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bstract

The distribution of gas holdup, the rise velocity of gas bubble swarm and the Sauter mean bubble size are estimated with a small diameter
aboratory scale bubble column using electrical resistance tomography (ERT). The theory of gas disengagement based on ERT methods has been
eveloped for estimations of bubble size and bubble rise velocity. The gas holdups of large bubble swarm and small bubble swarm, the distribution

f both bubble size are derived through the analysis of gas disengagement based on the differences of the rise velocity of bubble swarm at the
ross-section imaged by electrical resistance tomography. Experimental results are in very good agreement with correlations and conventional
stimation obtained using pressure transmitter methods. The proposed methodology can be also used as an analysis tool for quantifying and
ptimizing the performance of other types of complex reaction systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Bubble columns are widely used as gas–liquid contacting
evices due to their ease of operation and ability to enable good
as/liquid mixing and high heat transfer rates in a controlled
anner [1]. However, the sophisticated industrial applications

emand deep knowledge of the fundamental behavior of such
ystems in order to improve process efficiency [2].

Bubbles swarm characters, such as gas holdup, bubble size
nd bubble rise velocity, affect the specific gas–liquid interfacial
rea, resident time distribution, transfer rates and reaction rates
n chemical processes. Therefore, the bubble behavior plays an
mportant role in designing and scaling-up the bubble column
eactors. In order to determine the specific gas–liquid interfacial
rea, an accurate measurement on bubble size distribution is
equired. The technique of dynamic gas disengagement (DGD)
s very widely adopted method to study gas holdup, bubble size
nd bubble rise velocity. The technique was firstly introduced by
riram and Mann [3], based on the disengagement-rates of the

as holdup and level of gas–liquid dispersion after the gas flow
o the bubble column was shut off. Several researches further
eveloped the method to understand the complex mechanisms
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f hydrodynamics. Krishna et al. [4] and Maretto and Krishna [5]
ound that bubbles were divided into two sorts of large bubbles
nd small bubbles according to the rise velocity of the bubbles
nd the different sizes of the bubbles resulted in the different
ynamic characteristics during the bubbles rose in the column.
hetty et al. [6] studied the back-mixing in the bubble column
sing a two-bubble class hydrodynamic model, and their calcu-
ated results were in good agreement with the experimental data.
atel et al. [7] measured the size of the bubble using both photog-
aphy technique and dynamic gas disengagement method, whose
esults showed that systems having similar physical properties
ad vastly different gas holdups and bubble size distributions.

Electrical resistance tomography (ERT) has been introduced
nd used in various industrial investigations for visualization of
he concentration profiles and characteristics of the fluid dynam-
cs in gas–liquid two-phase systems [8–10]. Many investigations
ave been carried out using electrical resistance tomography in
ubble columns. Fransolet et al. [11,12] studied the gas holdup
nd the qualitative diagnosis of sparger functioning in a bubble
olumn. Meanwhile, the effect of theological properties of the
iquid on gas holdup using ERT and DGD have been presented.

ang et al. [13] developed a new method for identification of

ow in a bubble column using electrical resistance tomography.
oye et al. [14] examined the potentialities of an electrical resis-

ance tomography device, and found that variable gas flow rate
etermined the time resolution of the ERT in a bubble column.

mailto:jinhaibo@bipt.edu.cn
dx.doi.org/10.1016/j.cej.2006.08.032
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Nomenclature

db bubble diameter (mm)
ds Sauter mean bubble size (mm)
DT column diameter (m)
g gravitational constant (m s−2)
H vertical distance above the gas distributor (m)
H1, H2 the ERT sensing planes 1 and 2 vertical distance

above the gas distributor (m)
t time (s)
ub bubble rise velocity (cm s−1)
ūb mean bubble rise velocity (cm s−1)
ug gas superficial velocity (cm s−1)
uL liquid phase velocity (cm s−1)

Greek letters
εg gas holdup
μL liquid viscosity (Pa s)
νL liquid kinematic viscosity (m2 s−1)
ρg gas density (kg m−3)
ρL liquid density (kg m−3)
σmc the local mixture conductivity (mS cm−1)
σL surface tension (N m−1)
σ the conductivity of the first phase (mS cm−1)
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σ2 the conductivity of the second phase (mS cm−1)

in et al. [15] presented the effect of sparger geometry on gas
ubble flow behaviors in a small bubble column using electri-
al resistance tomography. Electrical resistance tomography is
fast imaging technique but with low spatial resolution, which

stimates the gas holdup based on boundary voltage measure-
ents. The aim of this study is to develop a new method for

stimating the bubble rise velocity and bubble size based on the
lectrical resistance tomography coupled with dynamic gas dis-
ngagement methods. Meanwhile, results compared with those
btained from conventional pressure transmitter and correlation
ethods are also reported in the paper.

. Theory

.1. Dynamic gas disengagement for ERT

Daly et al. presented a detailed discussion on the theory of the
ynamic gas disengagement technique [16]. The principle was
ased on the disengagement-rates of the gas holdup and level
f gas–liquid dispersion after the gas flow to the bubble column
as shut off. In their model, bubbles in bubble column can be
ivided into a multi-modal distribution shown in Fig. 1(a). It
hould be pointed out that the distribution is not been really dis-
ricted among the inter-bubbles and is only used for the aim of
nalysis. The initial state of dispersion is depicted in Fig. 1(b),

hereas, i = 1 corresponds to the first period of disengagement

‘larger’ bubble engagement process). The periods of disengage-
ent after the gas flow to the bubble column is shut off can be

ivided up to N (whereas i = N corresponds to the last period

p
m
v
b
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‘smaller’ bubble engagement process). Four points of the basic
ssumptions in the analysis were given as: (1) the dispersion
s axially homogeneous at t = 0 (at the time of shut off the gas
ow); (2) there is no bubble interaction; (3) a constant rate of
isengagement process; (4) the bubble rise velocity, ub,i, is a
onstant across the sectional area.

Fig. 2 shows the transient gas holdup, εg, which was obtained
sing ERT. Through Maxwell’s relationship between the tran-
ient conductivity values and time, the disengagement profiles
re plotted as holdup (εg) versus time (t) in Fig. 2(a). Meanwhile,
he visualization of inner flow is interpolated from a sequence of
as holdups based on images of ERT at each periods as shown
ig. 2(b).

.2. Gas holdup

Using the conductivity data obtained from ERT, the transient
as volume fraction (εg,i) can be determined by applying the
axwell relationship [17]:

g,i = 2σ1 + σ2 − 2σmc − σmcσ2/σ1

σmc − σ2/σ1 + 2(σ1 − σ2)
(1)

here σ1 is the conductivity of the first phase, σ2 the conductiv-
ty of the second phased, and σmc is the (measured) mixture con-
uctivity. If the second phase is assumed to be non-conductive
aterial, such as air in this study, the above equation can be

implified as

g,i = 2σ1 − 2σmc

2σ1 + σmc
(2)

he conductivity of the first phase (σ1) can be measured exper-
mentally using a conductivity meter. The local mixture con-
uctivity (σmc) is approximately obtained using the mean value
veraged from the ERT conductivity image (strictly, the Maxwell
elationship is only valid for spherical particles with the same
ize in a low concentration and homogeneous distribution).

Following the dynamic gas disengagement technique, the gas
oldup in a certain volume (e.g. for a volume with a height of

in a bubble column) within an accumulative period can be
etermined by Eq. (3) (H is referred as H1 and H2 in respect
o the ERT sensing planes 1 and 2 in the later section of the
aper), where m refers to the period of disengagement and N is
he completion period of disengagement (Fig. 1):

g =
N∑

i=m

εg,i (m = 1, 2 , . . . N) (3)

Fig. 3 shows the theoretical explanation and the experimental
ketch concerning Eq. (3). From Fig. 3, the plot of DGD using
RT can be divided different regions (N = 5), which denote dif-

erent gas bubbles size, and the disengagement time from t1 to
5 can be obtained. Therefore, the gas holdup and the disen-
agement time for different bubble classes are two importance

arameters in the design and scale-up of bubble columns. So the
odel satisfactorily describes these experimental data and pro-

ides a rational framework to predict the gas-phase behaviors in
ubble column reactors.
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Fig. 1. Gas–liquid disengagement processes.
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Fig. 2. (a) The bubble disengagement profiles. (b)

.3. Sauter bubble size and mean rise velocity

The bubble diameter and gas holdups are two vital factors
ith respect to the mass transfer area available in the reactor.
he estimation method of bubble rise velocity and bubble size
sing pressure measurements have been detailed elsewhere [18].
he bubble size in the range of this study can be empirically
stimated using Eqs. (4) and (5) [19,20], where ds is the Sauter
ean bubble size; DT the column diameter; ρL the liquid density;

g the gas density; σL the surface tension; νL the liquid kinematic
iscosity; μL the liquid viscosity, ug the gas superficial velocity
nd g is the gravitational constant:
ds

DT
= 26

(
D2

TgρL

σL

)−0.5(
gD3

T

ν2
L

)−0.12(
ug√
gDT

)−0.12

(4)

ig. 3. The experimental sketch using the theoretical analysis (ug = 10.1 cm s−1).
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lization of inner flow (ug = 3.4 cm s−1) using ERT.

gρLd2
s

σL
= 38.8

(
ugμL

σL

)−0.04
(

σ3
LρL

gμ4
L

)−0.12(
ρL

ρg

)0.22

(5)

Another method is developed based on the measurement
btained from ERT to estimate both the Sauter bubble size and
ean rise velocity. First, we recorded the gas holdup (Eq. (3))

nd the bubble rising time for disengagement period of different
ubble classes. For example, the rising time for ‘larger’ bubbles
s t1 and similarly, the rising time for ‘smaller’ bubbles is tN
refer to Fig. 4). The vertical distance above the gas distributor
s H (H1 for sensing plane 1 and H2 for sensing plane 2 are
eferred in the later section). So the rise velocity of bubbles in
ifferent classes is estimated as below

b,i = H

ti
(i = 1, 2 , . . . N) (6)

here ub,i is the rise velocity, H the vertical distance above the
as distributor and ti is the bubble rising time for disengagement
eriod of different classes bubble swarm.

With the bubble rise velocity derived by Eq. (6), the bubble
izes can be estimated by using appropriate correlation. The cor-
elation given by Ref. [21] is used to estimate the small diameter
ubbles (db < 0.15 cm) (Eq. (7)), where Vb is the volume of the
ubble:

1
(

6ρLg
)1/3

1/3 −1

b =

4 πμL
Vb (for db < 0.15 cm s ) (7)

he rise velocity of large diameter bubbles in a low-viscosity
edia was described by Mendelson for the bubble size region
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Fig. 5 shows that a comparison of using both the pressure
method and ERT method to estimate the average gas holdup as a
function of superficial gas velocity in the column, for two type of
sparger, sieve-plate 1 and sieve-plate 2. The agreement between
Fig. 4. The experimental setup.

rom 0.2 to 8 cm (Eq. (8)) [22]:

b=
√(

2μL

dbρL

)
+ 0.5dbg (for db ≥ 0.2 cm, ub > 25 cm s−1)

(8)

Finally, the Sauter mean bubble size and mean rise velocity
an be expressed as

s =
∑N

i=1εg,i∑N
i=1εg,i/db,i

(9)

¯ b =
∑N

i=1εg,iub,i

εg
(10)

.4. The rise velocity of bubble swarm

The bubble residence-time depends on the rise velocity of
ubbles. The mean rise velocity of gas bubble swarm is a func-
ion of gas velocity on the basis of the drift-flux modal [23],
hich is given by
¯ b = ug

εg
− uL

1 − εg
(11)

In this study, the liquid is operated in the batch wise, therefore,
he liquid superficial velocity, uL = 0.

F
i

Journal 130 (2007) 179–185

. Experimental

Experiments were performed using a small diameter Perspex
xperimental column of 1.2 m in height and 0.056 m in diameter
Fig. 4). A thermometer (Pt100) was used to provide a continu-
us monitoring of the water temperature. A pressure transducer
as fitted into the inner wall of the column with 0.228 m above

he air distributor, which was used to measure the local gage pres-
ure in the up-column. Two rings of ERT sensors, each composed
f 16 rectangular electrodes, were mounted in the inner wall of
he column in a non-invasive fashion. The electrodes were made
f stainless steel with a contact area of 6 mm (w) × 14 mm (h).
he bottom ERT sensor ring was located 0.131 m above the air
istributor. The details of the column configuration are shown
n Fig. 4.

Air as the gas phase was injected into the column that filled
ith the mains tap water. No conductivity–temperature compen-

ation was applied since the water temperature was monitored
nd maintained as about 22 ◦C throughout the experiment. Two
ypes of perforated distributor with 0.003 in. thickness consist-
ng of five holes in 1 mm diameter or in 3 mm diameter, which
ere arranged with an equilateral triangular pitch of 14 mm,
ere used as the sparger. These will be referred to as sieve-plate
and sieve-plate 2, respectively.
A commercially electrical resistance tomography system

P2000, Industrial Tomography System Ltd., Manchester,
K) was used for data collection. The data collection rate
as 9.5 frames s−1 with an excitation signal frequency of
8.4 kHz.

. Results and discussion

.1. The comparison of using both pressure method and
lectrical resistance tomography
ig. 5. Comparison of average gas holdup as a function of gas superficial veloc-
ty.
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Fig. 6. The gas holdup distribution images.

esults obtained by two methods is generally very good. There

as a tendency ERT to predict slightly larger holdups. The slight
iscrepancy is likely to be the error of different measurement
rinciples. It explains that the open area of hole will slightly
ffect the gas residence time and the gas distribution.

4

o

Fig. 7. The holdups distribution of large bu
Journal 130 (2007) 179–185 183

.2. The radial distribution of holdups

The image processed from data obtained by ERT can pro-
ide the cross-sectional time-averaged gas holdup distribution
t a given height. Fig. 6 shows the cross-sectional gas holdups,
n color scale, of the water–air system for different superficial
as velocities. The different color regions represent gas holdups
anging from the high concentration (in blue) to low (in red).
t can be seen from Fig. 6 that the higher gas concentrations at
he center of lower level plane (plane 1). Further up the column
plane 2), the gas has spread radically. However, with an increase
f superficial gas velocity, the color scale in the center region
xchange constantly, namely there is a maximum holdup in the
enter of cross-section.

.3. Holdups distribution of large bubble swarm and small
ubble swarm

Fig. 7 shows the holdups distribution of large bubble swarm
nd small bubble swarm using both ERT method and pressure
ethod. From Fig. 7, the values obtained from both methods

re very closed. Both holdups of large bubbles and small bub-
les increase with increasing superficial gas velocity in Fig. 7,
hich is in agreement with the experimental data reported by
rishna and Ellenberger [24] and Jin et al. [18]. The coalescence
f bubbles increases with increasing superficial gas velocity,
hich in turn increases the holdup of large bubbles and slightly

ncreases the holdup of small bubbles in comparison with an
ncrease of overall gas holdup. But there is the holdup fraction
f large bubble in gas velocity below 5 cm s−1, which is similar
o information reported in literature [23]. This possible explana-
ion could be that the trend of gas bubble random collisions in a
mall diameter bubble column take place easily. Such collisions
an lead to coalescence of the bubbles resulting in changes to the
ean size and the size distribution of the bubbles while rising

p through the column.
.4. Rise velocity of bubble swarm

Using ERT, the mean rise velocities of bubble swarm (based
n Eq. (6)) are calculated and shown in Fig. 8. Meanwhile, Eq.

bble swarm and small bubble swarm.
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Fig. 8. The mean rise velocity of bubble swarm using ERT.

11) is adopted to calculate the mean bubble rise velocity in
rder to verify the method of ERT. The experimental values are
n good agreement with the values using DGD of pressure trans-

itter. However, when ug > 10 cm s−1, there are some errors.
he reason can be explained as the flow regime changed to the
lug regime [23] and the application of this method to measure
he rise velocity of bubble in slug regime is not accurate.

.5. Sauter mean bubble size

The Sauter mean bubble size estimated by Eqs. (4), (5) and
9) are shown Fig. 6. From Fig. 6, the values obtained from
GD using ERT are in good agreement with the ones using
ressure transmitter. In order to verify the method, Eqs. (4) and
5) are adopted to estimate the values in the range of this study
s shown Fig. 6. When ug < 10 cm s−1, the value obtained Eq.
6) in good agreement with our experimental values, but there
re some errors with the value derived from Eq. (3). The rea-
on can be explained as the Akita and Yoshida’s correlation can

nly be used for gas feeding through single holes or pipes. When
g > 10 cm s−1, the experimental value is smaller than the val-
es derived from Eqs. (4) and (5). Meanwhile, this can also be
nterpreted as due to the operation in the slug regime (Fig. 9).

Fig. 9. The Sauter mean bubble size.
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. Conclusions

The disengagement measure gives the integral gas content as
function of time and provides a great detail of information. As
ifferent-sized bubbles at different speeds pass through the col-
mn, the disengagement technique reveals information on these
spects of bubble size distribution and rise velocity. These results
re in agreement with data reported in the literature. The disen-
agement technique based on ERT measurement is a suitable
pproach for detecting the bubble behaviors in bubble columns.
sing the theory and methods developed in the paper the Sauter
ean bubble size and bubble rise velocity in a bubble column

an be quantified. For obtaining accurate value of bubble char-
cteristics, care in the use of ERT should be taken to ensure that
xperimental measurements are congruent with requirements for
ppropriate sampling frequency and noise levels. Further study
n a large-scale bubble column is proposed to verify the pro-
osed method of DGD using ERT at industrial scale.

The results demonstrate ERT can be used as an online moni-
oring tool to provide very useful information for diagnosing of
he ‘inside’ flow behavior of bubble column reaction.
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