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Abstract

Gas holdup in a pressurized bubble column (pressures from 0.1 to 0.7 MPa) was studied in a laboratory
scale vessel (diameter 0.162 m) with air—water system over a range of superficial gas velocities (0.02-0.18 m/
s) using non-invasive y-ray based Computed Tomography (CT). It was found that the cross-sectional
average gas holdup increases with pressure, as well as with superficial gas velocity. At all operating con-
ditions, the azimuthally averaged radial gas holdup profiles exhibit a characteristic shape with greater gas
holdup in the column center than by the walls. It is also observed that with an increase in pressure, the
transition to churn-turbulent regime characterized by the change of the radial gas holdup profile from
relatively flat to almost parabolic, is delayed to higher superficial gas velocities. The average cross-sectional
gas holdup at each operating condition was compared with predictions of existing correlations and large
discrepancies in predictions (as high as 300%) were found. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bubble column reactors are vertical cylindrical columns, with or without internal heat
exchanger tubes, where a gas is contacted with a liquid or slurry for production of chemicals and
other products. Two-phase bubble columns as well as three-phase slurry bubble columns of
various configurations have gained considerable attention in the chemical process industry due to
their use in a number of processes, such as, Fischer-Tropsch synthesis, liquid phase methanol
synthesis, wet oxidation of heavily polluted effluent, hydrogenation of heavy oils, etc. For
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commercially important applications, bubble column reactors are usually operated at conditions
of elevated pressures (Deckwer, 1992; Joshi et al., 1998). However, research on details of bubble
column hydrodynamics has primarily been limited to studies performed at atmospheric condi-
tions. For lack of anything better, design and scale-up of such bubble column reactors for
commercial applications invariably utilize information from studies performed at atmospheric
conditions, which has often been reported to result in either over-design or poor estimates of
bubble column performance. This raises a question as to whether one can rely solely on the
database established at atmospheric pressure.

Bubble columns have been extensively studied for the last several decades, with almost all the
studies on bubble column hydrodynamics discussing the importance of gas holdup, defined as the
volume fraction of the gas phase in the reactor, and how it affects liquid recirculation and back-
mixing. Kolbel et al. (1961) reported that gas holdup in a bubble column with a porous plate
distributor was not affected by pressure in the range 0.1-1.6 MPa when the superficial gas velocity,
evaluated at the pressure in the column, was less than 0.03 m/s. Deckwer et al. (1980) measured gas
holdup in a slurry bubble column with a porous plate distributor containing fine particles at
pressures up to 1.1 MPa and with superficial gas velocity below 0.04 m/s. They also found no
significant effect of pressure on gas holdup in that range of operating variables. Idogawa et al.
(1986) observed that the behavior of bubbles depends closely on the type of gas distributor, and this
dependence weakens as the pressure is increased. The effect vanished above 10 MPa. In a later
study, Idogawa et al. (1987) reported that pressure had no effect on bubble diameter in bubble
columns with gas superficial velocity in the range of 0.005-0.05 m/s. Jiang et al. (1995), studying a
column of 0.0508 m in diameter at superficial gas velocities of up to 1 m/s and in the pressure range
from 0.1 to 21 MPa, observed that as pressure increases, the bubble size decreases, and the bubble
size distribution becomes narrower. Many other studies have been reported in the literature which
discuss the effect of pressure and superficial gas velocity (Hammer et al., 1984; Oyevaar and
Westerterp, 1989; Oyevaar et al., 1989; Kojima et al., 1991; Shollenberger et al., 1995; Adkins et al.,
1996; Shollenberger et al., 1997; Kojima et al., 1997; Lin et al., 1998; Luo et al., 1999).

The main aim of this study is to investigate the effect of pressure on gas holdup and its dis-
tribution over a range of superficial gas velocities using a non-intrusive technique, Computed
Tomography (CT). A y-ray based CT has been developed (Kumar et al., 1995) for imaging phase
holdup distribution in two-phase flow systems such as bubble columns and other multiphase
reactors. The CT measurements were performed using an encapsulated y-ray radiation source
(Cs'¥) and a fan beam arrangement of detectors. The details of the hardware and software have
been described elsewhere (Kumar, 1994; Kumar et al., 1995, 1997) and will not be repeated here.
Instead, the obtained experimental measurements are discussed. The average cross-sectional
holdup is compared to values obtained from various correlations reported in the literature.

2. Experimental setup

Fig. 1 displays the flowsheet for the high-pressure system used in this study. The system is
designed to handle a high flow rate of air at a pressure of up to 1.5 MPa. The bubble column is
made of a stainless steel tube with inner diameter 0.162 m (6.359") and height 2.5 m (8.2). A
transparent glass window is situated at the top of the column and is named ‘blue eye’. This
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Fig. 1. Flowsheet for high pressure bubble column facility.

window allows viewing the system before starting the CT scan. The gas was dispersed into the
column through a perforated plate distributor. The distributor used in this study has 61 holes each
of 0.0004 m diameter, providing an open area of 0.04%. The holes are arranged in three concentric
circles with 20 holes on each circle and one at the center of the distributor plate. The increment in
radius between the circles on which holes are centered is 0.015 m. This particular distributor was
used because a significant amount of data for gas holdup distribution and liquid velocity is
available for this distributor from our previous studies conducted at atmospheric pressure con-
ditions. In this study, tomographic scans were conducted at three pressures (P = 0.1, 0.3, 0.7
MPa) and four superficial gas velocities (Ug = 0.02, 0.05, 0.12, 0.18 m/s).

Air was used as the gas phase and was filtered before being continuously introduced into the
system at ambient temperature (7= 20°C), while tap water served as the liquid medium with no
net flow of the liquid (operation was batchwise with respect to the liquid). The gas flow rate was
maintained at the desired values with the aid of a set of needle valves and rotameters. After exiting
the bubble column, the gas passes through a backpressure regulator, which is used to control the
pressure in the column. It is then discharged into the atmosphere through a vent. Two pressure
safety valves are mounted both at the top and bottom of the column to prevent accidental over-
pressurization. The height of the two-phase gas-liquid mixture in all experiments was maintained
between 1.8 and 2.0 m from the distributor and therefore, the initial height of the liquid varied
depending on the operating condition.

As already mentioned, in this study time-averaged cross-sectional gas holdup distribution was
measured using the y-ray scanner and associated tomography reconstruction algorithms devel-
oped in Chemical Reaction Engineering Laboratory (CREL) and discussed by Kumar et al. (1995,
1997). The CREL scanner is a versatile instrument that enables the quantification of the time-
averaged holdup distribution for two-phase flows under a wide range of operating conditions. The
fan beam configuration of the scanner consists of an array of Nal detectors of 0.05 m in diameter
(5 detectors were used in this study), and an encapsulated 100 mCi Cs'37 source located opposite
to the center of the array of detectors. During each scan, the source-detectors assembly is rotated
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360° around the test section to obtain multiple projection measurements. The total time of a
complete 360° scan is approximately 2 h. The tomographic scans can be acquired at different axial
positions, which allows for the quantification of the effects of operating conditions on the axial
variation of gas holdup distribution. In this study however, the axial variation of gas holdup was
not considered, and measurements were conducted at only one axial location about 0.92 m from
the distributor, which is in the fully developed flow region of the column.

3. Results and discussions
3.1. Cross-sectional gas holdup distribution

Fig. 2 shows the time-averaged cross-sectional distribution of the gas holdup in the bubble
column at different pressures and at different superficial gas velocities studied (results for only a
few conditions are shown). For example, Fig. 2(a) shows the pixel map for P=0.3 MPa, and
Us =0.05,0.12 and 0.18 m/s. A gradual variation in the color shades for the gas holdup from the
column center to the wall indicates a change in gas holdup value. The plots confirm that gas
holdup increases with pressure and superficial gas velocities. Visual observations of the column in
the vicinity of the wall via the blue eye revealed much smaller bubbles when the pressure was
increased. This could be explained in terms of a decrease in the rate of coalescence and a cor-
responding increase in bubble breakup rates at pressurized conditions. Hence, gas holdup in-
creases as pressure increases, and the transition to churn-turbulent regime gets delayed to higher
superficial gas velocities, which is characterized by the relatively flatter azimuthally averaged
radial gas holdup profiles.

3.2. Radial gas holdup distribution

From Fig. 2, one can see that in the long time-averaged sense, the cross-sectional gas holdup
distributions in bubble columns are close to being axisymmetric. Therefore, one is justified in
representing the cross-sectional distribution by azimuthal averaging of the two-dimensional data
as represented by Eq. (1).

e(r) = % /0 e (r, 0)do, ()

where &g(r) represents the radial gas holdup profile.

Figs. 3-6 display, respectively, the azimuthally averaged radial gas holdup distributions at
different superficial gas velocity as a function of operating pressure. These plots were obtained
from the CT measured holdup distribution in a cross-section of the column 0.92 m above the
distributor. This axial location was chosen for this study as it was far away from the distributor
and the gas-liquid interface in the freeboard region. Our past experience indicates that at L/D
ratio of 6 or above (where L is the total height of the dispersed two-phase mixture; and D is the
diameter of the column), the holdup profiles in the well-developed region (region excluding the
entrance and exit zones) are relatively invariant to axial position (Kumar, 1994). The profiles at
atmospheric conditions indeed conform to the results previously obtained by Kumar (1994).
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Fig. 2. Cross-sectional gas holdup distribution at (a) P =0.3 MPa and (b) P=0.7 MPa for U, =0.05, 0.12 and 0.18 m/s.
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Fig. 3. Radial gas holdup distribution as a function of pressure for U, =0.02 m/s.
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Fig. 4. Radial gas holdup distribution as a function of pressure for U, =0.05 m/s.

From these figures it is apparent that the differences in the radial gas holdup profiles, as a result of
increase in pressure, become more pronounced with an increase in the superficial gas velocity.

Fig. 7 displays the results obtained by Shollenberger et al. (1995) at atmospheric conditions.
The trend in gas holdup profiles at atmospheric pressure with increasing superficial gas velocities
observed in our laboratory Figs. 3-6 agrees well with their results. However, the gas holdup
obtained in this study is slightly higher than that observed by Shollenberger et al. (1995). For
example, at a velocity of 0.1176 m/s, the gas holdup value at the center of the column observed by
Shollenberger et al. (1995) is about 0.22 (Fig. 7), whereas in our case, a gas holdup value of about
0.28 is obtained (Fig. 5) at the column center. Such discrepancies might be due to the differences in
the type of distributor and the column diameter used in these two studies. Shollenberger et al.
(1995) used a bubble cap distributor, whereas in this study a non-uniform perforated plate was
used as the gas distributor. It is also possible that the observed differences were a result of the
different tap water used in the two laboratories.
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Fig. 5. Radial gas holdup distribution as a function of pressure for U, =0.12 m/s.
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Fig. 6. Radial gas holdup distribution as a function of pressure for U, =0.18 m/s.

From Figs. 3-6 it is evident that gas holdup increases both with pressure, and with superficial
gas velocity in agreement with the experimental data reported in the literature (Idogawa et al.,
1986; Jiang et al., 1995; Kojima et al., 1991; Kojima et al., 1997; Lin et al., 1998; Oyevaar and
Westerterp, 1989; Luo et al., 1999). At a velocity of 0.12 m/s (Fig. 5), the radial gas holdup profile
at atmospheric pressure is parabolic in nature, indicating churn turbulent flow, whereas at higher
pressure, the profile is flatter. This can be seen more clearly from Table 1, which shows the three
parameters of the power law expression (Eq. (2)) used to fit the radial gas holdup profiles.

it =io(E2) [1-<(3)') >

where m is the exponent; ¢ allows the possibility of non-zero gas holdup close to the wall; R the
column radius; and &g is related to the cross-sectional average gas holdup, &g, by Eq. (3).
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Fig. 7. Radial distribution of gas holdup as a function of superficial gas velocity for 0.19 m air-water column with
bubble cap distributor (Shollenberger et al., 1995).

Table 1
Parameters of the fitted radial holdup profile
P (MPa) Ug (m/s) i m ¢
0.1 0.02 0.053 3.633 0.422
0.05 0.151 4.372 0.368
0.12 0.145 2.228 0.605
0.18 0.165 2.068 0.622
0.3 0.02 0.059 5.133 0.283
0.05 0.168 4.792 0.345
0.12 0.272 3.765 0.466
0.18 0.270 2.955 0.487
0.7 0.02 0.062 5.424 0.307
0.05 0.170 3.557 0.346
0.12 0.315 3.937 0.356
0.18 0.326 2.997 0.396
_ _ (m+2—-2c
6 = i <7> | 3)
m

This expression has been frequently used to represent the radial gas holdup distribution. Pa-
rameter m is indicative of the magnitude of the gradient of the radial gas holdup profile. If m is
approximately equal to 2, then the profile is parabolic. As m increases the profile becomes flatter.
One can see from Table 1 that as the pressure increases, for a given superficial gas velocity, the
value of m goes up indicating that the radial gas holdup profile gets flatter except for Ug = 0.05 m/s
which is in the transition regime at atmospheric pressure. The radial gas holdup profiles fitted to
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the expression in Eq. 2 for each operating condition have also been plotted in Figs. 3-6,
respectively.

Adkins et al. (1996), who used a different y-ray tomography system, report slightly different
observations as can be seen in Fig. 8, which displays their radial gas holdup distribution at
Us=0.1 m/s. In a 0.48 m ID and 3 m tall column, they found that the gas holdup profile is
parabolic at a pressure of 0.394 MPa and gas superficial velocity of 0.1 m/s. In their study, the
sparger was a 0.15 m diameter ring formed from 0.011 m ID stainless steel tubing. There were 12
holes equidistantly distributed on the ring, each of 0.00318 m in diameter. Hence, the discrep-
ancies might be due to the type of distributor and size of column used or difference in water
quality.

3.3. Cross-sectional average gas holdup

The cross-sectional average gas holdup is calculated via Eq. (3) by averaging the radial gas
holdup profiles obtained from Eq. (1).

= 1% /0 () dr ()

The cross-sectional average gas holdup can be taken as a good estimate of the overall gas holdup
(Kumar, 1994). Fig. 9 displays the cross-sectional average gas holdup as a function of pressure at
different superficial gas velocities.
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Fig. 8. Radial distribution of gas holdup as a function of pressure for U, =0.1 m/s (taken from Shollenberger et al.,
1996).
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Fig. 9. Cross-sectional average gas holdup as a function of superficial gas velocity at different pressures.

Fig. 9 further confirms that gas holdup increases with pressure, except at low superficial gas
velocities (below and up to 0.05 m/s) where it is rather insensitive to pressure. At atmospheric
pressure, the cross-sectional average gas holdup seems almost constant after certain superficial gas
velocity is reached as indicated by Fig. 9. This leveling-off effect seems to occur at higher gas
velocities at higher pressures. These observations have also been reported in the literature (Kolbel
et al., 1961; Deckwer et al., 1980). Wilkinson and van Dierendonck (1990) explained the effect of
pressure on gas holdup in terms of the Kelvin—-Helmholtz stability analysis. They concluded from
their analysis that pressure mainly affects the stability of large bubbles, which tend to break due to
growth of surface instabilities. Since at low superficial gas velocities the large bubble holdup is
negligible, pressure does not significantly influence gas holdup.

Table 2 compares the average gas holdup measurements obtained by Adkins et al. (1996) and
Shollenberger et al. (1997) with gas holdup values obtained from this study. One can see that there
is significant deviation in the values of cross-sectional average gas holdup obtained in these
studies. The cause of the discrepancies is unknown. Neither the fluid (tap water) nor the dis-
tributor or column diameter was matched. Moreover, the data at Ug =0.05 m/s superficial gas
velocity is probably in the transition regime at atmospheric pressure conditions, which could
possibly explain the observed differences. However, it is known that gas holdup increases with

Table 2

Comparison of results from this study with literature data
Study Column ID (m) Ug (m/s) Pressure (MPa) &G
Shollenberger et al. (1997) 0.19 0.0147 0.1 0.024
Present 0.162 0.02 0.1 0.069
Shollenberger et al. (1997) 0.19 0.0588 0.1 0.082
Present 0.162 0.05 0.1 0.191
Shollenberger et al. (1997) 0.19 0.1176 0.1 0.126
Present 0.162 0.12 0.1 0.193
Adkins et al. (1996) 0.48 0.125 0.141 0.211
Present 0.162 0.12 0.3 0.342
Adkins et al. (1996) 0.48 0.066 0.299 0.185

Present 0.162 0.05 0.3 0.210
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increasing column diameter (Akita and Yoshida, 1973), and one should expect a higher holdup in
the studies of Adkins et al. (1996) and Shollenberger et al. (1997) as compared to our experimental
data, which is acquired in a smaller diameter vessel. The only other possible reason for this ob-
served trend could be the effect of the water quality, or more significantly, the effect of the rigidity
of the column support structure, which could explain the higher holdups observed in our studies
due to stabilized bubbly flow even at significantly high superficial gas velocities.

3.4. Comparison with various correlations in the literature

Numerous correlations for overall gas holdup in bubble columns have been reported and those
that seem applicable to the conditions investigated in this study (based on the pressure range, gas
flow rates and column diameter) are summarized in Table 3. Since Kumar (1994) has shown that
the cross-sectional average holdup measured at heights above the distributor larger than 4-5
column diameters is in close agreement with the overall gas holdup in the column, the cross-
sectional average holdup determined in this study was compared to the prediction for overall gas
holdup obtained from the reported correlations. Fig. 10 shows the predictions for the overall gas
holdup as a function of superficial gas velocity based on various correlations at P=0.1 MPa. It
can be concluded that the correlation of Idogawa et al. (1985) agrees closely with our experimental
data followed by correlations of Hikita et al. (1980); Luo et al. (1999); Wilkinson et al. (1992);
Akita and Yoshida (1973). At Us =0.05 m/s, the above mentioned predictions deviate from the
observed holdup (refer to Table 4 which gives an error analysis of the various correlations against
experimental data obtained in this study).

Since the superficial gas velocity of 0.05 m/s is close to the transition velocity at P=0.1 MPa
that changes bubbly flow into churn turbulent flow, and the precise value of the transition velocity
is a function of the non-measurable water quality, it is possible that the deviation between data
and correlation predictions at Ug = 0.05 m/s is caused by the fact that the correlations predict the
holdup in one flow regime while the data reflect the other flow regime. It is evident from Fig. 10
that the experimental holdup value at U =0.05 m/s at P=0.1 MPa is considerably higher than
the value predicted by any of the correlations indicating perhaps a different flow regime during
our experiment than observed in the data used to develop the correlations.

In the same manner, Figs. 11 and 12 display the plots for the cross-sectional average gas
holdup as a function of superficial gas velocity at P=0.3 and 0.7 MPa, respectively. Among the
correlations reported in Table 3 those of Idogawa et al. (1985), Idogawa et al. (1987), Wilkinson
et al. (1992) and Luo et al. (1999) were developed by considering high-pressure data also. As
evident from Figs. 11 and 12, the gas holdup predictions based on the correlation of Hammer
et al. (1984) are in good agreement with the observed cross-sectional gas holdup, which yields
an average deviation of about 12% (for 0.3 MPa) to 17% (for 0.7 MPa), except for low su-
perficial gas velocities where the correlation is in error of 21%. The correlations of Wilkinson et
al. (1992) and Idogawa et al. (1987) also predict holdup values in reasonable agreement with
experimental observations, and have average deviation of about 18% for all conditions, except
at low superficial gas velocities where these correlations are in error of about 40%. The cor-
relation of Kojima et al. (1997) gives reasonable estimate of holdup at all pressures investigated
in this study. However, it has limited applicability to superficial gas velocities less than 0.1 m/s
(Kojima, 1999).



Table 3

Correlations for gas holdup

References Gas-liquid system Apparatus Conditions Correlations
Akita and He/CO,/0O,/air-H,0O/glycol/methanol/ D =0.152, 0.301, P=0.1 MPa, &G gD’p,. 0-125 gD} 0.083 Us
Yoshida (1973)*  CCl,/Na,SO;/NaCl 0.6 m Sparger T=283-313, K =02 < 7) <T> 0%
(5.0 mm) Ug =0.5-40 cm/s (1 - éc,) L L (D)
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(1984)2
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(1985)°

Reilly et al.
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trichloroethylene-glass
beads

H,/He/air-H,O/methanol/
ethanol/acetone/aqueous
alcohol solution

N,-H,O/n-heptane/
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Perforated plate (19
holes of 1 mm)

D =0.3 m Perforated
plate (293 holes, 1.5
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Multiorifice sparger
(13.4 mm)

D=0.05m
Perforated plate (19
holes of 1 mm)

D=0.158, 0.23 m
Sparger ring
(4 holes of 7 mm)

P=0.1 MPa,
T=293-363, K
Us =0.5-13 cm/s

P=0.1-15 MPa, H/
D=16.6, Us=0.5-5
cm/s, T=288-293 K

P=0.1 MPa,
T=283-323 K,
Ug = 0.4-40 cm/s

P=0.1-5 MPa,
T=284-293 K,
HID =16.6,

U =0.5-5 cm/s

P=0.1-2.0 MPa,
H=12m,
Ug = 0-60 cm/s

1.0 for-electrolyte solution,
f =14 10014 for 0 < I < 1.0 kg ion/m?,

1.1 for I > 1.0 kg ion/m’.
= . ~0.2 )
&G :()4(%)087(”‘1{5') 7<pj>lil7
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5(;7 _ 1.44Ug‘,58p%126E0.166xp(—P)
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EG — 296Ug44p£0'98p%w}[0'16 4 0.009

&G

= 0.059U2% pl'7 <% ) ey

— &G

_ Us

Us < Urpans & = )
%.B.

- tRANs | Us — Urrans

Us > Utrans &6 =
Uss. ULz

where
Urrans

=0.5exp(~193p5"" i 1),

o —0.273 .
mUsh. _ 5 5 (vim) (p_L>°°3‘
L gut P i

0v6
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Sotelo et al.
(1994)2¢

Krishna and
Ellenberger
(1996)?

Kojima et al.
(1997)44

Luo et al. (1999)*

Air/CO,—H,O/ethanol/saccharose
/glycerin

Air/He/Ar/SF¢—H,O/paraffin oil
/separan/tetradecane

Air-H,O/aqueous buffered solution/
aqueous enzyme solution

N,-Paratherm NF-alumina particles

D=0.04, 0.08 m P=0.1 MPa,
Porous gas diffusers H=1.5-2.0m,
(30, 65, 150 pum) Us = 0-20 cm/s

D=0.1,0.174, 0.19, P=0.1 MPa,
0.38 and 0.63 m, Spider Ug =0.1-85 cm/s
sparger, Sintered glass

plate (mean pore size of

150-200 pum), Polyacry-

late sieve plate (2.5 mm

ID), Sintered bronze

plate (mean pore size of

50 pm)

D =0.045 m Nozzle P=0.1-1.1 MPa,
(1.38, 2.1, 2.9, 4.03 T=290-300 K, H/
mm) D=20-26.7,

Ug =0.005-0.15 cm/s

D =0.102 m Perforated P=0.1-5.6 MPa,
plate (120 squared- T=298-351 K,
pitched holes of 1.5 Ug =up to 45 cm/s
mm ID)

u UL, _ Uss.
L L
0.757
124 |:.“L(UG UTRANS):|
L

Ui < Ulrans ECL: Eby

3 ~0.077 0.077
() (%)
au Pa

0.187
PG
PL

Us > Urrans &6 = &5 + errans (1 — €3),

where
(Us — U'rR/\Ns)O'58

e5 = 0.268 s

Urrans = sz(l)pf%LﬁTRANs(l — ETRANS),

Vs —_ 'L
SMALL 2.84p00%

096,012
ETRANS = 0-59(3-85)1'5 %
L

0546
B = 1.18Ug’679<y—L>

Lo

2\ [ P
X exp {1.27 x 10*4<’;§$L > (170)}

_ 2.9 ( Ugre ) i (ﬁ_c ) /
&G _ : L8 psL
1 —&  [cosh(Mod3*)|04t’
where

(éUL)4g
psuit
o= 0.21Mogf°79; = 0.096 Mo

MOSL =

—0.011
SL

spsL=pp; <=1

#y_ is the liquid surface tension in N/m; v,  is the surface tension of water at 20°C in N/m; vy is the liquid kinematic viscosity in m?/s; pg is the gas

density in kg/m?®; and py is the liquid density in kg/m?.

g is the liquid surface tension in mN/m.
d is the inner diameter of single nozzle in m.
44, is the orifice ID in mm; P, is the standard atmospheric pressure; and Q is the volumetric flow rate of gas under the condition in the bubble

column in m3/s.

9b6-626 (100Z) LT MOl asvydyinpyy fo [punop [puoyvuiduf | v 1o unowday 'y

Iv6



942 A. Kemoun et al. | International Journal of Multiphase Flow 27 (2001) 929-946

0.4

A —&— Experimental
Akita (1973)
Hikita (1980)
Hammer (1984)
Idogawa (1985)
Reilly (1986)
Idogawa (1987)
Wilkinson (1992)
Sotelo (1994)
Krishna (1996)
Kojima (1997)
Luo (1999)

<
W
L
1
@O0 I xXp><oO

Average Gas Holdup
=] =]
— o

o+

0 0.05 0.1 0.15 0.2
Superficial Gas Velocity, m/s

Fig. 10. Cross-sectional average gas holdup as a function of superficial gas velocity at atmospheric pressure.

4. Conclusions

The gas holdup and its cross-sectional distribution were measured at elevated pressures up to
0.7 MPa using y-ray CT. These measurements indicate that gas holdup increases very slightly
with pressure at low superficial gas velocities of less than 0.05 m/s and then increases signifi-
cantly with system pressure at higher superficial gas velocities owing to a decrease in the stable
bubble size, which results in an increase in the number of small bubbles. As mentioned earlier,
this reduction in bubble size with increasing pressure is usually attributed to a decreased rate of
coalescence of bubbles and an enhanced breakup of large (unstable) bubbles, which gets pro-
moted under pressurized conditions. It was also shown that the radial gas holdup distribution
tends to become relatively flatter at a higher pressure as compared to that at atmospheric
pressure. For example, at atmospheric pressure and Ug =0.12 m/s, the gradient of the radial gas
holdup distribution is steeper, indicating churn-turbulent flow conditions; whereas at higher
pressures of 0.3 and 0.7 MPa, the gradient is not so steep which indicates a stabilized bubble
regime.

The cross-sectional average gas holdup was calculated using the collected data and compared
with various correlations found in the literature. The main findings are:

e At atmospheric pressure, the correlation of Idogawa et al. (1985) was in the best agreement
with our experimental data except for Ug =0.05 m/s. This operating condition is near the tran-
sition point, and the correlation and data may not belong to the same flow regime.

e At higher pressures and over the entire superficial gas velocity range investigated in this study,
the correlation of Hammer et al. (1984) gives the best prediction of our gas holdup data (aver-
age error of 12-17%) followed by Wilkinson et al. (1992; average error of 14-18%) and Idog-
awa et al. (1987; average error of 18-20%).

e At higher pressures and high superficial gas velocity (Ug > 0.1 m/s), in addition to the correla-
tions of Idogawa et al. (1987), and Hammer et al. (1984), the correlation of Krishna and Ellen-
berger (1996) and Luo et al. (1999) also seem to provide reasonable predictions of the measured
gas holdup.



Table 4

Error analysis for different correlations (percent error is reported)®

Us (m/s)  Akita and  Hikita Hammer Idogawa Reilly Idogawa  Wilkinson Sotelo Krishna and Kojima Luo
Yoshida (1980) (1984) (1985) (1986) (1987) (1992) (1994) Ellenbergera (1997) (1999)
(1973) (1996)

P=0.1 (MPa)

0.02 22.1 10.6 0.7 9.5 51.5 38.3 11.9 71.6 88.7 23.5 5.0
0.05 44.1 45.1 26.4 36.0 20.3 5.7 37.6 74.5 13.7 16.8 32.7
0.12 6.2 9.9 34.4 2.7 13.7 59.0 5.6 40.0 9.3 - 10.3
0.18 0.05 0.8 50.1 2.1 17.6 71.4 13.8 22.0 7.6 - 19.0
Average 18.1 16.6 27.9 12.6 25.8 43.6 17.2 52.0 29.8 20.2 16.8
P=0.3 (MPa)

0.02 - 10.4 10.6 28.4 72.1 53.2 6.6 67.3 199.62 17.2 32.8
0.05 - 46.5 21.5 28.0 11.6 0.1 26.6 71.5 13.7 17.7 19.0
0.12 - 45.6 13.3 333 21.6 1.7 25.4 58.5 16.2 - 20.2
0.18 - 342 4.9 239 10.8 18.8 12.9 40.6 12.5 - 7.1
Average 34.2 12.6 28.4 29.0 18.5 17.9 59.5 60.5 17.5 19.8
P=0.7 (MPa)

0.02 - 9.6 20.7 56.3 91.3 66.3 7.3 63.3 330.3 18.9 59.1
0.05 - 48.0 18.5 16.9 4.9 3.0 15.0 69.2 459 9.5 8.2
0.12 - 52.1 20.0 31.8 23.4 6.9 21.3 59.3 6.25 - 20.4
0.18 - 44.6 8.6 26.6 16.7 2.7 13.3 44.5 9.1 - 12.8
Average - 38.6 17.0 32.9 34.1 19.7 14.2 59.1 97.9 14.2 25.1

Absolute error — Measured value — Predicated value « 100%.

Measured Value
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Fig. 11. Cross-sectional average gas holdup as a function of superficial gas velocity at P=0.3 MPa.
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Fig. 12. Cross-sectional average gas holdup as a function of superficial gas velocity at P=0.7 MPa.

In spite of several correlations giving reasonable predictions, we did not find any correlation that
consistently predicted our experimental data, which indicates the need for better characterization
of the levels of liquid recirculation and turbulence which are needed for development of a more
fundamentally based model for prediction of gas holdups. Such work is currently underway.
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