzle and the strong turbulence
in the vessel, the liquid-phase spouted vessel is highly
effective in fluidizing or dissolving solid particles6'7)
and dispersing gas bubbles because of the choking
effect at the outlet ofa spouting nozzle.8'10) It was also
reported by Nishikawa et al. that a large gas holdup
and a large capacity coefficient were easily obtained in
the gas-liquid or the solid-gas-liquid spouted vessel.9)
However, in the calm uniform-flow section of a large-
scale gas-liquid spouted vessel some bubbles even-
tually coalesce, lowering local gas holdup and con-
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sequently local capacity coefficient. This effect can be
excluded by proper placing of spouting nozzles or
multi-stage spouted vessels. This report is about gas
holdup, bubble size and gas absorption capacity
coefficient in a multi-stage gas-liquid spouted vessel
where the calm uniform-flow section of the vessel is
divided into several sections by perforated plates, and
various performances observed for the multi-stage

spouted vessel are compared with those obtained for
the ordinary single-stage spouted vessel or the bub-

bling column.
1. Experimental Apparatus
A sketch of the experimental apparatus used in this

study is shown in Fig. 1. The process liquid is

circulated through a pump from the overflow section
to the spouting nozzle attached to the bottom of the
vessel. The process gas is supplied from a cylinder to
the upper part of the spouting nozzle. The vessel is
madeof PVCresin of 5mmthickness and the vessel
diameter is 10 or 15cm. A three-stage vessel with a
60° cone at the bottom is used as for the multi-stage
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Fig. 1. Schematic diagram of experimental apparatus.

vessel, and each stage is divided by perforated plates
with 9 holes of3, 5 or 8 mmdiameter. Details of vessel
configurations are listed in Table 1.

2. Experimental Methods
Gas absorption capacity coefficient kLa was mea-
sured by tracing the change in dissolved oxygen

concentration in the liquid using an oxygen electrode
assuming perfect mixing in the vessel liquid, consult-

ing the result reported elsewhere.n) The time lag of
the oxygen electrode in response was 5.2 seconds and

it required correction when kLa was larger than
0.1s"1 as discussed previously.12) Details of kLa

measurement were reported in the previous paper by
the present authors.9'12'13* Photographs of gas bub-
bles were taken at a middle point between perforated
plates through a square windowto eliminate errors
due to the curvature of the vessel wall. The gas holdup
in the vessel was measured using the shutdown meth-
od, where the gas holdup was estimated from the

liquid level under operation and that obtained after
swift shutdown of liquid pumping and aeration. In
estimation of the gas holdup, the foam layer was

included in the gas-liquid mixture, though the void
space was not.

As for process liquids, tap water, dilute CMC
solutions, and 10-60% sugar solutions were used.

Their physical properties are listed in Table 2. As for
process gas, air or nitrogen from a gas cylinder was

used.

The liquid temperature was controlled at 30°C
using a heat transfer coil placed in the overflow
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Table 1. Vessel configuration, gas and liquid flow rates in
this work

Tower (1) Tower (2)

Vessel diameter (D) [cm] 15 10

Nozzle diameter (dn) [cm] 1.5 1.0
Vessel height (H) [cm] 140 1 15
Cone angle (6)[°] 30 60

Hole diameter (dh) [cm] 0.5^x9, 0.75^x9 0.8^x9, 0.5^x9
and number of holes 0.3^ x 9

Distance of plate [cm] 40 35
Gas flow rate (G) [cm3/s] 83.3-1200 50-500
Liquid flow rate (L) [cm3/s] 0-517 0-200

Table 2. Physical properties of liquid

p g DLx 105 it
[g/cm3] [g/s2] [cm2/s] [g/cm-s]

Water 0.995 71.0 2.63 0.008
10% Sugar solution 1.05 71.0 2.18 0.0107
20% Sugar solution 1.10 71.0 1.69 0.0160
30% Sugar solution 1.15 71.0 1.21 0.0255
40% Sugar solution 1.20 71.0 0.79 0.0475
50% Sugar solution 1.25 71.0 0.45 0.102
1% CMC solution 1.00 68.4 2.34 0.215

section.

3. Results and Discussion
3.1 Gas holdup
Change in the state of the bubble dispersion in the
vessel from the bubbling column condition to the
multi-stage gas-liquid spouted vessel condition
through the multi-stage bubbling column condition
with increase of liquid flow rate is schematically

shown in Fig. 2. The corresponding change in average
gas holdup in the vessel is shown in Fig. 3. At a liquid
flow rate smaller than 16.7cm3/s for a 10-cm vessel
(0.21 cm/s in superficial gas velocity), a void space
appears under each perforated plate and the gas

holdup is the same as that observed for the bubbling
column with a single-nozzle sparger. Whenthe liquid
flow rate is increased further, a foam layer occupies
the space as shown in case (2) ofFig. 2 and the gas
holdup changes with liquid flow rate as the manner
shown in Fig. 3. At a liquid flow rate larger than the

critical liquid flow rate for spouting, which is cor-

related by the present authors elsewhere,8) the state of
the bubbles in the vessel is drastically changed. Both

bubbles smaller than one to two mmin diameter and
bubbles larger than four to five mmdisappear and the
bubble sizes are equalized to a diameter of about
3mm.The gas holdup in the vessel is also increased
again at a liquid flow rate larger than the critical
liquid flow rate for spouting, as shown in Fig. 3.

The gas holdup observed in the multi-stage spouted
vessel is compared with that observed in the ordinary
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Fig. 2. State of bubble dispersion in a multi-stage gas-liquid
contactor.

Fig. 3. Gas.holdup and liquid flow rate (tower (2), dh=
0.5cm).

single-stage vessel in Fig. 4. The estimated gas holdup
for the single-stage spouted vessel using the cor-

relative equation by the present authors8) shows good
agreement with observed values for the multi-stage
spouted vessel, as shown in this figure, though a large
difference is observed in the multi-stage bubbling

column condition before spouting occurs because of
the appearance of the foam layer under the perforated
plates. It was also observed in this study that the local
gas holdup in each section divided by the perforated
plates gives almost the same value, though 10 to 25%

smaller gas holdup than the average value is obtained
in the upper part of the calm uniform-flow section of
the ordinary single-stage spouted vessel.8)

For the perforated plates with 9 holes of 3mm
diameter, a gas holdup about 5% larger than that

obtained for perforated plates with 5-mmholes was
obtained in the multi-stage spouted vessel condition.
However, the load on the pumpto circulate liquid in
this case becomes larger and some intermittent spout-
ing motion is superimposed on the steady spouting
motion when the liquid flow rate is increased beyond

a certain value. As similar phenomenawere observed
for an ordinary spouted vessel with a narrow nozzle,
too small an opening cannot be recommended.When
498

Fig. 4. Gas holdup in a multi-stage gas-liquid spouted
vessel (tower (2), dh=0.5cm).

perforated plates with 8-mmholes are used, the local
gas holdup in the section becomes smaller because of
the ineffective readispersion of gas bubbles from the
perforated plates, though a larger gas holdup is still
obtained than that obtained in the upper part of the
calm uniform-flow section of the ordinary spouted
vessel.

These observations imply that attachment of per-
forated plates with proper holes can solve the problem
of coalescence of gas bubbles in the calm uniform-
flow section of the spouted vessel to maintain a larger
gas holdup or gas absorption capacity coefficient in a
gas-liquid or a solid-gas-liquid spouted vessel.
3.2 Bubble diameter and specific surface area
It was previously reported by the present authors10)

that the bubble size distribution in the gas-liquid

spouted vessel is shown by the normal distribution as
f(X) = exp[ - (X- dmfl2o2]lo^2n (1)

where dm and a are arithmetic mean bubble diameter
and standard deviation in the bubble size distribution,

respectively.
It is observed in this study that dm for the multi-
stage spouted vessel is 10-20% smaller than that for
the ordinary spouted vessel and that the dimension-
less variance (cr/<im)2 is only about 0.01 at most in the
multi-stage spouted vessel. Eguchi et al.4) stated that a
drop population can be treated as one of uniform size
in considering the mass transfer from droplets in an
extraction column if the dimensionless variance of gas
bubbles is less than about 0.03. Accordingly, a bubble
population in the multi-stage spouted vessel can be
treated as one of uniform size and the same value for
the arithmetic meanbubble diameter can be used also
for the Sauter mean bubble diameter.
Change of the Sauter mean bubble diameter in the
multi-stage spouted vessel with the superficial gas
velocity is shown in Fig. 5 and compared with that
observed in the bubbling column.
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Fig. 5. Sauter mean bubble diameter and superficial gas
velocity.

The following equation is obtained for the air-

water system multi-stage spouted vessel with perfo-
rated plates having 5-mm holes in this work.

dsm(= dj =0.23u0g'13 (2)

It is also seen fromFig. 5 that the exponent of0.13
is also applied for the bubbling column with a single-
nozzle sparger when all gas bubbles are counted in
estimation of the Sauter mean bubble diameter. The
Sauter mean bubble diameter in a bubbling column
with a single-nozzle sparger, however, decreases with
increasing superficial gas velocity when large gas
bubbles of which frequency of appearance is about
0.1-0.5% in number are excluded in counting.
The specific surface area obtained for the multi-
stage spouted vessel from photographic pictures of
the bubble swarm and the gas holdup observed using
Eq. (3) is compared with that obtained in the single-
stage spouted vessel or the bubbling column with a
single-nozzle sparger in Fig. 6.

a = 6HJdsm (3)
It can be seen from this figure that the specific

surface area of gas bubbles in the multi-stage spouted
vessel is about 20% larger than that in the ordinary
single-stage spouted vessel of the same superficial
liquid and gas velocities, and that values of one-tenth
to one-third for the multi-stage spouted vessel are
observed for the bubbling columns by Akita,^ Reith
and Beek14) and Nishikawa et al. in this work.
3.3 Gas absorption capacity coefficient
Figures 7 and 8 show change of the gas absorption
capacity coefficient kLa with liquid or gas flow rate in
the multi-stage spouted vessel. As in the case of the
gas holdup, kLa gives slightly larger values in the
multi-stage bubbling column condition than in the
bubbling column condition and kLa decreases with

increasing liquid flow rate to the critical liquid flow
rate for spouting in the same manner observed for the
gas holdup. Above the critical liquid flow rate for
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Fig. 6. Specific surface area and superficial gas velocity.

Fig. 7. Gas absorption capacity coefficient and superficial

liquid velocity (tower (2), dh =0.5 cm).

Fig. 8. Gas absorption capacity coefficient and superficial
gas velocity (tower (2), dh=0.5cm).

spouting, kLa increases in proportion to u\-2 and ulj2
in the range of this work.
kLa for the multi-stage spouted vessel is compared
with values obtained for the ordinary single-stage
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spouted vessel or the bubbling column in Fig. 9. This
figure shows that kLa in bubbling columns are about
1/3-1/5 of those obtained for the multi-stage spouted
vessel in the range of liquid flow rate shown in Fig. 9.
It can be also seen from this figure that kLa for the
multi-stage spouted vessel is 25% larger than kLa
obtained in the ordinary spouted vessel, though the
specific surface area in the multi-stage spouted vessel
is 20% larger.

kLa values obtained when the concentration of
sugar solution is changed are shown in Fig. 10, and
the effect of physical properties on kLa for the multi-
stage gas-liquid spouted vessel is shown as follows.

kLa= UJfjL-^D^a-^pu^ul2 (4)

where pi, DL, a and p are liquid viscosity, liquid-phase
diffusivity, surface tension and specific weight of
liquid, respectively.

The effect of various physical properties on kLa for
the gas-liquid spouted vessel is more similar to that of
the aerated mixing vessel than to that of the bubbling
columnas compared in Table 3.
The gas absorption coefficient kL is plotted against
the Sauter mean bubble diameter in Fig. ll, and kL in
the multi-stage and ordinary spouted vessels is given
by the following equation.

kL=0.09ld^ (5)

It is also seen from this figure that kL values for the
spouted vessel is much larger than those obtained for
a single gas bubble by several authors,2'3'5) although

bubbles in the spouted vessel rise in the vessel liquid
independently. This effect may be due to the turbu-
lence in the liquid, considering that the almost tend-

ency is observed in effects of physical properties on
kLa in the spouted vessel and the aerated mixing vessel
as compared in Table 3. A slope of 1/2 was also

observed in the aerated vessel with a vibrating disc by
Tojo15) in which strong turbulence in the liquid was
expected.

The relation of kL to the Sauter mean bubble
diameter in the bubbling column in this work be-

comes almost.the same as that reported by Akita
when the Sauter mean bubble diameter is estimated
(excluding the large gas bubbles) as

kL=0.05dl£ for bubbling column
(excluding large gas bubbles) (6)

The slope, however, becomes 2 when all bubbles are
counted in estimation of dsmas follows.
kL=0.045d*m for bubbling column

(including all gas bubbles) (7)
Almost the same relation is obtained by Reith and

Beek,14) as shown in Fig. ll.
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Fig. 9. Comparison of capacity coefficient for various gas-
liquid contactors.

Fig. 10. Capacity coefficient in a multi-stages spouted ves-
sel with various process liquids (tower (2), dh=0.5cm).

Table 3. Exponents observed for physical properties, super-
ficial gas velocity and liquid velocity on correlation of kLa

\i DL o p ug ux

Gas-liquidspoutedvessel -0.5 0.5 -0.5 1.0 0.5 1.2
Bubblingcolumn -0.3 0.5 -0.7 1.0 1.0 0
Aeratedmixingvessel -0.5 0.5 -0.5 1.0 0.33 0

Fig. ll. Gas absorption coefficient and Sauter mean bubble
diameter.
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In any case, kL for the spouted vessel is at least as
large as twice of kL in the bubbling column at the
same dsm value.
It can be said from above observations that the

difference in kLa for the multi-stage spouted vessel
and the ordinary spouted vessel is mainly due to the
larger specific surface area of gas bubbles in the multi-
stage spouted vessel. However, the effect of renewal of
the mass transfer surface at redispersion from the
perforated plates may cause a small increase in kLa,
about 5%, in the multi-stage spouted vessel because
kLa for the multi-stage spouted vessel is about 25%
larger, though the specific surface area is 20%larger,
as stated above. Considering experimental errors,

however, it is difficult to distinguish the difference in
the plot in Fig. ll.
The manner of change in bubble dispersion state in

the vessel from the bubbling column condition to the
multi-stage spouted vessel condition through the
multi-stage bubbling column condition as observed in
this study can be varied with configurations of vessel
and plate, gas and liquid velocities, and liquid proper-
ties. Accordingly, further studies are needed to under-
stand the phenomena in the multi-stage spouted
vessel or the multi-stage bubbling column.
Conclusions

By introduction of perforated plates in the calm
uniform-flow section of the gas-liquid spouted vessel,
coalescence of gas bubbles in the large-scale gas-liquid
spouted vessel is excluded. The gas absorption ca-

pacity coefficient for the multi-stage spouted vessel is
about 25%larger than that obtained for the ordinary
single-stage spouted vessel, though the values of gas
holdup show almost no difference.
The relationship between the' gas absorption coef-

ficient and the Sauter mean bubble diameter was also
obtained.

Nomenclature

a = specific surface area [cm]
dh = hole diameter in perforated plate [cm]
dm = arithmetic mean bubble diameter [cm]
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D

DL

G

H

Hg
kL

kLa

L

nozzle diameter
Sauter mean bubble diameter
vessel diameter
diffusion coefficient

gas flow rate
vessel height
gas holdup
gas absorption coefficient
gas absorption capacity coefficient
liquid flow rate
critical liquid flow rate for.spouting
critical liquid velocity for spouting
superficial gas velocity

superficial liquid velocity

= liquid viscosity

[cm]
[cm]
[cm]

[cm2/s]

[cm3 /s]
[cm]

[-]
[cm/s]

[s-1]

[cm3/s]
[cm3/s]

[cm/ s]
[cm/s]
[cm/s]

[g/cm - s]

= surface tension [g/s2] or standard deviation

= liquid density
[cm]

[g/cm3]
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