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Total gas holdups αG in a cylindrical slurry bubble column were measured at various values of the super�cial gas veloc-
ity JG, the mean particle volumetric concentration CS and the initial slurry height H0 to investigate their e�ects on αG. 
The column diameter DH and height were 200 mm and 2000 mm, respectively. The gas, liquid and solid phases were 
air, water and hydrophilic silica particles of 100 µm in mean diameter, respectively. Experimental conditions were 
0.025≤JG≤0.40 m/s, 0≤CS≤0.50 and 1.5≤H0*≤  5.0, where H0*=H0/DH. The conclusions obtained are as follows: (1) αG 
decreases with increasing H0 and becomes independent of H0 for H0*>4 at low JG, whereas it depends on H0 at higher JG 
even for H0*>4, (2) the increase in CS decreases αG up to CS ∼0.40, whereas αG becomes independent of CS at larger CS, 
and (3) αG in the slurry bubble column at various CS, H0 and JG are well correlated in terms of the Froude number FrH using 
H0 as a characteristic length.

Introduction

Slurry bubble column reactors have been utilized in vari-
ous chemical plants for petrochemical, biochemical and 
metallurgical engineering applications (Degaleesan et al., 
2001). The total gas holdup, αG, is one of the key parameters 
in designing bubble columns, and therefore, many studies 
on αG have been carried out (Koide et al., 1984; Khare and 
Joshi, 1990; Krishna et al., 1997; Li and Prakash, 1997; Gan-
dhi et al., 1999; Vandu et al., 2004; Mena et al., 2005). These 
studies have confirmed that αG depends on the superficial 
gas velocity, JG, the mean particle volumetric concentration, 
CS, and the initial slurry height, H0.

It is well known that αG decreases with increasing CS of 
hydrophilic particles (Koide et al., 1984; Li and Prakash, 
1997; Gandhi et al., 1999; Mena et al., 2005; Ojima et al., 
2014, 2015). Since the bubble frequency in a bubble column 
decreases with increasing CS, it has been speculated that the 
αG reduction is due to the enhancement of bubble coales-
cence. In our previous studies (Ojima et al., 2014, 2015), the 
effects of hydrophilic particles on bubble coalescence were 
quantitatively investigated using a two-dimensional vessel. 
Measurements of the time, tC, elapsed from bubble contact 
to coalescence made clear that the presence of hydrophilic 
particles enhances bubble coalescence. The dependency of 
tC on CS was similar to that of the bubble frequency in a 
three-dimensional bubble column. Therefore a coalescence 
enhancement factor was modeled using the tC data and 
implemented into a multi-fluid model. This model was vali-

dated up to JG=0.034 m/s.
In contrast to the studies on the effects of JG and CS, few 

studies have been carried out on the effects of H0. Koide et 
al. (1984) measured αG in a slurry bubble column at various 
H0*, where H0* is the ratio of H0 to the hydraulic diameter 
DH of the column. The gas holdup decreases with increas-
ing H0* for H0*<7, whereas it does not depend on H0* for 
H0*≥7. They proposed a gas holdup correlation for H0*≥7 
to exclude the H0 effect. Though several αG correlations have 
been proposed for slurry bubble columns (Li and Prakash, 
1997; Krishna et al., 1997; Gandhi et al., 1999; Vandu et al., 
2004), no discussion on how to account for the H0 effect in 
αG correlations has been made.

In our previous study (Sasaki et al., 2016), we inves-
tigated the effects of H0* on αG in air-water bubble col-
umns of DH=200 mm for a wide range of JG and H0, i.e., 
0.025≤JG≤0.40 m/s and 1.5≤H0*≤5.0. The αG data were 
well correlated in terms of the Froude number FrH defined 
by using H0 as the characteristic length. The applicability of 
FrH in correlating αG in slurry bubble columns, however, has 
not been examined yet.

In this study, gas holdups in a slurry bubble column were 
measured at various values of JG and CS and for H0*≤5.0 to 
investigate their effects on αG. The applicability of FrH to αG 
in the slurry bubble column was also examined.

1.　Experimental

1.1　Experimental setup
Figure 1 shows the experimental setup. The cylindrical 

column was made of transparent acrylic resin for flow vi-
sualization. The column height was 2000 mm, and DH was 
200 mm.

The column was initially filled with slurry consisting 
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of water and fine particles. Water at room temperature 
(19±1°C) and atmospheric pressure was used for the liquid 
phase. Hydrophilic spherical silica particles (CARiACT®, 
Q-10, Fuji Silysia Chemical Ltd.) were used for the solid 
phase. The mean diameter, dP, true density, ρS, apparent 
density, ρP, and pore volume, θ, of the particles were 100 µm, 
2250 kg/m3, 1320 kg/m3 and 1.3×10−3 m3/kg, respectively, 
where the apparent density was evaluated by taking the vol-
ume-weighted average of the true density and the density of 
water filling its pore volume. The porosity, δ, of the particles 
defined by δ=ρSθ/(1+ρSθ) is 0.75. Since the pore of silica 
particles could be filled with water, the total particle volume 
in the slurry was defined as VS+Θ, where VS is the total vol-
ume of the solid phase in the slurry and Θ the total volume 
of the pore of particles. The mean particle concentration, 
CS, of the slurry was, therefore, defined by CS=(VS+Θ)/VSL, 
where VSL (=πDH

2H0/4) is the slurry volume. The CS can 
also be expressed as CS=θMS/VSLδ, where MS is the total 
mass of the solid phase. The CS ranged from 0 to 0.50. The 
uncertainty in CS at 95% confidence was 0.01.

Air supplied from the compressor (RDG-150C, Anest 
Iwata Corp.) flowed into the column through the air dryer 
(SLP-1501EB, Anest Iwata Corp.) and the air chamber. The 
air diffuser plate of 5 mm in thickness was placed at the bot-
tom of the column. The hole diameter, the number of holes, 
the hole pitch and the ratio of the total hole area to the area 
of column cross-section were 1.4 mm, 37, 25 mm and 0.18%, 
respectively.

The gas volume flow rate was measured using the flowme-
ters (NVP-I, FLT-H, Nippon Flow Cell Co., Ltd.; AM-1000, 
full-scale accuracy ±1.5%, Tokyo Keiso Co. Ltd.). The mea-
sured flow rate was converted into the volume flow rate 
at the middle height of the slurry level by taking into ac-
count gas expansion due to the decrease in static pressure. 
The range of JG defined at the latter location was from 
0.025±0.001 to 0.40±0.01 m/s, where the uncertainties were 
evaluated at 95% confidence.

The physical properties of the gas and liquid phases 

are as follows: the liquid density was 998 kg/m3, the gas 
density 1.2 kg/m3, the liquid viscosity, μL, 1.0×10−3 Pa·s, 
the gas viscosity 1.8×10−5 Pa·s, and the surface tension 
0.072 N/m. The initial slurry height, H0, was varied from 300 
to 1000 mm. The ratio, H0*, of H0 to DH, therefore, ranged 
from 1.5 to 5.0. Since the Stokes number, St (=ρPdP

2JG

/18μLDH) (Ojima et al., 2015), was much smaller than unity, 
e.g., St=7.3×10−4 at JG=0.20 m/s, and bubbles strongly 
stirred the slurry, the particle concentration would be uni-
form in the column.

1.2　Measurement method
The gas holdup of the bubble column was measured by 

processing images of the free surface. The images were taken 
using a high-speed video camera (Motion Pro X-3, Inte-
grated Device Technology Inc.) with spatial and temporal 
resolutions of 0.36 mm/pixel and 1/100 s, respectively. As 
shown in Figure 2, they were transformed into binary im-
ages. Then, the instantaneous slurry height, H(x, t), at the 
horizontal position x and the time t was detected using a 
region growing method (Hojjatoleslami and Kittler, 1998) 
after noise reduction. The mean slurry height at t was calcu-
lated as
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where t1 is the time, at which the recording was started, 
and T the sampling time. Instantaneous and time-averaged 
( )H t   at JG=0.40 m/s in the slurry bubble column are shown 

in Figure 3. For the latter, T was varied from 0 to 30 s to 
examine the convergence of the time-averaged value. The 
instantaneous ( )H t   fluctuates largely, whereas the time-
averaged ( )H t   at T=30 s converges to within ±0.5% de-

Fig. 1　Experimental setup
Fig. 2 Image processing for αG measurement (JG=0.050 m/s, 

H0*=5.0, CS=0.20)
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viations. In the following, αG data evaluated using T=30 s in 
Eq. (2) are presented. The relative standard errors in αG were 
evaluated by repeating the measurement 10 times under the 
conditions of CS=0 and 0.50, JG=0.025 and 0.40 m/s, and 
H0*=1.5 and 5.0. The errors in αG were within ±1%.

The flow was observed by using a high-speed video cam-
era (Fastcam SA-X2, Photron Ltd.). Four fluorescent lights 
were used for back illumination. The shutter speed and the 
frame rate were 1/20000 and 500 fps, respectively. The sam-
pling time was 20 s. The spatial resolution of the flow visual-
ization was 0.49 mm/pixel.

2.　Results and Discussion

2.1　Flow structure and gas holdup
Typical images of bubbles in the slurry at H0*=5.0 and 

CS=0.20 are shown in Figure 4. Though the presence of 

particles strongly deteriorates the transparency of slurry, 
high-speed video images confirmed that the flows were het-
erogeneous. For JG>0.20 m/s, huge bubbles were formed at 
z/DH ∼2, where z is the vertical distance from the bottom 
of the column. The huge bubbles strongly agitated the flow 
over the whole column cross section. This trend was similar 
to that at CS=0 in Sasaki et al. (2016). The characteristics of 
flow structures rarely depended on CS.

Figure 5 shows flows at H0*=5.0 and JG=0.30 m/s. The 
increase in CS decreases the height of the free surface, in 
other words, the total gas holdup. The heights for CS≥0.40 
are, however, almost the same.

Fig. 3　Instantaneous and time-averaged ( )H t   at JG=0.40 m/s

Fig. 4　Bubbly flows at CS=0.20 and H0*=5.0

Fig. 5　Bubbly flows at JG=0.30 m/s and H0*=5.0

Fig. 6　Total gas holdup αG and gradient dαG/dJG at H0*=5.0
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Gas holdups at H0*=5.0 are shown in Figure 6, where 
the αG data at CS=0 were quoted from Sasaki et al. (2016). 
The αG monotonously increases as JG increases. This trend 
is the same as that of the so-called pure heterogeneous flow 
(Ruzicka et al., 2003). The increase in CS decreases αG. This 
αG reduction is due to the bubble coalescence enhancement 
by hydrophilic particles (Ojima et al., 2014, 2015).

Figures 6 and 7 also show dαG/dJG. The dαG/dJG decreases 
with increasing JG and depends on H0* for JG≲0.20 m/s, 
whereas the dependency of dαG/dJG on JG and H0* is weak 
at larger JG. The critical value of JG corresponds to that for 
the formation of huge bubbles. Though all the flows in the 
present experiments are classified into the heterogeneous re-
gime, the flow structure can be further divided into two re-
gimes, i.e., flows without huge bubbles and those with huge 
bubbles. Hereafter, we refer to the ranges for the former and 
latter as Regime 1 and Regime 2, respectively (Sasaki et al., 
2016).

Figure 7 shows gas holdups at CS=0.40. The increase in 
H0* decreases αG both in Regimes 1 and 2. The lower αG at 
high H0* means that the mean bubble diameter in the col-
umn was larger compared to that at low H0*.

The total gas holdups are re-plotted against H0* in Figure 
8 to clearly show the effects of H0 on αG. At a constant JG, αG 
decreases with increasing H0*. Koide et al. (1984) measured 
αG for CS≤0.04. They concluded that the H0 effect is negligi-
ble for H0*>7. In the present data, αG becomes independent 
of H0 for H0*>4 at low JG, i.e. JG=0.025 and 0.050 m/s. The 
effect, however, appears at higher JG even for H0*>4.

The CS effect on αG at H0*=1.5 and 5.0 is shown in Fig-
ure 9. Due to the particle-induced enhancement of bubble 
coalescence, αG decreases with increasing CS. At H0*=5.0, 
αG for CS≳0.40 are independent of CS. On the other hand, 
αG slightly decrease with increasing CS even for CS≳0.40 
when H0*=1.5, especially at high JG. The reason for this 

difference can be understood as follows: since huge bubbles 
were formed at z/DH ∼2, bubble coalescence was dominant 
for z/DH≲2. On the other hand, the bubble coalescence rate 
was smaller for z/DH≳2 compared to the former region. The 
particle effect on bubble coalescence enhancement might, 
therefore, be of importance in the former. The ratio of the 
former region to the whole flow region decreases as H0* 
increases. Hence, the increase in CS reduces αG even at the 
high CS when H0*=1.5.

Ojima et al. (2014, 2015) measured the film drainage 
time, tC, i.e., the time elapsed from bubble contact to coales-

Fig. 7　αG and dαG/dJG at CS=0.40

Fig. 8　Effects of H0 on αG at CS=0.40

Fig. 9　Effects of CS on αG at H0*=1.5 and 5.0
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cence, to investigate the effects of hydrophilic silica particles 
on bubble coalescence in a quasi two-dimensional vessel. 
The tC decreased with increasing CS for CS<0.45. Hence, 
bubble coalescence is enhanced with increasing CS. For 
CS≥0.45, further bubble-coalescence enhancement was not 
observed even with increasing CS. Figure 10 shows a com-
parison between Ct   in the 2D vessel and the following nor-
malized gas holdup, αG*, in the cylindrical bubble column:

*
*

*= G 0 G S
G

G 0 G

( , , )
( , , 0)

α H J C
α α H J

  (3)

The strong correlation between αG* and Ct   implies that the 
αG reduction with increasing CS in the bubble column is 
caused by the bubble coalescence enhancement due to the 
presence of particles.

2.2　Applicability of Froude Number to αG correlation
In our previous study (Sasaki et al., 2016), we con-

firmed that the gas holdups in air-water bubble columns for 
1.5≤H0*≤5.0 is well correlated in terms of the following 
Froude number: 

= G
H

0

JFr
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where g is the acceleration of gravity. Figure 11 shows αG 
plotted against FrH. The αG increases with increasing FrH. 

The Froude number well correlates not only αG in the air-
water bubble column but also those in the slurry bubble 
column.

The following functional form was also used to express 
the αG data in Sasaki et al. (2016): 
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where C1 and C2 are regime-dependent coefficients and the 
superscripts, R1 and R2, denote Regimes 1 and 2, respec-
tively. Values of C1 and C2 determined by fitting Eq. (5) to 

Fig. 10　Normalized gas holdup vs. film drainage time

Fig. 11　αG plotted against FrH

Fig. 12　Interpolation functions of C1 and C2 in Eq. (5)

Fig. 13 αG in the slurry bubble column correlated in terms of FrH at 
CS=0.20 (C1 and C2 are calculated using Eqs. (6) and (7))
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the data are shown in Figure 12. In both regimes, C1 de-
creases with increasing CS, whereas it becomes constant for 
CS≥0.40. This reflects the fact that the dependency of αG on 
CS is very weak for this CS range. The C2 in Regime 1 also 
decreases as CS increases. On the other hand, C2 in Regime 2 
is constant. Interpolation functions of C1 and C2 in terms of 
CS were obtained as







+=

+

1.07
S

1

0.73
S

8.12 in Regime 1
0.75

11.4 in Regime 2
1.47

CC

C

  (6)





−


=

S13

2
max[21.8 0.018 ,18.5] in Regime 1
12.2 in Regime 2

Ce
C   (7) 

Figures 13 and 14 show comparisons of the αG data at 
CS=0.20 with Eq. (5) and those of all the data with Eq. (5), 
respectively. Equation (5), which includes only two fitting 
parameters C1 and C2, can well correlate all the data.

Conclusion

Total gas holdups, αG, in a cylindrical slurry bubble col-
umn were measured by using a high-speed video camera 
and an image processing method to investigate the effects 
of the initial slurry height, H0, the superficial gas velocity, 
JG, and the mean particle volumetric concentration, CS, on 
αG. The column diameter, DH, was 200 mm. Air, water and 
hydrophilic spherical silica particles were used for the gas, 
liquid and solid phases, respectively. The mean particle 
diameter was 100 µm. The CS varied from 0 to 0.50. The JG 
ranged from 0.025 to 0.40 m/s. The ratio, H0*=H0/DH, of 
initial slurry height to diameter was from 1.5 to 5.0. The 
conclusions obtained under the present experimental condi-
tions are as follows.
1. The gas holdup decreases with increasing H0 and be-

comes independent of H0 for H0*>4 at low JG. The 
height effect, however, appears at higher JG even for 

H0*>4.
2. The gas holdup decreases with increasing CS up to CS 

∼0.40, whereas it becomes independent of CS at larger 
CS.

3. The gas holdups at various initial slurry heights are well 
correlated in terms of the Froude number defined by 
using the superficial gas velocity and the initial slurry 
height as the characteristic velocity and length, respec-
tively.
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Nomenclature

CS =  particle volumetric concentration  [—]
C1, C2 =  coefficients in Eq. (5)  [—]
DH =  hydraulic diameter [m]
dP =  mean particle diameter [m]
FrH =  Froude number (FrH=JG/ 0gH  )  [—]
g =  acceleration of gravity [m/s2]
H0 =  initial slurry (or liquid) height [m]
H0* =  dimensionless slurry height (H0*=H0/DH)  [—]
H =  instantaneous slurry height [m]
JG =  superficial gas velocity [m/s]
MS =  total mass of solid phase [kg]
St =  Stokes number (St=ρPdP

2JG/18μLDH)  [—]
tC =  film drainage time [s]
t =  time [s]
t1 =  time, at which video recording is started [s]
T =  sampling time [s]
VS =  total volume of solid phase in slurry [m3]
VSL =  slurry volume (VSL=πDH

2H0/4) [m3]
x =  horizontal coordinate [m]
z =  vertical coordinate [m]

αG =  total gas holdup  [—]
αG* =  normalized gas holdup  [—]
δ =  porosity of particles (δ=ρSθ/(1+ρSθ))  [—]
θ =  pore volume of particles [m3/kg]
Θ =  total volume of pore of particles [m3]
μL =  liquid viscosity [Pa·s]
ρS =  true particle density [kg/m3]
ρP =  apparent particle density [kg/m3]
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