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Abstract

Measurements of liquid velocities and liquid mixing have been performed in three di8erent bubble columns of 0.15, 0.4 and 1 m diameter
with water and air, at super9cial gas velocity ranging from 0.05 to 0:20 m=s with high aspect ratios (HD=D¿ 4). Liquid velocities are
determined with a Pavlov tube calibrated up to 25% of gas holdup. Axial dispersion coe=cient is determined using a new method which
allows accounting for the up"ow and down"ow regions. The experimental results allow selecting reliable correlations of the literature. The
Ueyama and Miyauchi model is successfully compared with the experiments and a new correlation for the kinematic viscosity is proposed.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is considerable interest, both within academia and
industry, on the hydrodynamics of bubble column reactors.
This interest stems from applications in emerging technolo-
gies for conversion of natural gas to liquid fuels ( Krishna
& Sie, 2000). The overall objective of our study is to in-
vestigate scaling up of bubble column reactors to commer-
cial scale which could reach 10 m in diameter and 40 m in
height.

Published studies on bubble column hydrodynamics have
often been restricted to rather small columns (D¡ 0:2 m).
We have therefore undertaken a comprehensive study of the
hydrodynamics (measurements of gas holdup, liquid veloc-
ity pro9le, axial dispersion) using three di8erent columns
with diameters of 0.15, 0.4 and 1 m with air and water. The
study focuses on the impact of the column diameter on hy-
drodynamics. Due to the complex nature of the "ow, care-
ful development and validation of the measurement tech-
niques were undertaken to determine liquid velocities and
axial dispersion coe=cients in the three di8erent columns,
using identical experimental techniques.
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2. Experimental

2.1. Liquid velocity measurement: Pavlov tube

The liquid velocities were measured using a modi9ed
Pavlov tube based on the work of Hills (1974). This tech-
nique was chosen because the tube is easy to build and the
method is easily adaptable to di8erent liquids and to di8er-
ent column sizes. This Pavlov tube is made of a horizontal
stainless tube divided by a wall into two independent com-
partments. An upward facing hole (0:5 mm) is drilled on one
side of the wall, and a downward facing hole is drilled on
the other side. Both compartments are connected to a di8er-
ential pressure sensor. The di8erential pressure is sampled
every 1=50 s and a mean axial liquid velocity is deduced
from the kinetic energy balance:

VL =

(
N1∑
i=1

√
2 JPi

L

−
N∑

i=N1+1

√
2(−JPi)

L

)/
N; (1)

where N is the number of data points and N1 the number for
which JPi is positive. In high gas velocity bubble columns,
it is impossible to use conventional velocity measurement
techniques such as LDV and Hot Film anemometry because
of high gas holdups. Even with a Pavlov tube, preliminary
testing is required in order to ensure the reliability of the
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Fig. 1. Radial pro9les of axial liquid velocity.

measurement technique in these conditions. The Pavlov tube
was thus calibrated in a 50 mm vertical column fed with
water and air at known "owrates. The radial velocity pro9le
was obtained by moving the tube along a column diameter.
The Pavlov tube was 9rst tested in a turbulent water "ow
with a known "ow structure to determine the probe coe=-
cient fcorr. It was then tested in a controlled gas liquid "ow
to ensure the consistency of measured liquid velocities at
high gas holdups.

2.1.1. Calibration with water only
Under turbulent "ow conditions in a pipe, the centre-line

liquid velocity VL(0) is related to the cross-section average
velocity MVL by

VL(0) = MVL(1 + 1:33
√
f) with f = 0:316Re−1=4: (2)

Within the range of studied liquid velocity (0:5¡ MVL¡ 1
m=s), this leads to

1:19¡
MVL

VL(0)
¡ 1:21 ⇒ MVL =

QL
�D2=4

≈ VL(0)
1:2

: (3)

This means that the centre-line liquid velocity VL(0) is su=-
cient to determine the mean velocity MVL within 2%. Know-
ing the volumetric "owrate QL, we obtained MVL =fcorr

VL(0)
1:2

with fcorr = 0:9. This correction factor accounts mainly for
the non-ideality of drilling the diametrically opposed holes
in the Pavlov tube, rather than due to an incorrect alignment
and orientation of the Pavlov tube. It was then assumed that
the real velocity of the "uid was fcorrVL(r) at any location r.

2.1.2. Calibration in water and air
The calibration was conducted in controlled gas liquid

"ow conditions through a vertical pipe. A mass balance over
the column cross-section yields

QL =
∫ D=2

0
2�r[1 − �(r)][fcorrVL(r)] dr: (4)

The radial liquid velocity pro9le VL(r) was measured for
di8erent liquid and gas "owrates, and 9tted by a polynomial

(continuous lines, Fig. 1). The local gas holdup �(r) was ei-
ther set to the average gas holdup M� (deduced from the pres-
sure drop) or given by the empirical correlation proposed
by Schweitzer, Bayle, and Gauthier (2001)

�(x) = M�[ − 1:638(x6 − 1) + 1:228(x4 − 1)

−0:939(x2 − 1)]; x = 2r=D: (5)

In both cases the average velocity MVL was in agreement
with that deduced from the liquid "owrate within 10% up
to M�= 0:25.

2.2. Liquid backmixing measurement: tracer

Liquid backmixing was determined using a solution of
potassium nitrate. The solution was injected into the batch
liquid phase from above. Backmixing was studied by local
conductivity measurements. To avoid problems of in-situ
conductivity measurement due to air bubbles, liquid samples
were withdrawn every second.

In the churn-turbulent regime (high gas velocity), the liq-
uid "ows upwards in the core region and downwards in the
wall region. Fig. 2(a) shows typical local tracer concentra-
tion signals obtained from the up"ow and down"ow regions
in a 1 m i.d. column. Since the curves are di8erent, an appro-
priate average curve must be de9ned to obtain a signi9cant
axial dispersion coe=cient. Therefore, at a given height, two
series of samples are withdrawn simultaneously at two ra-
dial positions (x=0:35 and 0.85) located respectively in the
up"ow and down"ow zones. Then a cross-section average
concentration is de9ned by:

MC =
(1 − �1)C1 + (1 − �2)C2

2(1 − M�)
; (6)

where �1 and �2 (respectively C1 and C2) are the gas holdups
(respectively concentrations) in the up"ow and down"ow
regions. Flow reversal takes place at x=0:7 (Hills, 1974 and
Fig. 5 below). Then �1 and �2 are obtained upon integration
of Eq. (5) from 0 to 0.7 and 0.7 to 1.
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Fig. 2. Reliability of the dual sampling method.

Owing to the fast mixing process, particularly at large
scale, three dual samplings are necessary to ensure accuracy
and repeatability of measurements (Fig. 2(b)). Finally, it
was checked that the average concentration signal was not
dependent on the injection method (local or not) and several
measurements were done at di8erent heights in the column.
The resulting average curves were then interpreted by the
axial dispersion model.

3. Results and discussion

The average gas holdup M� is found to be independent of
column diameter; see Table 1. This result checked in the
0.15, 0.40 and 1 m columns with air and water is in agree-
ment with the conclusions reached by Joshi et al. (1998).
However, the column diameter has a signi9cant e8ect on
liquid recirculations, as we shall demonstrate below.

Measurements of local liquid velocities were conducted
at various scale with the Pavlov tube. If radial liquid veloc-
ity pro9les are normalized by the centre-line liquid velocity,
VL(r)=VL(0), similar pro9les are obtained independent of the
column diameter up to 1 m (Fig. 3). Therefore, the knowl-
edge of the centre-line liquid velocity VL(0) (maximum up-
ward velocity measured along column axis) is enough to
describe the whole liquid circulation hydrodynamics. This
result is in agreement with Krishna (2000) data and Wu and
Al-Dahhan (2001) correlation for VL(r)=VL(0). Note how-
ever that the latter correlation does not agree well with the
experiments close to the column wall (Fig. 3).

Fig. 4 illustrates the sensitivity of the centre-line liquid
velocity VL(0) to column diameter D at Ug = 0:15 m=s.
VL(0) increases strongly with D, whatever the gas veloc-
ities in the churn-turbulent regime. Comparing with pub-
lished correlations shows that extrapolation is still risky.

Table 1
E8ect of column diameter on average gas holdup (Ug = 0:15 m=s)

Column diameter D (m) 0.15 0.40 1
Average gas holdup M� 0.240 0.241 0.252

Bernemann (1989) measured the liquid velocity by
anemometry and assumed that the gas contribution was neg-
ligible. Although his result agrees with our measurements
in the 0:4 m column at Ug = 0:15 m=s, his liquid veloci-
ties for larger "owrates are signi9cantly higher than ours
(results not shown). Since the calibration of the Pavlov tube
at high gas holdup (high gas velocity) was satisfactory,
we believe that the Pavlov tube is more appropriate than
an anemometer which can be disturbed by the kinematic
energy of the gas bubbles.

Literature provides two sets of correlations predicting
centre-line liquid velocities as a function of column diam-
eter (Fig. 4). Our experimental data obtained in column
diameters up to 1 m enable to discriminate one set. The
lower curves (Miyauchi & Shyu, 1970; NottenkRamper, 1983;
Zehner, 1986) seem the best which give a range of veloci-
ties at large scale of 1.5–2 m=s for a 5 m diameter column
with air-water system. Scale-up trend is therefore assessed
with reasonable accuracy using lower curves trends.

However, these curves re"ect empirical correlations. It
is therefore interesting to see a more physical approach.
The model of Ueyama and Miyauchi (1979), based on a
radial momentum balance along the column cross section
is then used to describe liquid velocity pro9le VL(r) for
column diameters up to 1 m; see Fig. 5. This model depends
on an unknown turbulent kinematic viscosity �t . From our
experiments in the 0.15, 0.40 and 1 m diameter columns,
we obtained the following correlation:

�t = 0:036D1:6U 0:11
g : (7)

The strong in"uence of the column diameterD is apparent in
the 1.6 power. With this approach, predictions of centre-line
liquid velocities at large scale are close to predictions of the
previously selected empirical correlations. Consistent tools
are therefore available for liquid velocity scale-up.

The axial dispersion coe=cient in the bubble column was
obtained by analyzing the tracer time responses using the
axial dispersion model. For a given super9cial gas velocity,
the dual-sampling method was used at three axial elevations.
The same axial dispersion coe=cient is able to reproduce av-
erage curves obtained at three height elevations as shown in
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Fig. 3. Normalized liquid velocity pro9le VL(r)=VL(0).
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Fig. 5. Validation of the Ueyama and Miyauchi’s model.

Fig. 6. This gives support both to the model and to the mea-
surement technique. However, since our technique involves
cross-section averaging, it could be hazardous to compare
with previously published results. The axial dispersion coef-

9cient is found to depend strongly on column diameter at a
given super9cial gas velocity (see Fig. 7). This is related to
the recirculation and the dependence of the centre-line liq-
uid velocity upon the diameter. Fig. 7 shows that our results
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Fig. 6. RTD curves at di8erent heights and validation of the ADM.
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Fig. 7. E8ect of column diameter on Dax . Data from Towell and Ackerman (1972), Hikita and Kikukawa (1974) and Miyauchi et al. (1981).

are consistent with literature data (Krishna, Urseanu, Van
Baten, & Ellenberger, 1999). Nevertheless, comparing with
correlations (Towell & Ackerman, 1972; Miyauchi et al.,
1981; Riquarts, 1981) shows that most of them tend to un-
derestimateDax at large scale (except Miyauchi et al., 1981).
This can be explained by the local measurement made by
many authors. We consider that local measurements are not
appropriate in large diameter columns because radial mixing
becomes less e=cient when the diameter increases. Finally,
to know whether Dax is a relevant parameter, it is necessary
to check that a single value represents the tracer curves at
di8erent elevations. Otherwise the axial dispersion model is
questionable.

4. Conclusion

• A modi9ed Pavlov tube (with two opposite holes) was
calibrated in water and air. Up to a gas holdup of 25%,
the measured liquid velocity is reliable within 10%.

• A rigorous experimental protocol is needed to deter-
mine the axial dispersion coe=cient, especially in large
columns. The liquid residence time distribution has been
measured using the dual sampling method. The latter
involves two simultaneous local measurements in the
up"ow and down"ow regions and then cross-sectional
averaging of these signals. Up to 1 m in diameter, the
axial dispersion model is reliable since a single axial
dispersion coe=cient may represent three tracer time
responses at di8erent elevations.

• Liquid recirculation and mixing have then been measured
with con9dence in bubble columns up to 1 meter in diam-
eter. Both liquid velocity and axial dispersion coe=cient
increase strongly with scale. However gas holdup is inde-
pendent of scale (D¿ 0:15 m). Our results provide rea-
sonable trend for scaling up VL(0) and Dax in air–water
systems.

• Several approaches can be used to scale up successfully
liquid recirculation: carefully selected empirical correla-
tions or more physical models.
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• The radial pro9le of axial liquid velocity can be well rep-
resented by the model of Ueyama and Miyauchi (1979)
provided that the turbulent viscosity is correlated by equa-
tion (7). We believe that this type of “more fundamen-
tal” model could be better for scale-up provided that the
turbulent viscosity is well characterized.

Notation

C1 tracer concentration in the up"ow liquid "ow re-
gion, mol=m3

C2 tracer concentration in the down"ow liquid "ow
region, mol=m3

MC cross-section average tracer concentration, mol=m3

D column diameter, m
Dax axial dispersion coe=cient, m2=s
fcorr correction factor, dimensionless
H height of measurement or sampling, m
HD dispersion height or aerated height, m
N; N1 number of data points
QL volumetric liquid "owrate, m3=s
r radial coordinate, m
Ug super9cial gas velocity, m/s
VL(0) centre-line liquid velocity or maximum upward ve-

locity measured along column axis, m/s
VL local liquid velocity, m/s
MVL cross-section average liquid velocity, m/s
x dimensionless radial coordinate x = 2r=D, dimen-

sionless
z dimensionless axial coordinate z = H=HD, dimen-

sionless

Greek letters

JPi instantaneous di8erential pressure measured by the
modi9ed Pavlov tube, Pa

� gas holdup, dimensionless
�1 gas holdup of the up"ow liquid "ow region, dimen-

sionless
�2 gas holdup of the down"ow liquid "ow region, di-

mensionless
M� average gas holdup, dimensionless
e�L dynamic viscosity of the liquid, Pa s
�t turbulent kinematic viscosity, m2=s

L liquid phase density, kg=m3

Dimensionless number

Re Reynolds number (
L MVLD=�L)
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