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The effects of suspended solid particles on the hydrodynamic and mass transfer
properties were experimentally studied in a wide range of the superficial gas velocity,
solid particle property and liquid viscosity in an external loop airlift bubble column in
comparison with those in an internal loop airlift bubble column as well as a normal bub-
ble column. The circulating liquid velocities UL, gas holdups �G and volumetric gas liq-
uid oxygen transfer coefficients kLa in the riser of the external loop airlift were found to
be almost unaffected by the completely suspended solid particles. The above three prop-
erties obtained could be represented by our previous correlations for the gas-liquid two
phase flow within an accuracy of � 30 % for a practical reactor design and operation.
The analogous results were obtained on the �G and kLa data in the three phase normal
and internal loop airlift bubble columns, although a small amount of suspended solid
particles was observed to cause a slight decrease in these values in contrast to a lower or
negligible decrease in those of the three phase external loop airlift.
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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).1–3 The unique feature of ELBC is its
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 the
solid particle loading more uniformly suspended in
ELBC than in either ILBC or NBC. Recently, more
attention has been paid to the gas-liquid-solid three
phase flow in ELBC.4–6 However, effects of sus-
pended solid particles on the hydrodynamic and
mass transfer properties have not fully been clari-
fied because of a complicated interaction between
bubbles, liquid and solid particles even in ELBC.

The purpose of this work is to (a) measure the
effects of suspended solid particles on the circulat-
ing liquid velocity UL, gas holdup �G and volumet-
ric gas-liquid oxygen transfer coefficient kLa in the
riser of ELBC, (b) compare the �G and kLa values

with those in ILBC and NBC in a wide range of the
superficial gas velocity UG, solid particle properties
and liquid viscosity to discuss the bubbles flow be-
havior in view of bubble coalescence and breakup
and (c) examine the applicability of our previous
correlations for the two phase flow in each column
to correlate the properties in the three phase flow
for a practical reactor design and operation.

Experimental

The apparatus used was almost the same as in
our previous work on the gas-liquid two phase
flow.2 Fig. 1(a) shows a schematic diagram of the
ELBC. As is shown in Fig. 1(b), the ILBC had a
draft tube of 5 cm in diameter with gas injection
into the annular section. The ILBC was used as the
NBC by removing the draft tube. Table 1 summa-
rizes the experimental conditions. The superficial
gas velocity UG in the ELBC was defined based on
the cross sectional area of the riser and the velocity
in the ILBC was on the column cross sectional area
in the same way as that in the NBC. The UG values
employed were 0.02, 0.04, 0.08, 0.16 and 0.32 cm/s
throughout the present experimental work.
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The values of kLa were obtained by carrying
out both the desorption of dissolved oxygen into ni-
trogen gas flow and the absorption of oxygen in air
flow into the aqueous phase in the column. The
time course of the dissolved oxygen was measured
with a 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 aque-
ous 0.5 to 2.0 % carboxymethyl cellulose (CMC)
solutions. CMC was used to increase the liquid vis-
cosity. The time course measured simultaneously at
the top of the riser in the ELBC agreed with the one
at the bottom of the downcomer, suggesting that the
liquid phase was well mixed in the ELCBC with re-
spect to the process. A high recirculating liquid
flow rate in the batch liquid phase was considered
to support the above mixing state. Negligible effect
of the dissolved oxygen electrode response time on
the time course was safely assumed due to the rela-
tively low values of kLa of less than 0.1s–1.7 This re-
quirement for the electrode was more easily satis-
fied in the ELBC than in the ILBC and NBC be-
cause the former had the bubble free liquid volume

consisting of the downcomer column top and bot-
tom. The volume contributed to diluting the instan-
taneous dissolved oxygen concentration and reduc-
ing the rate of its change in the ELBC. The ratio of
the bubble free liquid volume to the liquid volume
in the riser was about 2 and 1 for the static liquid
height HT of 1 m and 4 m, respectively under the
condition of UG = 0. To prevent bubbles from recir-
culating through or residing in the downcomer, a
sufficient liquid volume was provided in the
gas-liquid separation section at the column top.

The gas holdup �G 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 val-
ues of �G in the ILBC and NBC were measured by
the volume expansion method. The above methods
for measuring the �G value in the whole column are
considered to be useful and reliable for such a
bench or pilot scale column as in this work.

The circulating superficial liquid velocity UL in
the three phase flow through the riser was measured
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F i g . 1 – Schematic diagram of experimental apparatus

T a b l e 1 – Experimental conditions

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

Liquid: Tap water, aq. 0.5-2.0 wt% CMC soln. (Pseudo-plastic fluid, �a = K · �n–1)

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

Solid: Ion exchange resin (IR) (dP = 450, 910 �m, �S = 1252 kg/m3),

Glass beads (GB) (dP = 710, 940 �m, �S = 2500 kg/m3)

Solid concentration, CS = 0.01�0.20 kg/dm3-slurry

Temp.: 298–300 K



in the same way as in the two phase flow in our
previous work2 using a plastic sphere of 1.2 cm di-
ameter having the same density as the liquid phase
in the downcomer almost free of gas bubbles. The
reliable value of UL was obtained by averaging the
UL values for 20 times measurements under each
experimental condition. 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 were measured at 298 K with a concentric cyl-
inder viscometer to determine the apparent liquid
viscosity �a = K�n–1 according to the power law
model. The values of both the fluid consistency in-
dex K and the flow behavior index n were reported
in our previous paper.2 The kLa values were mea-
sured at room temperature (293 to 300 K) in the
case of water without CMC. The temperature of
CMC solution in the taller ELBC was kept at al-
most constant of 298 K by a temperature controller
unit installed in the gas-liquid separator. Triplicate
experimental data on either of UL, �G or kLa were
within a standard deviation of � 5 % of each mean
value.

Calculation of volumetric transfer
coefficient kLa

The kLa values for the riser were determined
considering that the liquid phase was well mixed in
the whole column as described above, the gas phase
passed through the riser in plug flow8 and negligi-
ble oxygen transfer occurred in the downcomer be-
cause of almost complete separation of gas from
liquid at the top of the ELBC operated in such a
way as mentioned before.

The progressive change of the dissolved oxy-
gen concentration CO is derived as follows9

ln {(HPb – CO)/(HPb – CO
0)} = –kLaLt (1)

where kLaL is the coefficient per unit volume of
the liquid in the whole column, H the Henry’s law
constant and Pb the oxygen partial pressure at the
column bottom. Thus, the slope of a linear plot of
the left-hand side term of Eq. (1) vs. t gives the val-
ues of kLaL. This value of kLaL is a result of an in-
stantaneous mixing or dilution of the dissolved ox-
ygen in the riser with that in downcomer due to a
sufficiently high recirculating liquid flow rate
through the whole column. kLaL is, therefore, con-
verted to kLa, the coefficient per unit volume of the
gas-liquid-solid dispersion in the riser.

kLa = kLaL(1–�G–�S)(1+Vd/Vr) (2)

where Vd and Vr are the liquid volumes in the down-
comer and riser, respectively and �S = (1–�G)CS/�S

is the solid holdup calculated from the initial solid
loading CS [kg solid/m3 slurry]. Vd includes the
bubble free liquid volumes at both column top and
bottom.

The kLaL values for the ILBC and NBC are also
determined according to Eq. (1) and then reduced
into the values of kLa using Eq. (2) with Vd = 0.

Results and discussion

Effects of solid particle loading and properties
on UL, �G and kLa in three phase ELBC

The effects of the density �S, mean diameter dP
and loading CS of solid particles on UL, �G and kLa
in the three phase ELBC were examined as a func-
tion of UG with tap water and HT = 1m in compari-
son with those in the two phase ELBC. Further-
more, the results on the �G and kLa values were
compared with those in the three and two phase
ILBC and NBC.

Fig. 2 shows the results on UL in ELBC. The
solid line in the figure is the result calculated from
the previous correlation Eq. (3a) as shown in Table
2 where the other correlations for the two phase
ELBC, ILBC and NBC are listed.2 These correla-
tions were reported to reproduce the observed val-
ues of UL, �G and kLa with an error of � 20 %. It
should be noted in the figure that no standard devi-
ation can be shown for each key as its height is al-
most the same as the bar height corresponding to
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F i g . 2 – Effect of superficial gas velocity UG and solid
loading CS on circulating liquid velocity UL in riser of ELBC
with static liquid height HT of 1 m. The liquid was tap water at
298~300 K. The viscosity was 0.89 � 10–3 Pa · s at 298 K. The
measurements were made at UG values of 0.02, 0.04, 0.08, 0.16
and 0.32 m/s. The solid particles used were ion exchange resin
IR and glass beads GB of diameter dP = 910 �m and 710 �m,
respectively. The CS values were varied from 0 to 0.20 kg/dm3

as shown in the figure.



the upper limit of the standard deviation equal to
� 5 % of the mean value of each key in the loga-
rithmic scale. Furthermore, some of the keys very
close to each other at a fixed value of UG are seen
to be plotted against the UG value near the fixed UG.
Such a graphic representation of data as above is
applied to the other data which are shown in the
following. It is seen in the figure that the higher UG

gives the higher UL and thus at the UG value higher
than 5 m/s, the solid loading CS exerts negligible ef-
fect on UL for either ion exchange resin (IR) parti-
cles or glass beads (GB) although a slight but an
undefined decrease is observed with increasing CS

at a given UG. The decrease in UL with increasing
CS is more remarkable at a lower UG less than 0.05
m/s for the IR particles. The lowest UL value is seen
to be observed at the lowest UG of 0.02 m/s and
highest CS of 0.20 kg/dm3 for the IR particles. This
is probably because the IR particles were visually
observed to be concentrated along the horizontal
bottom of ELBC, which reduced the cross sectional
area available for the liquid flow and decreased UL.
A comparison of the UL values for two CS values of
0.01 and 0.05 kg/dm3 at any fixed UG value reveals
that the GB exerts a smaller influence on UL than
the IR particles. This may be because the former
has two times greater density and hence the lower
(a half) solid holdup �S in the three phase flow com-
pared to the latter. Due to the difficulty in determin-
ing a slight but an undefined dependence of UL on
the CS and solid particle properties as described
above, the dependence was regarded as negligible
provided that almost all of the solid particles loaded
initially were suspended and recirculated through
the whole column. Therefore, the UL values were
concluded to be approximately correlated by Eq.
(3a) for the two phase ELBC for the purpose of a
practical reactor design and operation.

Fig. 3 shows the results on �G in ELBC and
ILBC. The results on NBC agreed well with those
in ILBC. The upper and lower solid lines are from
the correlations Eq. (4a) for two phase ELBC and
Eq. (5) for two phase ILBC and NBC in Table 2.
The �G value for UG = 0.02 m/s and CS = 0.20 kg
IR/dm3 in the three phase ELBC is seen to be close
to that in the two phase ELBC in contrast to the UL

value mentioned above. This suggests that �G is un-
affected by inhomogeneous distribution of solid
particles in ELBC. For UG higher than 0.05 m/s, �G
in any bubble column is seen to be almost unaf-
fected by the suspended solid particles. For the
lower UG, the reduction in �G due to solid particles
seems to be slightly greater in ILBC and NBC than
in ELBC. This is due to the fact that the higher lo-
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T a b l e 2 – Correlations for UL, �G and kLa in gas-liquid system using �a
2

ELBC
UL = 1.84 (Ad/Ar)

0.75UG
0.40�a

–0.030HT
0.31

UL = 0.23 (Ad/Ar)
0.75UG

0.40�a
–0.675HT

0.31

(�a � 0.04
Pa · s)

(�a > 0.04)

(3a)

(3b)

ELBC
UG/�G = {0.43 + 2.00 (UG + UL)}�a

0.082

UG/�G = {0.68 + 3.40 (UG + UL)}�a
0.26

(�a � 0.04)

(�a > 0.04)

(4a)

(4b)

ILBC, NBC UG/�G = 0.53�a
0.11 + 2.4 UG (5)

ELBC
kLa = 8.09 � 10–2�G

1.2�a
–0.35

kLa = 1.97 � 10–2�G
1.2�a

–0.79

(�a � 0.04)

(�a > 0.04)

(6a)

(6b)

ILBC, NBC
kLa = 4.80 � 10–2�G

1.1�a
–0.28

kLa = 1.53 � 10–2�G
1.1�a

–0.63

(�a � 0.04)

(�a > 0.04)

(7a)

(7b)

�a = K�n–1 where � = 5000 UG according to Nishikawa et al. (1977)10

F i g . 3 – Effect of UG and CS on gas holdup �G in riser of
ELBC with HT of 1 m and on �G in ILBC with HT = 0.8 m. The
operating conditions were the same as those shown in Fig. 2
except for use of 450 �m IR instead 710 �m GB in ELBC.



cal solid particles concentrations at the lower part
of ILBC and NBC tends to enhance the bubble co-
alescence generating the larger bubbles. Due to a
very slight difference in �G between the three and
two phase bubble columns of any type, �G in any
type of three phase bubble column can be repre-
sented by the correlation of �G for the correspond-
ing two phase column.

Figs. 4(a) and 4(b) show the results on kLa in
ELBC and those in ILBC and NBC, respectively.
The solid lines in the two figures are from the cor-

relations Eq. (6a) with Eq. (4a) for two phase
ELBC and Eq. (7a) with Eq. (5) for two phase
ILBC and NBC in Table 2. Almost no effects of the
solid loading and properties on kLa are suggested in
ELBC according to Fig. 4(a) since the particles tend
to be completely and uniformly suspended by a
high UL except for the condition of UG = 0.02 m/s
and CS = 0.20 kg IR/dm3 and thus to reduce the
bubble coalescence compared to those in ILBC and
NBC. Due to very slight, but an undefined de-
pendence of kLa on the solid particle loading and
properties, the kLa values in three phase ELBC
were proposed to be correlated by Eq. (6a) with Eq.
(4a) for two phase ELBC. Based on the results
shown in Fig. 4(b), on the other hand, because of
the higher local solid particles concentrations near
the gas distributor in ILBC and NBC, a frequent
bubble coalescence is suggested to generate the
larger bubbles resulting in a decrease in the gas-liq-
uid interfacial area a and hence a decrease in kLa.
The dependence of kLa in ILBC and NBC on the
solid particle loading and properties is seen to be
slightly greater than that of kLa in ELBC, although
the former dependence is still very slight and unde-
fined. Therefore, the kLa values in three phase
ILBC and NBC were suggested to be correlated by
Eq. (7a) with Eq. (5) for two phase ILBC and NBC.
Comparison of Figs. 4(a) and 4(b) reveals that kLa
in ELBC increases steadily with increasing UG

while kLa in ILBC and NBC tends to be flattened
with increasing UG. This is due to the fact that the
higher circulating liquid velocity at the higher UG

contributes to a reduction in bubble coalescence
frequency. Whereas ELBC has the lower �G than
ILBC and NBC as shown in Fig. 3, ELBC exceeds
the kLa value in ILBC and NBC at UG greater than
0.1 m/s as seen from Figs. 4(a) and 4(b).

Figs. 5(a) and 5(b) show the �G and kLa values,
respectively, as a function of CS or �S with UG,
column type, particle diameter and density
as parameters. The literature data on ILBC11

and NBC12 are also shown for comparison. It is
seen from the figures that (1) both �G and kLa
in ELBC are almost unaffected by CS in a wide
range of CS = 0�0.2 kg/dm3, (2) �G even in ILBC
and NBC including the literature data is only a little
influenced by the solid particle loading, while
kLa in ILBC and NBC remarkably depends on
the loading and (3) the dependence of kLa on
the particle loading may be limited to a very low
CS being less than 0.05 kg/dm3 according to the
present data. The last observation suggests that
a minimum amount of solid particles may suffice
to exert their maximum effect on the bubble coal-
escence and breakup governing the mean bubble
size. It was previously reported that the effect
of solid particle loading was important for small
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F i g . 4 ( a ) – Effect of UG and CS on volumetric gas-liquid
oxygen transfer coefficient kLa based on dispersion volume in
riser of ELBC with HT = 1 m. The operating conditions were
the same as those shown for ELBC in Fig. 3.

F i g . 4 ( b ) – Effect of UG and CS on kLa based on disper-
sion volume in both ILBC and NBC with the same HT of 0.8 m.
The operating conditions were the same as those shown for
ILBC in Fig. 3.



values of CS (up to 5 % w/v) due to enhanced bub-
ble coalescence, mainly controlling the interfacial
area a.13

Effects of static liquid height and liquid viscosity
on UL, �G and kLa in three phase ELBC

The effects of static liquid height HT and ap-
parent liquid viscosity �a (CMC concentration) on
UL, �G and kLa in the three phase ELBC were ob-
served as a function of UG with the IR particles of
dP = 910 �m and CS = 0.05 kg/m3 in comparison
with those calculated from Eqs. (3), (4) and (6) for
two phase ELBC in Table 2. Figures 6(a) and 6(b)
show the effects on UL of HT and �a, respectively.
The lines are from Eq. (3). For the higher HT and
�a, where particles are easier to suspend completely
and uniformly, the UL values observed much better
agree with the values calculated for the two phase
flow. Analogously, Fig. 7 shows the results on �G.
Except for the �G values in the case of the highest
viscosity (2.0 % CMC) and lower UG, the �G values

observed in the three phase flow are almost equal to
those in the two phase one. The too high �G values
at the lower UG for the highest viscosity is due to a
fully developed slug flow in the riser resulting from
the bubble coalescence much more predominant
than the breakup in the highly viscous solution.

Fig. 8 shows the results on kLa. The effect of
HT on kLa shown in Fig. 8(a) is seen to correspond
to that on �G in Fig. 7(a). On the contrary, the effect
of �a on kLa in Fig. 8(b) is much remarkable than
that on �G in Fig. 7(b). This is because both the
mass transfer coefficient kL and gas-liquid inter-
facial area a decrease with increasing �a.

14 Except
for the kLa values corresponding to the too high �G
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F i g . 5 ( a ) – �G as a function of CS at fixed UG values of
0.02 and 0.16 m/s in ELBC with HT = 1 m compared with �G in
ILBC and NBC with the same HT = 0.8 m as well as �G in the
literature. The measurements were made at CS values of 0 (tap
water), 0.01, 0.05, 0.10 and 0.20 kg/dm3. The liquid was tap
water at 298-300 K. Two different sizes of IR and GB were used
as shown in the figure.

F i g . 5 ( b ) – kLa as a function of CS at fixed UG values of
0.02 and 0.16 m/s in ELBC with HT = 1 m compared with kLa
in ILBC and NBC with the same HT = 0.8 m as well as kLa in
the literature. The operating conditions were the same as those
shown in Fig. 5(a).



values above, the kLa values observed are well
reproduced by the correlation Eq. (6) with Eq. (4)
for the two phase ELBC. A higher value of kLa
in a fully developed slug flow is considered to
be due to the same reason as in the case of the su-
perior mass transfer characteristics of Taylor
bubble flow in narrow capillaries as in the gas-liq-
uid mass transfer of a monolith loop reactor with
upflow of gas and liquid phases through the chan-
nels.15

Correlation of kLa with �G for three phase
ELBC, ILBC and NBC

Fig. 9 shows a plot of kLa as a function of
�G using the present data on kLa and �G obtained

in the three phase ELBC, ILBC and NBC with tap
water and IR particles (910 �m). It is found from
the figure that the kLa values in the ELBC well
agree with Eq. (6a) for the two phase flow and
that the kLa values in the three phase ILBC and
NBC also do with Eq. (7a) for the two phase flow
and are very close to the correlation of Akita and
Yoshida (1973).16 The kLa value in ELBC is seen to
be higher than that in ILBC and NBC at a fixed
value of �G. This is mainly because the average
bubble diameter in ELBC with less bubble coales-
cence is lower than that in ILBC and NBC.17, 18 Fig-
ure 10 shows a comparison of the kLa values ob-
served in three columns with those calculated from
the correlations in Table 2 knowing the column ge-
ometry, superficial gas velocity and apparent liquid
viscosity. Except for the too high observed kLa val-
ues mentioned above, the kLa values in any three
phase columns can be predicted by the correlations
for the two phase flow within an accuracy of �30 %
being slightly less accurate compared to an accu-
racy of � 20 % in the case of the two phase col-
umns.
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F i g . 6 – Effects of (a) HT and (b) apparent liquid viscosity
�a on UL in riser of ELBC as a function of UG. UG was varied
from 0.02 to 0.32 m/s in the same way as above. (a) HT was
varied from 1 m to 4 m. CS was 0.05 kg/dm

3 using 910 �m IR.
The liquid was tap water at 298-300 K. The lines shows the UL

values calculated from Eq. (3) for gas-liquid two phase flow as
shown in Table 2. (b) �a was varied by using 0% (tap water),
0.5%, 1.0% and 2.0% CMC solution at 298-300 K with the re-
spective �a values of 0.89 � 10–3, 1.6~1.9 � 10–2, 5.0~7.0 �

10–2 and 0.20~0.50 Pa · s depending on UG value. HT was fixed
at 1 m. The solid loading was the same as that in (a). The lines
show the UL values calculated in the same way as above.

F i g . 7 – Effect of (a) HT and (b) �a on �G in riser of ELBC
as a function of UG. The variation of UG and the operating con-
ditions in (a) and (b) were the same as those shown in Fig. 6.
The lines show the �G values calculated from Eq. (4) for two
phase flow as shown in Table 2.



Conclusion

The effects of suspended solid particles on the
hydrodynamic and mass transfer properties were
experimentally studied in a wide range of the super-
ficial gas velocity, solid particle property and liquid
viscosity in an external loop airlift bubble column
in comparison with those in an internal loop airlift
bubble column as well as a normal bubble column.
The results obtained in this work are summarized as
follows.

(1) The solid particles were easier to suspend
completely and uniformly in ELBC than ILBC and
NBC.
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F i g . 8 – Effect of (a) HT and (b) �a on kLa in riser of ELBC
as a function of UG. The variation of UG and the operating con-
ditions in (a) and (b) were the same as those shown in Figs. 6
and 7. The lines show the kLa values calculated from Eq. (6)
with Eq. (4) for two phase flow as shown in Table 2.

F i g . 9 – Correlation of kLa with �G in riser of three phase
ELBC compared with corresponding correlations in three
phase ILBC and NBC. Ranges of operating conditions were as
follows. UG = 0.02~0.32 m/s, 298~300 K, CS = 0~0.20 kg
IR/dm3 tap water and IR was 910 �m in diameter. One solid
line for ELBC shows the kLa values calculated from Eq.(6a) for
two phase flow as shown in Table 2. The other solid line for
ILBC and NBC represents those calculated from Eq. 7(a) for
two phase flow in both columns as shown in the table. The dot-
ted line is from the literature for two phase NBC.

F i g . 1 0 – Applicability of kLa-correlations Eqs. (6a), (6b)
for two phase ELBC and Eq. (7a), (7b) for either two phase
ILBC or NBC to prediction of kLa values for three phase ELBC
and those for either three phase ILBC or NBC, respectively.
Ranges of operating conditions were as shown in Table 1. Liquid
viscosity of tap water was 0.89 � 10–3 Pa · s and the �a values
of aqueous 0.5 and 2.0 wt% CMC solutions were 1.6~1.9 �10–2

Pa · s and 0.20~0.50 Pa · s, respectively depending on UG value.



(2) The UL values in ELBC and the �G and kLa
values in ELBC, ILBC and NBC were affected by
the suspended solid particles in the case of a signifi-
cant distribution of particles along column height.
In the case of almost complete and uniform distri-
bution of particles, the UL, �G and kLa values in the
three phase flow were only a little affected by the
particles and could be represented by our previous
correlations for the two phase flow.

(3) A small amount of suspended particles was
suggested to exert an effect on the behavior of the
gas-liquid interface and hence on the �G and kLa
values. Such an effect was easier to observe in
ILBC and NBC than in ELBC.

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

a – gas-liquid interfacial area, 1/m

Ad – cross sectional area of downcomer, m2

Ar – cross sectional area of riser, m2

CO – dissolved oxygen concentration, kmol/m3

CO
0 – initial dissolved oxygen 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

Dr – diameter of riser, m

DT – diameter of ILBC or NBC, m

dP – mean diameter of solid particles, m

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

HT – static liquid height above gas distributor, m

Hi – height of draft tube, m

K – fluid consistency index, Pa · sn

kL – gas-liquid oxygen transfer coefficient, m/s

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

kLaL – volumetric gas-liquid oxygen transfer coefficient
based on total liquid volume, 1/s

n – flow behavior index, –

Pb – oxygen partial pressure at column bottom, Pa

t – time, s

UG – superficial gas velocity, m/s

UL – superficial liquid or slurry velocity in riser, m/s

Vd – liquid volume in downcomer including column
top and bottom, m3

Vr – liquid volume in rise, m3

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

� – average shear rate (= 5000 UG), 1/s

�G – gas holdup

�S – solid holdup

�a – apparent liquid viscosity (= K�n–1), Pa · s

�S – density of solid particles, 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

ELBC – external loop airlift bubble column

GB – glass beads

ILBC – internal loop airlift bubble column

IR – ion exchange resin

NBC – normal bubble column
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