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The interfacial area a was measured by the sulfite oxidation method in a three-phase
external loop airlift bubble column suspending completely the different concentrations of
ion exchange resin particles in aqueous carboxymethyl cellulose (CMC) solutions with a
wide range of viscosity. The column had been previously studied for the circulating liq-
uid velocity UL, gas holdup �G and volumetric gas-liquid oxygen transfer coefficient kLa
in the two- and three-phase systems. The average bubble size dB and oxygen transfer co-
efficient kL were obtained as dB = 6 �G/a and kL = (the previous kLa)/a, respectively. The
similar studies were carried out in the internal loop airlift and normal bubble columns for
comparison. The a values in the external loop airlift were found to be little affected by
the column height and particles concentrations, and to decrease with increasing viscosity.
All the three columns showed a linear dependence of a on �G. A simple correlation of a,
dB or kL was proposed as a function of �G and viscosity for the external loop airlift as
well as both internal loop airlift and normal columns. A well-known relationship be-
tween kL and dB was confirmed to hold independent of column types and operating con-
ditions for a given two or three phase system.
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Introduction

Much work has been done on the hydrodynam-
ics and mass transfer in the gas-liquid two phase
flow in the external loop airlift bubble column
(ELBC).1–4 The unique feature of ELBC is its more
well-defined recirculating liquid flow pattern which
makes the hydrodynamic and mass transfer proper-
ties different from those in the internal loop airlift
bubble column (ILBC) and normal bubble column
(NBC). Especially, the liquid circulation makes it
easier for the solid particles charged to be com-
pletely and uniformly suspended in ELBC than in
either ILBC or NBC. Recently, more attention has
been paid to the hydrodynamics and mass transfer
in the gas-liquid-solid three phase flow in ELBC.5–7

The effects of suspended solid particles on the gas
holdup �G and volumetric gas-liquid mass transfer
coefficient kLa have extensively been studied in the
three phase ELBC.8,9 Although there have been a
few studies on the gas-liquid interfacial area a in
the two phase ELBC,3,4 however, little work has
been carried out on a in the three phase ELBC. The
data on a provide the results on the average bubble

diameter dB and gas-liquid mass transfer coefficient
kL calculated as dB = 6�G/a and kL = kLa/a, respec-
tively. These informations suggest the behavior of
bubbles such as the bubble coalescence and
breakup which are governed by the system and op-
erating variables as well as the bubble column de-
signs, and are used to determine the column charac-
teristics including �G, kLa, a etc.

The purpose of this work is to (a) measure a by
the sulfite oxidation method in the two- and
three-phase flows in ELBC as well as both ILBC
and NBC, (b) determine dB from the a and �G val-
ues observed simultaneously and kL from dividing
by a the kLa values observed in tap water with and
without carboxymethyl cellulose (CMC) separately,
(c) examine the effects on the a, dB and kL values of
the suspended solid particles, liquid viscosity, su-
perficial gas velocity and bubble column design,
and (d) correlate the data on a, dB and kL with �G
and the peculiar liquid viscosity �P easily measured
by the Ostwald-type viscometer based on our previ-
ous correlations of �G and kLa for the two phase
flow.2
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Experimental

The apparatus used were almost the same as
those in our previous work on the gas-liquid two
phase flows.2 Fig. 1(a) shows a schematic diagram
of the external loop airlift bubble column (ELBC).
As shown in Fig. 1(b), the internal loop airlift bub-
ble column (ILBC) had a draft tube of 5 cm in di-
ameter with gas injection into the annular section of
the ILBC. The 9.5 mm porcelain Rasching rings
were packed beneath the perforated plate. The
ILBC was used as the normal bubble column
(NBC) by removing the draft tube. Table 1 summa-
rizes the experimental conditions.

The values of kLa were previously obtained by
carrying out both the desorption of dissolved oxy-
gen into nitrogen gas flow and the absorption of ox-
ygen in air flow into the aqueous phase in the three
phase column.10 The time course of the dissolved
oxygen electrode inserted in the liquid phase
through the column wall as shown in Fig. 1(a). The
liquids used were tap water and aqueous 0.5 to
2.0 % carboxymethyl cellulose (CMC) solutions.
CMC was used to increase the liquid viscosity.

The gas holdup �G in the gas-liquid-solid three
phase flow in the riser of the ELBC was determined
from an analysis of the gradient of static pressure
along the column height considering the pressure
due to suspended solid particles. The �G values in
the ILBC and NBC were measured by the volume
expansion method.

The circulating superficial liquid velocity UL in
the three phase flow through the riser was measured
in the same way as in the two phase flow in our
previous work2,10 using a plastic sphere of 1.2 cm
diameter having the same density as the liquid

phase in the downcomer almost free of gas bubbles.
The velocity in the downcomer was multiplied by
the ratio of downcomer cross sectional area Ad to
riser one Ar to obtain the UL value.

The rheological properties of the CMC solu-
tions without salts for the previous determination of
kLa were measured at 298 K with a concentric cyl-
inder viscometer. The values of both the fluid con-
sistency index K and the flow behavior index n
were reported in our previous paper.2 For conve-
nience, the peculiar viscosity �P was also measured
using a Ostwald-type viscometer. The a value were
measured at room temperature (293 to 300 K) in the
case of water without CMC. The temperature of the
solution with CMC in the taller ELBC was kept at
almost constant of 298 K by a temperature control-
ler unit installed in the gas-liquid separator since a
higher liquid viscosity was more sensitive to a
change in temperature.
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F i g . 1 – Experimental apparatus. (a) External loop airlift bubble column (ELBC), (b) Internal loop
airlift bubble column (ILBC)

T a b . 1 – Experimental conditions for specific interfacial
area

Gas: Air, Superficial gas velocity UG = 0.02�0.32 m/s

Liquid: Aqueous sodium sulphite solution

0.5 kmol/m3 Na2SO3/, 0.8, 1.2 wt% CMC/Tap water

Cobalt catalyst conc. CCoSO4 = 5 � 10–4 kmol/m3, pH = 8.5

Static liquid height HT = 1�4 m (ELBC), 0.8 m (ILBC, NBC)

Solid: Ion exchange resin (IR) (dP = 450 �m, �S = 1252 kg/m3)

Solid concentration CS = 0�0.10 kg/dm3-slurry

Temp.: 298�300K



The liquid used for measurement of a was tap
water containing 0.5 kmol/m3 sodium sulfite
Na2SO3 and 5 · 10–4 kmol/m3 cobalt sulfate CoSO4

as a catalyst for the sulfite oxidation by air. The
chemical oxygen absorption rate RO2 [kmol/m3s]
based on the liquid volume was obtained as one
half of the rate of decrease in the sulfite concentra-
tion which was determined by iodometric titration.
CMC was added to the sulfite solution to vary the
liquid viscosity. The viscosity was measured by the
same Ostwalde-type viscometer as described above.
The ion exchange resin (IR) particles of 450 �m in
mean diameter were used to examine an effect of
suspended solid particles on a.

Measurement of gas-liquid interfacial area a

According to the previous kinetic studies on
the oxidation of Na2SO3 by air based on the chemi-
cal absorption theory,11 the absorption rate RO2 is
expressed by the following equation, which holds
for the pseudo first order regime in the theory.

RO2 = {a/(1–�G–�S)}{(2/3)k2DO2}
1/2COi

3/2 (1)

Where a is the interfacial area based on the dis-
persion volume, �S = (1-�G)CS/�S the solid holdup,
k2 [m

3/kmol · s] the rate constant for the reaction of
the second and zero-th order with respect to the dis-
solved oxygen and sulfite concentration, respec-
tively, DO2

[m2/s] the liquid diffusivity of oxygen
and COi [kmol/m3] the dissolved oxygen concentra-
tion at the gas-liquid interface calculated from the
oxygen partial pressure in the gas phase PO2

[Pa]
and Henry’s law constant H [kmol/Pa · m3] as COi =
H PO2

.

From the analysis on the kinetic data on the
sulfite oxidation by air carried out in the stirred cell
with a known flat gas-liquid interface, i.e., a known
value of a in Eq. (1), k2 was determined under the
condition of C Na SO2 3

= 0.5 kmol/m3, pH = 8.5 and
T = 288–308 K as follows.

k2 = 2.36�1019 CCaSO4
exp(-5.13�107/RT) (2)

where R = 8.314 Pa · m3/kmol · K is the gas con-
stant and CCOSO4

[kmol/m3] is the CoSO4 catalyst
concentration. Addition of CMC to the solution ex-
erted no effect on the k2 value. The chemical ab-
sorption theory with the result of Eq. (2) verifies
that the above conditions of 0.5 kmol/m3 Na2SO3,
5�10–4 kmol/m3 CCOSO4

, pH = 8.5 and T = 293–300
K satisfy the requirements for the pseudo first order
regime, i.e., Eq. (1). Therefore, the a values in any
type of bubble columns can be obtained from the
following Eq. (1a) by measuring the RO2 values.

a = RO2
(1 – �G – �S)/[{(2/3)k2DO2

}1/2COi
3/2] (1a)

In the case of ELBC, the RO2
value above

should be obtained by noting that the observed sul-
fite concentrations were always diluted due to the
downcomer under the assumption of the well mixed
flow in the whole column. Thus, the apparent value
of RO2

, RO2
app. was converted to the RO2

value in the
riser in the following way.

RO2
= RO2

app.(VL/VLr) (3)

where VL and VLr are the total and riser liquid vol-
umes, respectively. Assuming the gas phase in plug
flow in any type of columns, the COi value in Eq.
(1a) was determined as the value in equilibrium
with the average oxygen partial pressure PO2

, i.e.,
C HPOi O�

2
. The PO2

value was calculated as the
logarithmic mean of the inlet and outlet oxygen
partial pressures. The latter pressure was deter-
mined from the oxygen balance with the RO2

value
above.

The average bubble diameter dB was calculated
from the observed values of �G and a as follows.

dB = 6�G/a (4)

The liquid phase oxygen transfer coefficient kL
was calculated from dividing by the observed a
value the corresponding kLa value for the two phase
having the same liquid viscosity as the three phase
concerned.

kL = kLa/a (5)

The determination was based on the facts that
the kLa values in the three phase ELBC were repro-
duced by the kLa correlation for the two phase
ELBC10 and that even in the case of NBC, of which
characteristics are known to be more sensitive to
the liquid properties compared to ELBC, the kLa
values determined in the CMC solution containing
sodium sulfate followed their kLa correlation pro-
posed for pure CMC solution.12 Analogously, the dB

and kL values for both ILBC and NBC were calcu-
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T a b l e 2 – Correlations for UL, �G and kLa in gas-liquid system us-
ing �P

2

ELBC UL = 1.80 (Ad/Ar)
0.75UG

0.40�P
–0.028HT

0.31 (�P � 0.04 Pa · s)
(6a)

UL = 0.67 (Ad/Ar)
0.75UG

0.40�P
–0.33HT

0.31 (�P > 0.04 Pa · s)
(6b)

ELBC UG/�G = {0.49 + 2.25 (UG + UL)}�P
0.103 (7)

ILBC,
NBC

UG/�G = 0.49�P
0.103 + 2.4 UG (8)

ELBC kLa = 6.60 � 10–2�G
1.2�P

–0.36 (9)

ILBC,
NBC

kLa = 3.35 � 10–2�G
1.1�P

–0.33 (10)



lated. Table 2 shows our previous correlations of
kLa for the two phase flow ELBC, ILBC and NBC
using the peculiar liquid viscosity �P for conve-
nience.2 The table also includes the correlations of
UL in ELBC and the correlations of �G in three
types of columns.

Results and discussion

Effect of static liquid height HT on interfacial
area a and gas holdup �G in ELBC

Fig. 2(a) and 2(b) show respectively the a and
�G values in ELBC using aqueous 0.5 kmol/m3

Na2SO3 solution as a function of the superficial gas
velocity UG with HT as a parameter. The a values
are seen to be almost unaffected by HT and to show
almost the same variation with UG in the range of
UG less than 0.1 m/s as those reported by Popovic
& Robinson (1987a)3, while the �G values to be a
little affected by HT as represented by the previous
correlation Eq. (7) shown in Table 2. The former re-
sult may be due the fact that the bubble coalescence
was retarded by the higher upward liquid velocity
with the higher HT as well as the presence of a co-
alescence-inhibiting electrolyte Na2SO3. The varia-
tion of a with UG are found to be parallel to that of
�G. The circulating liquid superficial velocity UL in

the riser was also observed to agree well with the
previous UL correlation Eq. (6a).

Effect of liquid viscosity on a and �G

Fig. 3(a) and 3(b) show the variations of the a
and �G values with UG, respectively, in three types
of bubble columns with the liquid viscosity as a pa-
rameter. It is seen in the figures that the variation of
a with UG is parallel to that of �G at any viscosity in
any type of columns, that a decreases with increas-
ing viscosity in any column while �G is little af-
fected by the viscosity, and that the a values in
three columns have almost the same value at a fixed
liquid viscosity although the �G values in the ILBC
and NBC are larger than the those in the ELBC.
These results on a arise from an enhancement of
bubble coalescence due to increased viscosity in
any column and a more retardation of bubble co-
alescence in the ELBC than in ILBC and NBC due
to a higher upward liquid velocity in the riser. On
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F i g . 2 – Effect of HT on (a) a and (b) �G as a function of
UG (ELBC)

F i g . 3 – Effect of liquid viscosity on (a) a and (b) �G as a
function of UG



the other hand, the liquid velocity causes the lower
�G value in the ELBC compared to that in either
ILBC or NBC. The �G values observed in the ELBC
as well as the ILBC and NBC are found to agree
with those calculated respectively by Eq. (7) and
Eq. (8) in Table 2.

Effect of solid particles concentration CS
on a and �G

Fig. 4(a) and 4(b) represent the change of the a
and �G values with UG, respectively, in the three
bubble columns with CS as a parameter. Fig. 4(a)
suggests that the suspended solid particles increase
the a value a little under a certain condition. This
may be due to an enhancement of bubble breakup
by suspended solid particles. Because of no clear
tendency and a small effect exerted by the particles,
the effect of particles on a is considered to be ne-
glected in the sulfite solution. No effect of particles
on �G in any column is more clearly shown in Fig.
4(b). The �G values are also seen to be reproduced
by Eqs. (7) and (8) in Table 2.

Dependence of dB on HT, liquid viscosity and CS

Fig. 5(a), 5(b) and 5(c) show the dB values cal-
culated by Eq. (4) as a function of UG with the pa-
rameters of the HT in ELBC and the liquid viscosity
and CS in three columns, respectively. It is seen in
the figures that the dB values are approximately inde-
pendent of UG in any values of HT, liquid viscosity
and CS, that at a fixed value of UG, HT exerts no ef-
fect on dB in ELBC, that in any type of column, CS

slightly influences dB although no clear tendency is
found and hence is regarded to unaffect dB, and that
increasing the liquid viscosity clearly increases dB
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F i g . 4 – Effect of CS on (a) a and (b) �G as a function of UG

F i g . 5 – Effects of (a) HT, (b) liquid viscosity and (c) CS on
dB as a function of UG



due to an enhanced bubble coalescence in the more
viscous solution. A complicated small variation of dB

with UG at any values of HT, liquid viscosity and CS

suggests an interaction among these variables gov-
erning a balance between the bubble coalescence and
breakup frequencies. It is also noted that the dB value
in the ELBC is lower than that in either ILBC or
NBC under the same conditions of UG, viscosity and
CS because of a retarded bubble coalescence caused
by a high upward liquid velocity in the riser of
ELBC. The dB values in the ILBC are found to be
approximated by those in the NBC.

Dependence of kL on HT, liquid viscosity and CS

Fig. 6(a), 6(b) and 6(c) represent the variations
of kL calculated by Eq. (5) with UG using the HT in
ELBC and the liquid viscosity and CS in three col-
umns as parameters, respectively. It is found in the
figures that the kL values in any systems and col-
umns slightly increase with increasing UG or are al-
most constant independent of UG considering a
small but complicated fluctuation of kL with a wide
range of change in UG. It is also seen that kL de-
creases with increasing liquid viscosity at a fixed
value of UG in any column and is little affected not
only by the type of column and the HT in the ELBC
at a fixed liquid viscosity, but also by CS except the
case of CS = 0.05 kg/dm3 in the NBC probably hav-
ing a more complicated three phase flow. Further-
more, the kL values observed in 0.5 kmol/m3

Na2SO3 solution without either CMC or CS are
shown to agree well with the literature values3 in
the ELBC and NBC although a small difference in
the UG dependency of kL between them. Based on a
model of mass transfer into the surface of a turbu-
lent liquid,13,14 the kL value is shown to increase
with UG

1/4. Therefore, it is reasonable to conclude
that the observed kL values slightly increase with in-
creasing UG.

Dependence of kL on dB

Fig. 7 shows a plot of the obtained kL values as
a function of the obtained dB values for the three
types of bubble columns. It is seen in the figure that
there are no clear dependence of kL on dB in any
column although the kL value clearly decreases with
increasing liquid viscosity and almost independent
of the type of column, HT in the ELBC and CS at a
fixed value of dB. The kL values in the solution
without either CMC or CS are also found to be al-
most the same as those calculated from the correla-
tions proposed by Calderbank and Moo-Yang
(1961)15 and Akita and Yoshida (1974).16 and the
data reported by Talvy et al.14 This suggests that the
kL determination employed are reasonable and
useful.
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F i g . 6 – Effects of (a) HT, (b) liquid viscosity and (c) CS on
kL as a function of UG

F i g . 7 – Dependence of kL on dB



Correlation of a with �G

The parallel relationships between a and �G as
shown in Figs. 2, 3 and 4 lead to the plot of a as a
function of �G. Fig. 8 shows such a plot for the data
obtained in the three columns with aqueous sulfite so-
lutions containing CMC at different concentrations.
All the plots of a versus �G are seen to have the same
slope of unity. Thus the values of a/�G obtained from
Fig. 8 are plotted against the peculiar viscosity �P as
shown in Fig. 9. Based on the figure, the correlation
equations for a were obtained as Eq. (11) for ELBC
and Eq. (12) for ILBC and NBC as shown in Table 3.
Fig. 10 shows a comparison of the a values observed
in this work with those calculated from the correla-
tions Eqs. (11) and (12) and the literature correlation.3

The present correlations Eqs (11) and (12) are found
to reproduce the observed a values within an accuracy
of �20 %. The literature correlation well agrees with
the observed a values in the range of UG lower than
0.1 m/s and overestimate the values increasingly with
increase in UG higher than 0.1 m/s. This is partly be-
cause their ELBC column design made a part of the
bubbles recirculate through the downcomer into the
riser giving the larger �G value in the whole column
compared to the case of our ELBC.

The correlations of dB for three columns were
obtained by applying the correlations Eqs. (11) and
(12) to Eq. (4). The results are shown in Table 3, be-
ing Eq. (13) for ELBC and Eq. (14) for ILBC and
NBC. The correlations of kL for any types of columns
were derived by combining Eq. (9) with Eq. (11) for
ELBC and Eq. (10) with Eq. (12) for ILBC and NBC
through Eq. (5). The results are Eq. (15) for ELBC
and Eq. (16) for ILBC and NBC as shown in Table 3.
These correlations are very simple and useful to apply
for estimating the values of a, kL and hence kLa as
well as dB by knowing only both the �G value, pre-
dicted from Eqs. (6) and (7) for ELBC and Eq. (8) for
ILBC and NBC, and the �P value measured simply by
a Ostwalde-type viscometer. The viscometer should
be calibrated with a Newtonian liquid of a known vis-
cosity even in the case of a highly viscous liquid.

Conclusion

The results obtained in this work are summa-
rized as follows.

(1) The a values in ELBC were only a little
lower than those in ILBC and NBC in spite of the
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F i g . 8 – Correlation of a with �G

F i g . 9 – Dependence of a/�G on �P

F i g . 1 0 – Comparison of observed a values with calcu-
lated ones from present and literature correla-
tions

T a b l e 3 – Correlations for a, dB and kL using �P

ELBC: a = 320 �G �P
–0.18 (11) ILBC,

NBC:
a = 323 �G �P

–0.13 (12)

dB = 1.88 � 10–2 �P
0.18(13) dB = 1.86 � 10–2 �P

0.13(14)

kL = 2.07 � 10–4 �G
0.2 �P

–0.18 (15) kL = 1.04 � 10–4 �G
0.1 �P

–0.20 (16)



lower �G values in ELBC compared to those in
ILBC and NBC. The a values in ILBC were almost
equal to those in NBC.

(2) The a values in ELBC were independent of
HT in spite of the lower �G for the higher HT. This is
favorable for scale-up of ELBC. The a values in
any type of columns decreased with increasing liq-
uid viscosity and the dB values correspondingly in-
creased keeping the �G values little unaffected by
the viscosity. The a values in any type of columns
were also unaffected by CS since the �G and dB val-
ues were little influenced by it.

(3) The kL values in three types of columns de-
creased with increasing liquid viscosity and were
almost independent of CS. The dB and kL values in
any types of columns were almost independent of
UG and those in ELBC also of HT. The data on kL
and dB obtained in three types of columns satisfied
a well-known relationship between kL and dB.

(4) The simple correlation equations for a, dB and
kL for three types of columns were obtained as a func-
tion of �G and �P using the previous correlations for �G
and kLa which were applicable to both two and three
phase flows in the corresponding type of columns.

N o m e n c l a t u r e

Ad – cross sectional area of downcomer, m2

Ar – cross sectional area of riser, m2

a – gas-liquid interfacial area, 1/m

Coi – dissolved oxygen concentration at gas-liquid in-
terface, kmol/m3

CCaSO4
– cobalt sulfate (catalyst) concentration, kmol/m3

CS – solid particle concentration based on bubble free
volume, kg/m3

Dd – diameter of downcomer, m

Di – diameter of draft tube, m

DO2
– liquid diffusivity of oxygen, m2/s

Dr – diameter of riser, m

DT – diameter of ILBC and NBC, m

dB – average bubble diameter, m

dP – mean diameter of solid particles, m

H – Henry’s law constant, kmol/Pa · m3

HT – static liquid height above gas distributor, m

Hi – height of draft tube, m

K – fluid consistency index, Pa · sn

k2 – second order rate constant, m3/kmol · s

kL – liquid phase oxygen transfer coefficient, m/s

kLa – volumetric gas-liquid oxygen transfer coefficient
based on dispersion volume, 1/s

n – flow behavior index

PO2
– oxygen partial pressure, Pa

PO2
– average oxygen partial pressure, Pa

R – gas constant (= 8.314), Pa · m3/kmol · K

RO2
– chemical oxygen absorption rate based on
gas-sparged liquid volume, kmol/m3 · s

RO

app

2
– chemical oxygen absorption rate based on total
liquid volume in ELBC, kmol/m3 · s

T – temperature, K

UG – superficial gas velocity, m/s

UL – superficial liquid velocity in riser, m/s

VL – total liquid volume in ELBC, m3

VL,r – riser liquid volume, m3

G r e e k l e t t e r s

�G – gas holdup

�S – solid holdup (= (1 – �G) CS/�S)

�P – peculiar viscosity measured by Ostwalde-type
viscometer, Pa · s

�S – density of solid particle, kg/m3

S u b s c r i p t s

cal – calculated value

obs – observed value

L i s t o f a b b r e v i a t i o n s

CMC– carboxymethyl cellulose

ELBC – external loop airlift bubble column

ILBC – internal loop airlift bubble column

IR – ion exchange resin

NBC – normal bubble column
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