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Abstract: In a pilot-scale internal loop airlift reactor with a height of 5.5 m and a main column
diameter of 0.484 m, the influence of three gas sparger structures (ladder distributor, tri-nozzle
sparger and perforated plate) on the volumetric mass transfer coefficient kLa was investigated. It was
found that the perforated plate produces the highest gas holdup difference and circulating liquid
velocity between the riser and the downcomer. The perforated plate provides the most efficient mass
transfer due to the more uniform gas distribution and higher circulating liquid velocity, followed by
the ladder distributor and tri-nozzle spargers. Compared with the tri-nozzle sparger, the perforated
plate increases the value of kLa by up to 16% at a superficial velocity of 0.15 m/s. Interestingly,
the analysis of the liquid-phase mass transfer coefficient kL and specific area a with respect to gas
velocity shows that the mass transfer rate is primarily controlled by a. By comparing the predictions
of different mass transfer models, the slip velocity model based on penetration theory yields a
satisfactory agreement with the experimental results within ±15% error. Meanwhile, empirical
correlations regarding gas holdup and kLa were developed and were found to have good consistency
with experimental values.

Keywords: internal loop airlift reactor; mass transfer; sparger; gas holdup; liquid circulation velocity

1. Introduction

Airlift reactors are extensively employed as multiphase reactors in biochemical, petro-
chemical and wastewater treatment industries due to their simple design, easy operation,
low power consumption, lack of moving parts and good heat and mass transfer rates [1,2].
Generally, the various airlift reactors can be broadly divided into two major classifications:
internal loop airlift reactors (ILAR) and external loop airlift reactors (ELAR). An ILAR is
actually a modified bubble column which is divided into two sections by a vertical baffle
or a concentric draft tube. The fluid density difference between the riser and downcomer
induces liquid circulation, which provides better gas–liquid mass transfer performance in
the ILAR [3].

The gas sparger is one of the most crucial internals of airlift reactors; it has a significant
influence on bubble flows and has been proven to directly affect the initial bubble size, gas
holdup distribution and mass transfer process. In recent decades, much research has been
undertaken in airlift reactors with various gas spargers, such as perforated plate, ladder
sparger, single orifice sparger, spider type sparger and O-ring sparger [4,5]. Naidoo et al. [6]
investigated the effects of sparger type on the gas holdup and mass transfer characteristics
in an ELAR, finding that the sparger design strongly affected the holdup and mass transfer
coefficient (kLa). They reported that the perforated plate sparger was the best design
and produced the best gas holdup and mass transfer results when compared with a pipe
sparger and a disk sparger. Wei et al. [7] measured the hydrodynamics and kLa in an ILAR
equipped with two gas spargers, concluding that the bioreactor using the membrane-tube
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sparger increased the values of gas holdup (by 4.9–48.8%), liquid circulation velocity (by
40.0–86.3%) and mass transfer coefficient (by 52.8–84.4%) in an air–water system compared
with the perforated plate sparger. Šijački et al. [8] conducted experiments to measure mass
transfer coefficient in an ILAR with three different gas spargers: single orifice, perforated
plate and sinter plate. They found that the sparger type had a marked influence on the
primary gas dispersion and kLa. Luo et al. [9] studied the influences of sparger design on
the hydrodynamics and kLa in an ILAR. They compared the performance of three types
of spargers (2-orifice nozzle, 4-orifice nozzle and O-ring sparger) and concluded that the
sparger with a smaller orifice diameter and larger number of orifices was more efficient
for gas–liquid mass transfer due to the smaller average bubble diameter generated by the
smaller size of the orifice.

Ham et al. [10] investigated the effect of three types of spargers (commercial fine sand
and coarse sand diffusers, and perforated diffusers with different orifice sizes) on bubble
hydrodynamics and mass transfer performance in bubble column and airlift reactors. The
results showed that a higher kLa was obtained from commercial fine sand and coarse
sand diffusers compared with other spargers due to their better bubble hydrodynamics.
Kojić et al. [11] studied the influences of adding alcohol and three spargers (single orifice,
perforated plate and sinter plate) on the gas holdup in an ELAR. It was found that the
sinter plate was the most efficient sparger, followed by the perforated plate and the single
orifice. Kojić et al. [12] also measured the kLa in an ELAR with inserted membrane with
two gas spargers (single orifice and sinter plate); the results showed that the higher kLa was
obtained from the sinter plate. Cao et al. [13] conducted experiments in a gas–liquid–(solid)
ELAR with four sparger types. A noticeable effect of the sparger designs on the gas holdup
and axial dispersion at the lower gas velocity and lower solid loading ranges (UG < 0.025
m/s and Cs < 2%) was found, while there was a slight effect at the higher gas velocity and
lower solid loading ranges.

Although many researchers state that the gas sparger design does influence gas holdup
and mass transfer in airlift reactors, there are also conflicting views in the literature. Snape
et al. [14] found that the sparger design had a significant influence on gas holdup and
liquid velocity only at low air flow rates, while the hydrodynamic parameters were mainly
affected by the liquid-phase properties at high air flow rates. Merchuk et al. [15] also found
that the sparger design affected mixing time only at low gas velocities in an ILAR, and
mixing time was practically independent of sparger and gas velocity at high gas velocities.
McClure et al. [16] reported that the oxygen transfer rate for four contactor designs (a bubble
column with three different spargers and an airlift reactor) increased with superficial gas
velocity (UG > 0.1 m/s), while the configuration had minimal impact.

In order to predict the kLa in airlift reactors, numerous correlations have been reported
in the literature. A few of them are given in Table 1. It can be seen that most equations
are based on empirical models, the kLa value being a function of some hydrodynamic
parameters, such as gas holdup and circulating liquid velocity.

Due to the importance and controversial views of the sparger design on the mass
transfer rate in airlift reactors, it is significant to investigate the influence of different gas
sparger structures on hydrodynamics and mass transfer efficiency. Therefore, the aim of
this paper is to systematically investigate the effect of three different types of spargers on
gas–liquid mass transfer characteristics and provide useful data for design and scaling
up of airlift reactors. Moreover, comparisons are made between the experimental results
and existing data for kLa values. Different mass transfer models are also examined and
empirical correlations regarding kLa and gas holdup are developed in this work.
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Table 1. Empirical correlations for kLa in literature.

Reference Equation Range of Application

Koide et al. [17] kLa = 0.477 DL
D2 (

µ
ρDL

)
0.5
(

gD2ρ
σ )

0.873
(

gD3ρ2

µ2 )0.257

(Di
D )
−0.542

ε1.36

Water;
3.69 × 102 ≤ (µ/ρDL) ≤ 5.68 × 104, 1.36 × 103 ≤

(gD2ρ/σ) ≤ 1.22 × 104, 2.27 × 108 ≤ (gD3ρ2/µ2) ≤
3.32 × 1011, 0.471 ≤ (Di/D) ≤ 0.743, 0.037 ≤ ε ≤

0.21,0 ≤ (Crk2/σ) ≤ 67.3;
Airlift loop reactor

Bello et al. [18] kLa = 0.76(1 + Ad
Ar
)
−2

UG
0.8

Water; aqueous salt solution (0.15 mol/L NaCl);
ILAR: Ad/Ar = 0.13, 0.35, 0.56;

ELAR: Ad/Ar = 0.11~0.69;
Bubble column

Chisti et al. [3] kLa = (1 + Ad
Ar
)
−1

(0.349− 0.102cS)UG
0.837±0.062

Water; aqueous salt solution;
0.026 m/s < UG < 0.21 m/s;
ELAR: Ad/Ar = 0.25, 0.44;

Freitas et al. [19] kLa = (−0.93UG
2 + 1.33UG − 0.012)(−0.0000016Cs

2

−0.00099Cs + 0.054)

ILAR, Water/low density solids
0 m/s < UG < 0. 5 m/s

0 < CS < 0.3

Albijanic’ et al. [20]
kLa = (0.28±

0.02)UG
0.77±0.02[1 + (− dσ

dCA
)

0.15±0.02
]
0.21±0.05 ILAR, aqueous alcohol solution

Chen et al. [21] kLa = 0.5535ε0.9121UG
−0.1315d32

−0.7536( H
D )

0.03973
0.01 m/s < UG < 0.085 m/s,
0 < Cs < 0.3, 1 < H/D < 12;

Bubble column

Mießner et al. [22] kLa = 0.2179 DL
H2 (

DL
HUB

)
−0.8117

ε0.5514(Di
D )

0.6356

(
µUB

σ )
−0.0467

(
gH
UB2 )

0.2475
( dB

H )
−0.5590

( Ur
UB

)
−0.1458

Airlift loop reactor

2. Experimental Apparatus and Methods

The experimental setup is shown schematically in Figure 1. The ILAR used in this
work was made of Plexiglas and consisted of a cylindrical column which was divided into
riser and downcomer zones. The inner diameter and height of the out column were 0.484
and 5.5 m, respectively. A concentric draft tube with an inner diameter of 0.34 m and a
length of 4 m was inserted in the column. The distance between the lower end of the draft
tube and the bottom of the main column was about 0.10 m. Three different gas spargers
(sketched in Figure 2) were employed in this work: a perforated plate, a ladder distributor
and a tri-nozzle sparger. The perforated plate was positioned at the bottom of the column,
while the other two spargers were settled inside the riser and just above the level of the
lower draft tube. Compressed air was introduced into the riser through the gas spargers.
The gas velocities were controlled by a rotameter, and varied from 2 to 18 cm/s based on
the riser cross-section. Tap water was employed as the liquid phase and the initial liquid
height was maintained at 4.5 m before each experiment. All experiments were performed
under ambient conditions (25 °C, 0.1 MPa).
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Figure 1. Schematic diagram of the experimental apparatus.

Figure 2. Schematic diagram of the three gas spargers.

The local gas holdup and bubble size were measured with a BVW2 conductivity probe
developed by the Institute of Process Engineering at the Chinese Academy of Sciences
(Beijing, China). The measurement principle was based on the difference in local electrical
conductivity between the gas–liquid two-phase flow. The signals from two conductiv-
ity probes were recorded simultaneously and transformed to obtain the corresponding
bubble parameters. The liquid circulation velocity was determined using the Pavlov tube
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method [23]. The pressure difference signal obtained by the Pavlov tube was converted
into liquid circulating velocity based on the following equation:

UL = (
n1

∑
i=1

√
2∆Pi

ρL
−

n

∑
i=n1+1

√
2(−∆Pi)

ρL
)/n (1)

where n indicates the total number of data points, and n1 is the number of positive values.
The kLa was determined by the deoxygenation and reoxygenation method, in which the

oxygen is removed by means of the classical sodium sulfite oxidation method [24,25]. In this
method, the sulfite anions are oxidized by dissolved oxygen based on the following equation:

O2 + 2SO3
2− Co2+
→ 2SO4

2− (2)

Before each experiment, the dissolved oxygen present in the water tank was firstly
removed by adding the adequate amount of Na2SO3 and CoSO4 until the dissolved oxygen
concentration reached practically zero. Next, water was introduced into the ILAR via a
centrifugal pump. Fresh air was then sparged into the riser while the dissolved oxygen
concentration was simultaneously monitored with two dissolved oxygen sensor probes.
As dissolved oxygen continues to increase in the liquid phase, the variation of oxygen
concentration with time can be described as

dC
dt

= kLa(C ∗ −C) (3)

where C * and C are the oxygen saturation concentration and instantaneous concentration of
dissolved oxygen in the water, respectively. In its integral form, the above equation becomes

C(t) = C ∗ [1− e−kLa(t−t0)] (4)

Considering the dissolved oxygen sensor has a certain response time, the delay it
creates needs to be considered and described by ksensor [26]:

dCsensor(t)
dt

= ksensor(C(t)− Csensor(t)) (5)

The value of ksensor measured in this work was 0.1 s−1. From the above two equations,
the following expression can easily be obtained

Csensor(t)
C∗ = 1− 1

ksensor − kLa
[ksensore−kLat − kLae−ksensort] (6)

Based on the measured concentration of Csensor(t), the kLa value can be obtained using
the linear regression method. Figure 3 shows some typical sensor dynamic responses
operating under different gas flow rates with the perforated plate as gas sparger in the
ILAR.
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Figure 3. Dissolved oxygen concentration curves for the perforated plate at different gas velocities.

3. Results and Discussion
3.1. Gas Holdup

The gas holdup, which determines the gas–liquid interfacial area and mass transfer
rate, is a significant hydrodynamic parameter for airlift reactors. The influence of gas flow
rates on the ILAR gas holdup at a fixed axial location (H/D = 5) is illustrated in Figure 4.
It is shown that the gas holdup increases with the increase in gas velocity with different
spargers. The values of gas holdup for all three spargers are almost the same in the riser, but
not in the downcomer, and the higher the gas velocity, the more obvious the gap between
them. This is due to the uniform distribution and small size of bubbles generated by the
perforated plate.

Figure 4. Gas holdup in: (a) riser and (b) downcomer.

Based on the work of Lu et al. [27], it is known that the slope change of gas holdup
indicates there is a flow regime transition in airlift reactors. The fluid flow behavior, as
well as mass transfer characteristics of the gas–liquid system, are very different in the two
regimes, and thus it is necessary to identify the regime transition for the operation and
optimization of the ILAR. From Figure 4a,b, it is clear that the slope of gas holdup curves,
whether in the riser or downcomer, changes at about UG = 0.08 m/s. For example, in the
riser region, the slopes of gas holdup for the three spargers are all greater than 1 before UG
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= 0.08 m/s, while less than 0.7 after UG = 0.08 m/s. Therefore, it can be concluded that the
flow-regime transition point in the ILAR is possibly at around UG = 0.08 m/s.

In most empirical correlations regarding gas holdup, it is generally considered that
the relationship between gas holdup and the superficial gas velocity is as follows:

ε = αUG
β (7)

where α is related to the properties of the system and structure of the reactor. The empirical
correlations with respect to riser gas holdup for the three spargers are obtained by fitting
experimental data, represented in Table 2.

Table 2. Empirical correlations regarding riser gas holdup of the three spargers.

Sparger Type Correlation Correlation Coefficient

Perforated plate ε = 0.76UG
0.66 R2 = 0.97

Ladder distributor ε= 0.83UG
0.72 R2 = 0.99

Tri-nozzle sparger ε= 0.64UG
0.57 R2 = 0.97

3.2. Circulating Liquid Velocity

Figure 5 indicates the effect of gas velocity on the circulating liquid velocity for the
three spargers in the downcomer, at a height of 3 m. It can be observed that the circulating
liquid velocity for all three spargers increases approximately linearly with the superficial
gas velocity. The ladder distributor has nearly the same circulation velocity as the tri-nozzle
sparger. However, the perforated plate produces the highest circulation velocity, which
is about 60% higher than that of the other two spargers. The result indicates that the
perforated plate is more competitive than the other two spargers in the field of circulating
liquid velocity. Figure 6 shows the gas holdup difference between the riser and downcomer.
Its trend is basically similar to the liquid circulation velocity in the downcomer because
the difference in gas holdup between the riser and downcomer is the main driving force of
liquid circulation.

Figure 5. Liquid circulation velocity with superficial gas velocity in the downcomer.
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Figure 6. Gas holdup differences between the riser and downcomer.

3.3. Mass Transfer Coefficient

The local kLa is a key parameter for the development and scaling up of airlift reactors.
A comparison of measured kLa values for this experiment with results reported from the
literature studies [8,28–33] is presented in Figure 7.

Figure 7. Comparison of kLa experimental results and some data from the literature.

It is clear that the experimental values of kLa are almost identical to those reported by
Han et al., Fadavi et al., Shimizu et al. and Choi [29,31–33] at the lower gas flow rates. It is
also interesting that the experimental values are very close to those reported by Choi [33]
at higher gas velocities. However, most previous studies are often limited to relatively low
gas velocities, usually no more than 0.1 m/s, while this study focuses on the higher gas
velocities, which are closer to industrial conditions.
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3.3.1. Influence of Gas Velocity

Figure 8 demonstrates that the value of kLa increases with increasing gas flow rate. A
linear relationship between kLa and superficial gas velocity is found at the lower gas flow
rate. Nevertheless, the slope of the kLa curve decreases when UG > 0.08 m/s, and the three
types of spargers have different degrees of decrease in the slope, in which the tri-nozzle
sparger decreases the most. As discussed previously, flow regime variation also occurs
at about 0.08 m/s. Therefore, both the flow regime transition and sparger structure can,
together, affect kLa values. In the heterogeneous flow regime, although the riser gas holdup
increases almost linearly with gas rate, the corresponding specific interfacial area does not
increase linearly. This is the reason the slope of the kLa curves decreases at high gas rates.

Figure 8. Effect of gas velocity on kLa values at different axial positions in downcomer with three
spargers: (a) Perforated plate, (b) Ladder distributor, (c) Tri-nozzle sparger.

3.3.2. Influence of Axial and Radial Positions

Surprisingly, the measured kLa values at different axial positions (H/D = 3 and 7) for the
same sparger are nearly identical, whether the sampling position in the riser or the downcomer,
as shown in Figure 8. It can also be observed that the difference between the two positions is
within 5%. In other words, the axial position in the riser or downcomer shows little effect on
kLa, and the gas–liquid mass transfer behavior is very uniform in the same region. This fully
reflects the prominent advantages of sufficient mixing and good mass transfer in the ILAR.
As shown in Figure 9, it can be seen that the kLa value in the riser is a little higher than that
in the downcomer at the same axial height. The result is in agreement with that reported by
Huang et al. [30]. This is due to the fact that gas is introduced into the center region and gas
bubbles are mainly confined within the draft tube.

Figure 9. Effect of radial positions on kLa values at H/D of 3 with three spargers: (a) Perforated plate,
(b) Ladder distributor, (c) Tri-nozzle sparger.
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3.3.3. Influence of Sparger Structure

Figure 10 compares the effect of three types of spargers on kLa values. It can be
seen that the perforated plate provides the largest average value of kLa in the riser, fol-
lowed by the ladder distributor and tri-nozzle sparger. In the downcomer, the trend is
basically consistent with the riser. The value of kLa for the perforated plate is about 16%
higher than that for the tri-nozzle sparger at UG = 0.15 m/s, regardless of the riser and
the downcomer. This may be owing to the more uniform gas distribution and higher
circulating liquid velocity provided by the perforated plate. In addition, it can be seen from
Figure 10 that the kLa curve for the tri-nozzle sparger has the more obvious turning point at
UG = 0.08 m/s, especially in the downcomer. It can be concluded that the tri-nozzle sparger
is more sensitive to the flow regime transition, and a better sparger design can offset the
negative effects of the flow regime transition to some extent. Therefore, the design of the
gas sparger should be emphatically considered during the development of an ILAR.

Figure 10. Effect of sparger types on kLa values in: (a) riser and (b) downcomer.

3.3.4. Modeling for kLa

In general, kLa values are dependent on the liquid film mass transfer coefficient kL, and
the mass transfer area, a. The value of kL is primarily dominated by liquid film thickness,
while the value of a is mainly concerned with the gas holdup and average bubble size,
which can be obtained by the following equation:

a = 6
ε

dB
(8)

where ε represents the gas holdup and dB is the average bubble diameter.
Figure 11 shows comparisons of the experimental data of kLa with calculated values

by different mass transfer models [17,22,34]. The slip velocity model based on penetration
theory yields a good agreement with the experiment results. The predicted values obtained
from the empirical correlation proposed by Koide et al. [17] are consistent with experimental
values only at lower superficial gas velocity. The predicted values obtained from the
Rigid cell model and the empirical model proposed by Mießner et al. [22] are lower than
the experimental results. This suggests that few empirical correlations have universal
applicability in reactors with different structures.
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Figure 11. Comparison of experimental results with predicted values from various kLa models.

Figure 12 compares the experimental data and calculated values obtained from the
slip velocity model for different gas spargers. It shows that the experimental and calculated
values for the kLa exhibit a good fit under different operating conditions, with an error
less than ±15%. Therefore, the slip velocity model can be applied to estimate the local
volumetric mass transfer coefficient in a pilot-scale ILAR.

Figure 12. The experimental data vs. predicted kLa values obtained from the slip velocity model.

The variations of kL and a with gas velocity are depicted in Figure 13a,b, respectively.
It can be seen that the kL value barely changes with superficial gas velocity, regardless of
the sparger used, while the specific area a increases rapidly with the increasing gas velocity.
This demonstrates that the local kLa is mainly determined by a. It can also be found from
Figure 13b that the mass transfer area increases rapidly with the gas velocity at the lower
gas flow rate. For instance, the specific interfacial area increases from 40 to 90 m2/m3 for
the tri-nozzle sparger when the superficial gas velocity varies from 0.03 to 0.06 m/s. Yet, at
the higher gas flow rate, the slope of the mass transfer area with respect to the superficial
gas velocity is markedly suppressed in the heterogeneous regime. This finding coincides
with the slope changes of the kLa curves shown in Figure 8. It is concluded that the change
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of kLa values is mainly determined by a. Therefore, in the design and scaling up of the
ILAR, the gas sparger which can generate a larger gas–liquid interfacial area will enhance
mass transfer efficiency.

Figure 13. Calculated values of (a) kL and (b) a.

From the above discussion, it is clear that the value of kLa may be described as a power
function of gas velocity. Hence, the empirical correlations regarding kLa under different
conditions are established in this investigation, as detailed in Table 3.

Table 3. Empirical correlations for kLa of three spargers.

Sparger Type Correlation Correlation Coefficient

Perforated plate kLa = 0.28UG
0.75 R2 = 0.97

Ladder distributor kLa = 0.26UG
0.73 R2 = 0.96

Tri-nozzle sparger kLa = 0.25UG
0.75 R2 = 0.96

4. Conclusions

In this work, the effects of three types of spargers on gas holdup, circulating liquid
velocity and mass transfer behavior in a pilot-scale ILAR have been investigated. Firstly,
the results show that the gas holdups for all three spargers are nearly the same at different
gas velocities in the riser, but in the downcomer, the perforated plate produces the lowest
gas holdup compared with the other two spargers. Based on the changes in the slope
of the gas holdup profiles, the flow regime transition point of the ILAR is obtained at a
gas velocity of about 0.08 m/s. It was also found that the perforated plate provides the
highest circulation velocity, which is about 60% higher than those of the other two spargers.
Therefore, the perforated plate is more competitive than the other two spargers in terms of
circulating liquid velocity. Secondly, the kLa values measured at each position in the ILAR
increase with the increase in superficial gas velocity. It was found that kLa values in the
riser and downcomer are practically independent of the axial height. By comparing the
effect of three spargers on kLa values, it can be found that the perforated plate produces the
best value of kLa due to the more uniform gas distribution and higher circulating liquid
velocity, while the tri-nozzle sparger provides the lowest kLa value due to more intensive
gas distribution and lower liquid circulation velocity. Furthermore, the kLa value for the
perforated plate is about 16% higher than that for the tri-nozzle sparger at a gas velocity of
0.15 m/s. Finally, through the analysis of kL and a, respectively, it can be concluded that a
plays a key role in determining the value of kLa. In addition, by comparing different mass
transfer models, it is known that the slip velocity model gives good agreement between
the predicted and experimental results, with an error under ±15%. Empirical correlations
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regarding the kLa and gas holdup were also developed and found to have good consistency
with the experimental results.
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Nomenclature

symbol description
a mass transfer area, m−1

Ad downcomer cross-sectional area, m2

Ar riser cross-sectional area, m2

C liquid oxygen concentration, kg m−3

C* saturation dissolved oxygen concentration, kg m−3

CA concentration of alcohol, wt.%
Csensor oxygen concentration indicated by sensor, kg m−3

D inner diameter of column, m
d32 Sauter mean bubble diameter, m
dB mean bubble diameter, m
Di riser diameter, m
DL liquid-phase diffusivity of dissolved oxygen, m2 s−1

g gravitational constant, m s−2

H height, m
kL liquid film mass transfer coefficient, m s−1

kLa volumetric mass transfer coefficient, s−1

ksensor sensor response constant, s−1

n total number of data points collected
P pressure, Pa
t time, s
UB bubble velocity, m s−1

UG superficial gas velocity, m s−1

UL circulating liquid velocity, m s−1

Ur relative velocity of bubbles and liquid, m s−1

Greek letters
vL kinematic liquid viscosity, m2 s−1

ε gas holdup, dimensionless
µL liquid viscosity, Pa s
ρL liquid density, kg m−3

σ surface tension, N m−1

Subscripts
d downcomer
G gas
L liquid
r riser
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