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Gas holdup, bubble behavior, interfacial area and gas-liquid mass transfer in a 5 m internal-loop airlift
reactor with non-Newtonian fluid were studied in the superficial gas velocity (Ug) range of 2-12cm/s.
Air and aqueous CMC solutions of 0-0.45 wt% were used as the gas and liquid phases, respectively. It was
found that increased Ug or CMC concentration led to a wider bubble size distribution and an increase in
the bubble Sauter diameter. The volumetric mass transfer coefficient increased with an increase in Ug
and a decrease in CMC concentration. In the air-water system, kja/a; was found to be independent of Uy
and was 0.2 1/s, and a constant liquid-side mass transfer coefficient (k) was found in the heterogeneous
regime. However, in the air—~CMC solution system, the influences of the superficial gas velocity and liquid
viscosity were much more complicated: k;a/og was not constant and was affected by the superficial gas
velocity and CMC concentrations; the interfacial area increased with an increase in Ug and a decrease in
CMC concentration; k; increased more significantly with increasing Ug, and no obvious trend was found
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for the influence of CMC concentration on k;.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Airlift reactors are widely used in chemical and biochemical
industrial processes, because of their simple construction, good
heat transfer, low shear rate, low power input and easy scale up
[1,2]. Mass transfer is one of the most significant factors in pro-
cess design and reactor scale up, and has been intensively studied
in airlift reactors during the past decades [3-9]. However, most of
these studies have focused on experimental determination of the
volumetric mass transfer coefficient (kja), which is a global param-
eter that depends on reactor geometry, operating conditions and
phase properties [7,10-14]. The common approach to describe kja
is to correlate it with the factors that affect it. The separation of
liquid-side mass transfer coefficient (k;) and interfacial area (a)
can allow the identification of whether k; or a controlled the mass
transfer rate. However, only a few investigations focus on such
improvement [9,15-18]. In this work, we performed this study on
the influence of non-Newtonian fluid.

In fact, the mass transfer rate in an airlift reactor depends on
gas holdup, flow regime, bubble size distribution, bubble breakup
and coalescence, interfacial area and liquid-side mass transfer coef-
ficient [19]. Further, local measurements of these parameters are
needed because they can provide much more details than global
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measurements [1,20,21], and can be used for validations of com-
putational fluid dynamics (CFD) simulations [22].

The reactor size has a significant influence on the hydrodynam-
ics and mass transfer rate [14,23-25]. It is commonly accepted that
the hydrodynamics becomes independent of the column size only
when the column diameter (D), column height (H), and aspect ratio
(H/D) are larger than certain threshold values [2]. Wilkinson et
al. [26] suggested that H should be larger than 1-3 m. However,
most works on the airlift reactor in the literature have used reac-
tors of about 2m [10,13,27,28], and only some works have used a
reactor of 4 m high [5,6,29,30]. Therefore, an investigation using a
larger airlift reactor will be valuable for a better understanding of
the scale up behavior. In addition, most works on airlift reactor in
the literature has been carried out with Newtonian fluid and much
limited attention has been paid on studies of non-Newtonian or
high viscosity liquid systems [15,27,31-34], despite the fact that
in many chemical reactors the fluids have a relatively high viscos-
ity or exhibit non-Newtonian behavior [35]. Different from that of
Newtonian fluid, the viscosity of non-Newtonian fluid is depen-
dent of shear rate. For instance, the viscosity of the shear thinning
non-Newtionian fluids decreases when shear rate increases [36].
Further, the results in the literature are still not enough for a bet-
ter understanding on the influence of non-Newtonian fluid. For
example, Li et al. [32] studied the influence of non-Newtonian fluid
on the hydrodynamics and mass transfer using a wide range CMC
concentration of 1-4% in a 3.9 m high internal airlift reactor. How-
ever, this work was limited to experimental determination of k;a
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Nomenclature

Notations

a gas-liquid interfacial area per unit liquid volume,
m-1

Qlarge gas-liquid interfacial area of large bubble, m~!

Asmall gas-liquid interfacial area of small bubble, m~!

a gas-liquid interfacial area per unit dispersion vol-
ume, m!

Aqd cross-sectional area of the downcomer, m?2

Ar cross-sectional area of the annular riser, m?2

@] oxygen concentration in the liquid, kg/m?3

G saturation oxygen concentration in the liquid,
kg/m?3

Csensor  liquid phase oxygen concentration given by sensor,
kg/m3

dy bubble diameter, m

ds bubble Sauter diameter, m

h height, m

K consistency index, Pas”

ky liquid-side mass transfer coefficient, m/s

Kiarge liquid-side mass transfer coefficient of large bubble,
m/s

ksman  liquid-side mass transfer coefficient of small bubble,
m/s

ksensor ~ sensor time constant, s~

kia volumetric mass transfer coefficient based on dis-
persion volume, s~!

ka volumetric mass transfer coefficient based on liquid
volume, s~!

n flow index, arbitrary units

P pressure, Pa

t time, s

Ug superficial gas velocity, cm/s

Ugr superficial gas velocity in the riser, cm/s

Greek symbols

ag gas holdup, arbitrary units

Qg gas holdup in the downcomer, arbitrary units

Ogy gas holdup in the riser, arbitrary units

y shear rate, s~!

Happ apparent viscosity, Pa s

T shear force, N/m?

01 liquid density, kg/m?3

Subscripts

d downcomer

g gas phase

1 liquid phase

r riser

and the reactor used a single-hole sparger, which was not usually
adopted in industrial reactors. Therefore, the investigation on the
influence of non-Newtonian fluid is needed, especially in a large
airlift reactor.

This work studied the gas holdup, bubble behavior and
gas-liquid mass transfer rate in a 5 m high internal-loop airlift reac-
tor with water and aqueous solution of carboxyl methyl cellulose
(CMC). The influences of the CMC concentration and superficial gas
velocity (Ug) on the global and local gas holdup, bubble size dis-
tribution, volumetric mass transfer coefficient, interfacial area and
liquid-side mass transfer coefficient were investigated.
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1. Riser; 2. Downcomer; 3. Separator; 4. Gas distributor;
5. Electrical conductivity probe port; 6. Oxygen probe port; 7. PC;

8. Differential pressure transducer; 9. Flow meter; 10. Compressor.

Fig. 1. Schematic of the experimental set-up.

2. Experimental
2.1. Experimental apparatus

The schematic of the experimental apparatus is shown in Fig. 1.
The internal-loop airlift reactor used was made of Plexiglas. It
comprised four main parts: annular riser, downcomer, gas-liquid
separator and gas distributor. The total height of the reactor was
5m. The riser was 0.28 m inner diameter (i.d.), and 4.1 m high. The
separator was 0.48 mi.d., and 0.9 m high. The draft tube was 0.19 m
outer diameter, 0.18 mi.d., and 4.0 m high. The gas distributor was
an annular perforated plate with 196 holes of 1 mm diameter, thus
the gas was only injected into the annular riser.

2.2. Physical properties

Air was used as the gas phase. Tap water and aqueous CMC solu-
tion of 0.2-0.45 wt% were used as the liquid phase. The apparent
viscosity of the CMC solutions was measured by a viscometer, and
can be expressed as [37]:

T
Mapp = y =Ky"! (M

where K is the consistency index, and n is the flow index. The
measured values of K and n are listed in Table 1. To illustrate the
characteristic viscosity of the liquid phase, the apparent viscosities
at the shear rate of 200s~1 are also listed in Table 1.
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Table 1
Phase properties of CMC solution.

Concentration, wt% Density, kg/m3 K, Pas" n 1 (y=200s1),Pas
0.2 1001.5 0.0065 0.955 0.0051
0.3 1002.5 0.0209 0911 0.0130
04 1003.5 0.0487 0.823 0.0191
0.45 1004.0 0.0973 0.732 0.0235

2.3. Measuring method

2.3.1. Global gas holdup

The global gas holdups in the riser and downcomer were
measured with the pressure drop method. Both the riser and
downcomer had two tap ports at 0.4 m and 3.6 m above the gas
distributor. Differential pressure transducers were used to mea-
sure the pressure drop. The sampling frequency was 10 Hz. In most
gas-liquid flows, the pressure drop due to the viscosity can be
neglected compared to static pressure drop, and the pressure drop
(AP) between the two tap ports with vertical distance of h is [38]:

AP = p1gh(1 — ag) (2)

where pj is the liquid density and «g is the gas holdup.

The pressure drops in the riser (AP;) and downcomer (APq)
were measured through the taping ports connected to them. From
the measured AP; and APy, the gas holdups in the riser (ogr) and
downcomer (agq) could be respectively determined from Eq. (2).

The global gas holdup in the reactor is:

_ OlgrAr + OlgdAd

g = Ar +Ad (3)

where A; and Aq are the cross-sectional area of the annular riser
and downcomer, respectively.

2.3.2. Bubble behavior and local gas holdup

The bubble characteristics and local gas holdup were measured
2.0m above the gas distributor with a dual-tip electrical conduc-
tivity probe, which is shown in Fig. 1. The distance between the
two tips was 1.25 mm. The measuring principle was based on the
different conductivities of the gas and liquid, which gave differ-
ent output voltage signals when the probe tip was in contact with
different phases. The bubble chord length, rise velocity, size dis-
tribution and local gas holdup were obtained from the measured
signals by the use of a previously published algorithm [39].

2.3.3. Mass transfer

The volumetric mass transfer coefficient k;a was determined by
the oxygen desorption technique. An oxygen probe (LDO™ HQ10,
HACH Company, U.S.A.) placed at 2.0 m above the gas distributor
was used to measure the change in oxygen concentration with time.
The sensor constant was calibrated by switching the sensor envi-
ronment from a nitrogen-saturated liquid to an air-saturated liquid
[40]. Assuming that the probe has a first order response and the liq-
uid phase was perfectly mixed, the oxygen concentration measured
by the sensor in an air-saturated liquid, Csensor, can be calculated
using:

dC
Za?sor = Ksensor(C{" — Csensor) (4)

where ksensor Was time constant of the sensor, and Cl* is the oxygen
value when the probe had been put in the air-saturated liquid for
a long enough time. The results showed that ksensor changed only
slightly in the ranges of the gas velocity and liquid viscosity used in
this work. Thus, an average value of ksensor, Which was 0.1s~1, was
used for convenience. The CSTR model was used to determine ka.
Assuming that the liquid was perfectly mixed and oxygen accu-

mulation in the gas phase was negligible, the mass transfer rate
measured by the sensor was given by [41]:

Csensor _ 1

—kyast —k t
[ kiaq [ksensore ™57 ~ kyae ] 2
1 sensor —

where kja; was the volumetric mass transfer coefficient per unit
volume of liquid. The relationship between k;aq; and kja was:

kia

(1 — ag)
It should be pointed out that there was a difference between the
mass transfer rates in the riser and in the downcomer. The volu-
metric mass transfer coefficient measured in this work was a global
value of the whole reactor. Then kja was determined by fitting the
experimental curve to Egs. (5) and (6). The liquid-side mass transfer
coefficient was determined by:

(6)

k1(11 =

_kia

k1 = (7)
where a was the interfacial area, which was calculated using:

6ag
a= TS (8)

3. Results and discussion
3.1. Gas holdup

3.1.1. Global gas holdup

Fig. 2(a)-(c) shows the influence of Uz and CMC addition on
the gas holdups in the riser, downcomer and the overall reactor.
The value of Uy for flow regime transition was about 5 cm/s in the
air-water system, and decreased to about 4 cm/s in highly viscous
media. In the homogenous regime, the gas holdup increased lin-
early with Ug; while in the heterogeneous regime, the increase of
gas holdup slowed down due to bubble coalescence. These results
were in agreement with the study of Hwang and Cheng [42]. Fig. 2
also indicates that the gas holdup decreased with an increase in
CMC concentration. There were more large bubbles in the viscous
liquid. Large bubbles had a short residence time, thus led to a
decrease in the gas holdup [34]. It should be noted that the gas
holdups in 0.4 wt% and 0.45 wt% CMC solutions were quite similar
at Ug <6 cm/s. Similar phenomena were also found in the literature.
The study of Hwang and Cheng [42] showed that the gas holdup
in the downcomer in 0.8 wt% CMC solution was higher than that in
0.5 wt% CMC solution. The study of Fransolet et al. [36] showed that
the gas holdups were close in the 4 wt% and 5 wt% xanthan solu-
tions at Ug < 8 cm/s. The reason was two opposing folds: one was
that the bubble rise velocity decreased with an increase in liquid
viscosity, which led to a longer bubble residence time and a higher
gas holdup; the other was that the bubble rise velocity increased
with an increase in bubble diameter, which in turn increased with
an increase in liquid viscosity due to reduced bubble breakup. At
Ug <6cm/s, with an increase in liquid viscosity, the decrease in
gas holdup due to increased bubble diameter was counteracted
by the effect of decreased bubble velocity. Thus, the gas holdups
in 0.45 wt% were similar to that in 0.4 wt% CMC solution. While at
Ug > 6 cm/s, bubble coalescence and breakup became more inten-
sive, and the increase in bubble diameter caused by increased liquid
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Fig. 2. Effects of superficial gas velocity and CMC concentration on gas holdup (a)
riser; (b) downcomer; (c) overall.

viscosity was dominant. As a result, the gas holdup in 0.45 wt% CMC
solution was lower than that in 0.4 wt% solution. The gas holdups in
the riser and downcomer for water, 0.3 wt% and 0.45 wt% CMC solu-
tions are shown in Fig. 3. It was found that the difference between
gas holdups in the riser and downcomer increased with an increase
in CMC concentration. The increased CMC concentration (appar-
ent viscosity) led to an increase in the fraction of large bubbles
that passed through the riser without being entrained into the
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Fig. 3. Effect of CMC concentration on difference between gas holdups in riser and
downcomer.
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Fig. 4. Effect of CMC concentration on radial profile of gas holdup in riser.

downcomer. Thus, the gas holdup in the downcomer decreased and
the difference between gas holdups in the riser and downcomer
increased.

3.1.2. Local gas holdup

The influences of Uy and CMC concentration on the radial pro-
files of the gas holdup in the riser are shown in Fig. 4(a)-(c). The
radial profiles of the gas holdup were quite flat at a low Ug and
became much non-uniform at a high Ug. The radial profile of the
gas holdup was determined by the lateral forces on gas bubbles
exerted by the liquid flow. The lateral forces include the later lift
force, turbulent dispersion force, and wall lubrication force. It has
been reported that in a bubble column, bubbles larger than 5.8 mm
are exerted a negative lift force and migrate toward the reactor cen-
ter, while bubbles smaller than 5.8 mm are exterted a positive lift
force and migrate toward the reactor wall [43,44]. The turbulent
dispersion force is due to the gas holdup profile and flow turbu-
lence, and tends to smooth the radial profile of the gas holdup.
At Ug=2cm/s, the reactor was in the homogenous regime and
the bubble coalescence was negligible, thus the bubble size dis-
tribution was relatively narrow, with a smaller Sauter diameter.
In this regime, the radial profile of the gas holdup was significantly
affected by the gas distributor. While at Ug =8 cm/s, the reactor was
in the heterogeneous regime and bubble coalescence was frequent,
thus the bubble size distribution was wider and the Sauter diam-
eter was larger. The lift force acted on large bubbles forced them
to migrate toward the reactor center and when the lift force and
the turbulent dispersion force reached a balance, a parabolic pro-
file was formed. This analysis was also confirmed by the discussion
on the bubble size distribution in Section 3.2.1.
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Fig. 5. Effect of superficial gas velocity on bubble size distribution.

3.2. Bubble behavior

3.2.1. Bubble size

The bubble behavior was measured 2 m above the gas distribu-
tor, where the flow was fully developed. Bubble size distribution
is determined by the gas distributor, phase physical properties,
operating conditions, and reactor geometry [45,46]. Fig. 5(a)-(c)
show the influence of Ug on the bubble size distribution for water,
and 0.2 wt% and 0.4 wt% CMC solutions, respectively. The distribu-
tion was relatively narrow at a low Ug, and became wider with an
increase in Ug. These are in agreement with the results in the litera-
ture [47,48]. In the homogenous regime, gas holdup and turbulence
intensity were low, thus bubble breakup and coalescence were neg-
ligible, and the bubble size distribution was mainly determined
by the gas distributor and liquid properties. In the heterogeneous
regime, bubble breakup and coalescence were quite frequent. As
a result, a wider bubble distribution was obtained where bubble
breakup was balanced by bubble coalescence.

The influence of CMC concentration on the bubble size distri-
bution for three Ug is shown in Fig. 6. The bubble size distribution
increased with an increase in CMC concentration. For instance, at
Ug =2 cm/s, the bubble size ranged from 2.8 mm to 13 mm in the
air/water system; while bubbles larger than 18 mm appeared in the
0.45 wt% CMC solution. The increase in CMC concentration (liquid
viscosity) led to a decrease in turbulence intensity, which in turn
decreased the bubble breakup and coalescence. Further, the bubble
breakup was more sensitive to liquid viscosity than bubble coales-
cence, thus the bubble size distribution shifted to larger size with
an increase in CMC concentration. The researches on the bubble
coalescence show that there are three main mechanisms, namely
bubble coalescence due to turbulent eddies, different bubble rise
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Fig. 6. Effect of CMC concentration on bubble size distribution.

velocities and bubble wake entrainment [22]. The spherical cap
bubbles formed at Ug =2 cm/s were mainly due to the coalescence
due to different rise velocities. In addition, with the low turbulence
intensity due to low Ug and high liquid viscosity, bubble breakup
is very weak and these spherical cap bubbles could stably exist,
though with a few number.

The influence of Ug on the bubble Sauter diameters is shown
in Fig. 7. The bubble Sauter diameter slightly increased with an
increase in Ug, and significantly increased with an increase in CMC
concentration. Yoshimoto et al. [15] also found that bubble Sauter
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Fig. 7. Effects of superficial gas velocity and CMC concentration on Sauter diameter.
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Fig. 8. Effects of superficial gas velocity and CMC concentration on bubble velocity distribution.

diameter increased with an increase in liquid viscosity but was
approximately independent of Ug.

3.2.2. Bubble rise velocity

The bubble rise velocity affects the gas holdup and the residence
time of gas phase. With an increase in Ug, the bubble rise velocity
increased and its distribution became wider and bimodal distri-
butions emerged in a high Ug, or even emerged in a low Ug in a
highly viscous CMC solution, as shown in Fig. 8. The influence of
Ug on the bubble rise velocity in an airlift reactor was associated
with bubble wake effect. When the gas holdup increased with Uy,
the bubble number within a bubble swarm also increased, which
resulted in a decrease in the drag force and an increase in the bub-
ble rise velocity. On the other hand, an increased Ug enhanced flow
turbulence and bubble breakup and coalescence, and resulted in a
wider distribution of the bubble rise velocity. The two peaks of the
bimodal distributions mainly appeared at 0.5-0.75 m/s and 1.5 m/s,
which are corresponding to the small bubble (<10 mm) velocity
and spherical cap bubble velocity, respectively. It is noted that the
rise velocity of spherical cap bubbles was unchanged, in agree with
the research of Krishna and Ellenberger [49] that showed the rise
velocity of large bubble were not influence by liquid properties.
The bimodal distribution of bubble rise velocity appeared at a low
Ug in a highly viscous CMC solution, as shown in Fig. 8(d). This was
agreed with the data of bubble size distribution, which showed that
spherical cap bubbles emerged even at a low Ug in a higher CMC
concentration. In general, the bubble rise velocity was influenced by
the local gas holdup, bubble size and liquid velocity. A higher CMC
concentration led to bimodal distributions of the bubble size and
bubble rise velocity. Fig. 9 shows the influence of Ug and CMC con-
centration on the average bubble rise velocity. The average bubble

rise velocity increased with an increase in Ug and a decrease in CMC
concentration. It is noted that the bubble velocities in 0.45 wt% CMC
solution in the heterogeneous regime was almost unchanged. This
phenomenon can be interpreted as follows. The bubble rise veloc-
ity measured in this work was the absolute velocity, which was
the sum of the liquid velocity and bubble slip velocity. The bubble
velocity was more sensitive to liquid velocity because the varia-
tions of slip velocity for 2-10 mm bubbles were relative small. An
estimation of the variation of liquid velocity could be made from

1.6
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Fig. 9. Effects of superficial gas velocity and CMC concentration on average bubble

rise velocity.
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the difference of gas holdup in the riser and downcomer. Fig. 3
showed that the difference of gas holdup increased with increased
Ug in low CMC solutions, which indicated that the liquid velocity
increased with an increase in Ug. While in a high CMC solution,
the difference of gas holdup remained constant in the heteroge-
neous regime, which indicated that the liquid velocity remained
constant in the heterogeneous regime. Since the bubble velocity
was more sensitive to the liquid velocity, the bubble velocity was
almost unchanged in the heterogeneous regime in 0.45 wt% CMC
solution.

3.3. Mass transfer rate

3.3.1. Volumetric mass transfer coefficient

The effects of U and CMC concentration on kja are shown in
Fig. 10. The results show that kja increased with an increase in Ug
and a decrease in CMC concentration. In water or a CMC solution of
low concentration, kja showed different variations with Ug in dif-
ferent ranges, with a critical Ug of 5 cm/s. Above this critical Ug, the
increase of kja became less significant, which was considered as the
different mass transfer behaviors in the homogenous and hetero-
geneous regimes. While in a CMC solution of high concentration,
no clear transition was found for k;a. This was in agreement with
the results in the literature that the heterogeneous regime prevails
at a highly viscous liquid even at a low superficial gas velocity [50].

The gas-liquid mass transfer rate is closely related to the hydro-
dynamics, e.g., the variation of kja is similar to that of the gas holdup.
Letzel and Stankiewicz [51] reported that the ratio kja/og in the
nitrogen-water system was almost constant and was 0.5 1/s at dif-
ferent system pressures. Jordan and Schumpe [52] also reported
that kja/ag in the nitrogen-decalin system was almost indepen-
dent of Ug and gas density, and was 0.451/s. Vandu and Krishna
[25] reported that kja/ag in the air-water system was 0.48 1/s, and
was practically independent of the column diameter and Ug. These
results are interesting and significant, for they indicate a simple rule
that can be used to estimate k;a from the gas holdup. The measure-
ment of the gas holdup is much easier than that of k;a. However, this
simple correlation still needs more validation with various liquid
properties and with different reactor types. The variation of kja/ag
with Ug in this work is shown in Fig. 11. In the air-water system,
the value of kja/ag was almost independent of Ug and was 0.2 1/s.
This value was lower than that reported in the literature, which was
probably due to the different type and geometry of reactor used. The
reactor used in this work was a 5 m high internal airlift reactor. The
small bubbles recirculated in the reactor, and contributed signifi-
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Fig. 11. Variation of kja/og with Ug and CMC concentration.

cantly to gas holdup but insignificantly to mass transfer. This was
because the limited oxygen in these small bubbles can be rapidly
depleted in the riser and only small bubbles can enter the down-
comer. The volumetric mass transfer coefficient determined by the
CSTR model was based on the volume of the whole reactor, there-
fore kja and the value of kja/ayg in this work were much smaller
than that in the bubble column reported in the literature. With the
addition of CMC, the conditions became more complicated. In the
0.4 wt% CMC solution, kja/cg was about 0.16; and in the 0.45 wt%
CMC solution, this value was about 0.14. However, kja/ag was not
constant in the 0.2wt% and 0.3 wt% CMC solutions, but slightly
increased with an increase in Ug.

3.3.2. Interfacial area and liquid-side mass transfer coefficient

The interfacial area a calculated by Eq. (8) is shown in Fig. 12. In
general, a showed a similar variation to that of kaq, i.e., increased
with an increase in Ug and a decrease in CMC concentration. The
increase of a with Ug was more significant in the homogenous
regime than in the heterogeneous regime, especially at a low liquid
viscosity. Stegeman et al. [53] reported similar results in a bubble
column, and concluded that the flow regime had an important influ-
ence on the mode in which the operating parameters affected the
interfacial area.
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Fig. 12. Effects of superficial gas velocity and CMC concentration on gas-liquid
interfacial area.
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The variation of k; with Uz and CMC concentration is shown in
Fig. 13. In the air-water system, k; was only slightly affected by
Ug and was 2.2 x 10~4m/s in the heterogeneous regime. With the
addition of CMC, k; increased more significantly with increasing Ug,
exceptin the solution of 0.4 wt% CMC. For example, k; in the solution
of 0.2 wt% CMC increased from 1.2 x 104 to 2.8 x 10~4 m/s when
Ug increased from 2.0 cm/s to 12.0 cm/s. The effect of CMC solu-
tion on k is rather complex and no simple rule could be made.
Note that some data were intercrossed under the similar condi-
tions. This was caused by measurement error. Due to the limitation
of indirect measurement, the measurement uncertainties of inter-
facial area and liquid-side mass transfer coefficient were up to 20%.
Considering the measurement uncertainty, the estimation errors of
the liquid-side mass transfer coefficient are sometimes larger than
the variations with Us.

Different results on the influence of liquid viscosity and Ug on k;
have been reported in the literature. The study of Yoshimoto et al.
[15] showed that k; decreased with an increase in liquid viscosity,
while the study of Maalej et al. [54] showed that k| decreased for
low Ug and remain constant for high Ug. Yang et al. [55] reported
that both the interfacial area and mass transfer coefficient increased
with increasing superficial gas and liquid velocities. The complex
variation of k; was discussed as below. Vandu et al. [56] reported
that k; for large bubbles was practically independent of the super-
ficial gas velocity and had a value in the range of 0.002-0.003 m/s,
about 1 order of magnitude higher than the average k; in this
work. This higher k; value can be attributed to the frequent bub-
ble breakup and coalescence of large bubbles that enhance the
renewal of the gas-liquid interface. Thus with the addition of CMC,
the average k; may be estimated by:

k klargealarge + ksmallasmall
1=
jarge + Asmall

9)

where the subscripts “large” and “small” are for the large and small
bubbles. Eq. (9) indicates that k; depends on the bubble Sauter
diameter. Here it is assumed that the concentrations are the same
in large and small bubbles. Fig. 14 showed the effect of the bub-
ble Sauter diameter on k;. It can be seen that k; increased with
an increase in the bubble Sauter diameter for each solution, and
decreased with an increase in CMC concentration. The reason is
that bubble breakup and coalescence are more intensive for large
bubbles and low CMC concentrations. Thus, the complex influence
of CMC concentration on k; was a joint behavior of two opposing
folds. First, the flow turbulence decreased with an increase in CMC
concentration and led to a lower k;. Second, the number of large
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Fig. 14. Effect of bubble Sauter diameter on k.

bubbles which had a larger k) increased with an increase CMC con-
centration. However, for strict and quantitative discussion, further
study with more advanced measurement is needed.

4. Conclusions

The gas holdup, bubble behavior, interfacial area and gas-liquid
mass transfer in a 5m high internal-loop airlift reactor with non-
Newtonian fluid were studied. The effects of the superficial gas
velocity and CMC concentration on the global and local gas holdups,
bubble size distribution, bubble velocity, volumetric mass transfer
coefficient, interfacial area and liquid-side mass transfer coefficient
were obtained. The main conclusions were:

(1) Global gas holdup increased with an increase in superficial gas
velocity (Ug) and a decrease in CMC concentration. The radial
profile of the gas holdup in riser became more non-uniform
with an increase in the average gas holdup.

(2) The bubble size distribution became wider with a larger Sauter
diameter with an increase in Ug and CMC concentration. The
bubble rise velocity increased with an increase in Ug and CMC
concentration.

(3) The volumetric mass transfer coefficient increased with an
increase in Ug and a decrease in CMC concentration. The value
of kjajag was 0.2 1/s in the air-water system, and it depended
on Ug and CMC concentration in CMC solutions.

(4) The interfacial area increased with an increase in Ug and a
decrease in CMC concentration, and the flow regime had a sig-
nificant effect on the interfacial area. In the air-water system,
the liquid-side mass transfer coefficient (k;) was almost inde-
pendent of Ug; and was 2.2 x 10~4m/s in the heterogeneous
regime. In the CMC solutions, k; increased more significantly
with increasing Ug. No obvious trend was found for the influ-
ence of CMC concentration on kj.
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