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Abstract
The hydrodynamic behaviors of a single-stage tapered bubble column using air-water and air-electrolyte two-
phase systems have been reported in this article. Experimental results indicate that the hold up is increased 
with the increase in the superficial gas velocity. The gas flow rate however, does not have appreciable effect 
on the pressure drop owing to the dynamic pressure recovery stemming from the increase in the flow area in 
the axial direction. The energy dissipation has been increasing with the gas flow rate. The trend of hold up and 
pressure drop, and energy dissipation are similar for both the systems. Finally, correlations are put forward 
for predicting the hold up and pressure drop for the air-water system and are statistically highly functional.
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1.  Introduction

Bubble column or slurry bubble column reactor has 
emerged as one of the most promising devices in 
chemical, biochemical and environmental engineering 
operations. Bubble columns provide several 
advantages over other gas-liquid contacting devices 
because of its simple construction and operation, 
absence of any moving parts, isothermal condition, 
high heat and mass transfer rates and online catalyst 
addition and withdrawal1,6,9,14,19 though it has some 
drawbacks, such as back mixing between the phases 
and bubble coalescence. Some of the specific uses 
include hydrogenation, crystallization, fermentation, 
water treatment, air pollution control etc. 

Depending on the shape, bubble columns 
are accordingly named as conventional (uniform 
cross-section with cylindrical or rectangular in 
shape) bubble column and tapered (varied cross-
section) bubble column. Various aspects such as 
hydrodynamics, interfacial area of contact and 
mass transfer coefficients of conventional bubble 
columns have been reported in the literature2,3,5,7,16. 
The flow behavior in a tapered bubble column was 
reported in details elsewhere in the literature1. The 
principal feature of a tapered bubble column is the 
increase in the cross-sectional area continuously 
from bottom to top. The increase in the flow area in 
the upward direction of the column may also result 
in the dynamic pressure recovery during operation 
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that cannot be normally achieved in a conventional 
column. 

The research investigation carried out on the 
tapered bubble column so far is scanty in the existing 
literature. Some studies of available literature are 
reviewed here. Zhang17 investigated the distribution 
of axial solid concentration in tapered and cylindrical 
slurry bubble columns using air as the gas phase, tap 
water as the liquid phase and quartz sand as the solid 
phase and predicted axial solid concentration by 
developing an empirical correlation using the Peclet 
number. Zhang et al.19 investigated the gas hold up 
characteristics for two and three phases in a 3 m long 
tapered bubble column having a tapered angle of 
1.91⁰ with internal diameters of  0.10 m at the bottom 
and 0.20 m at the top. Zhang and Zhao18 explored 
the tools for developing low temperature methanol 
synthesis in circulating slurry bubble column 
reactors for commercial application. Bandyopadhyay 
and Biswas1 studied the hydrodynamics of a single 
stage tapered bubble column with a tapered angle 
of 7O using an air-water two phase system. Critical 
appraisal of the existing literature revealed that 
hydrodynamics of the tapered bubble column at 
varied tapered angle was not studied in details. Also 
the effect of presence of electrolytes in the aqueous 
phase has not yet been explored. 

2.  Experimental Methods

A single stage tapered bubble column was designed 
and fabricated with an angle of divergence of 10.84o. 
The top and bottom diameters of the 1.00 m column 
were 0.269 m and 0.08 m respectively. A maximum 
vertical height of 0.564 m was used in the present 
experiment. A sparger disc of 80 mm diameter was 
placed at the bottom of the tapered column containing 
93 numbers of holes each having 0.8 mm of diameter. 
The experiments were conducted at 297± 2 K under 

various operating conditions as follows: static liquid 
volume (VQL) from 2.00×10-3 m3 to 8.00×10-3 m3 and 
gas flow rates from 3.3×10-4 m3/sec to 16.6×10-4 m3/
sec. The hold up (εg) was determined from the ratio 
of the difference in the volume of the dispersion 
(V) and volume of the quiescent liquid (VQL) to the 
volume of the dispersion (V) as given below
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The respective oblique heights were recorded 
from various experimental conditions and by using 
the principle of solid geometry corresponding 
volumes were determined as given below1:
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In the present study, the cross-sectional area was 
calculated from logarithmic mean column diameter 
obtained from the top of the dispersion and the 
bottom of the column as follows:

[ ]
( )
( )

2
2 T B

T B

D D
LMCA = logarithmic mean column diameter

4 4 ln D /D
p p é ù-ê ú= ê úê úë û

    (3)

Therefore, superficial gas velocity was calculated 
from the following expression
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3.  Results and Discussion

3.1 �Effect of Superficial Gas Velocity on 
the Hold Up

The effect of superficial gas velocity on the hold up 
for air-water two-phase system is shown in Figure 
1 at various quiescent liquid volumes. The hold up 
was increased with the increase in the superficial gas 
velocity, Ug. It might be attributed to the fact that as 
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the gas was moving upward, its velocity was reduced 
owing to increase in the cross-sectional area that 
induced lower bubble velocities leading to longer 
residence time that resulted in the higher gas hold up 
in the column. Increase in the holdup might also be 
due to the increase in the number of smaller bubbles 
stemming from higher bubble breakup frequency at 
higher values of the superficial gas velocity. 

Experiments were also conducted for air-
electrolyte (salt) two-phase system at a constant 
liquid volume of 4×103 m3. The effect of superficial 
gas velocity on the hold up for this system is also 
shown in Figure 1. It can be seen from the figure that 
the hold up was higher in case of salt solutions at 
higher gas flow rates than in air-water system alone 
and thus the upper cross-section of the dispersion 
was increased resulting in the drop in velocity at 
that plane resulting in the recovery of dynamic 
pressure. Also the hold up was increased with the 
increase in concentration of the electrolyte solution. 
Furthermore, the hold up was higher in case of 
Na2SO4 and CaCl2 than NaCl solution as well as air-
water two phase system.

3.2 �Effect of Quiescent Liquid Volume 
on the Hold Up

It was reported earlier in the literature Bandyopadhyay 
and Biswas1 that higher values of the hold up could 
be observed for lower values of quiescent liquid 
volumes within the range of superficial gas velocities 
studied. This was due to the fact that the fraction of 
liquid in the column was increased with the increase 
in the VQL, thus the holdup was reduced at higher 
values of VQL under similar operating conditions. In 
the present investigation, similar effect was resulted 
without showing any transition zone (Figure 1). It 
might be owing to the lower and narrower range 
of Ug used in the present study than investigated by 
Bandyopadhyay and Biswas. 

3.3 �Effect of Gas Flow Rate on the 
Pressure Drop

Figure 1.    Effect of superficial gas velocity on the 
hold up for air-water and air-electrolyte solution 
two phase system in the tapered bubble column.

The effect of the gas flow rate on the Pressure drop 
for the air-water and air-electrolyte systems across 
the tapered column under varied quiescent batch 
operating conditions is shown in Figure 2. It can 
be seen from the figure that the pressure drop was 
practically remained almost constant with the 
increase in the gas flow rate. The pressure drop was 
varied between 2028.747 N/m2 and 5071.868 N/m2 
within the framework of the present investigation. 
The pressure drop observed and reported by 
Bandyopadhyay and Biswas1 was varied from 289.04 
N/m2 to 496.83 N/m2 in a tapered bubble column with 
lower divergence angle as discussed earlier. Clearly, 
it can be seen that higher superficial gas velocities 
(2.5×10-3m3/s - 6.67×10-3m3/s) used yielded lower ∆P 
than in the present case.
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Figure 2.    Effect of gas flow rate on the pressure 
drop for air-water and air-electrolyte two phase 
system in the tapered bubble column.

3.4 �Effect of Gas Flow Rate on the 
Energy Dissipation

The effect of gas flow rate on the energy dissipation 
is shown in Figure 3. It can be seen from the figure 
that the energy dissipation in increasing with the 
gas flow rate. It can further be seen from Figure 3 
that the energy dissipation for air-water two phase 
systems was slowly decreased with the quiescent 
liquid volume initially and thereafter increased. 
The energy dissipation in the air-water system was 
varied between 789.72 W/m3 and 1135.4 W/m3 of 
dispersion at gas flow rate 16.66×10-4 m3/sec. The 
range of energy dissipation however, reported by 
Bandyopadhyay and Biswas1 to be varied between 
127 and 356 W/m3 of the dispersion for air-water 
system alone. The effect of gas flow rate on the energy 
dissipation for air-electrolyte system is also shown in 
Figure 3 at a constant batch liquid volume of 4×103 
m3. The energy dissipation was increased linearly 
with the increase in gas flow rate in all the cases 

similar to air-water system. However, the energy 
dissipation observed for 1.0 M NaCl and 0.5 M NaCl 
solutions were relatively lower than others since the 
pressure drop was relatively lower in these cases as 
elucidated earlier. 

Figure 3.    Effect of the energy dissipation for 
air-water and air-electrolyte two phase system at 
various gas flow rates in the tapered bubble column.

3.5 �Prediction of Hold Up and Pressure 
Drop through Correlations

A correlation was developed for predicting the hold 
up for air-water system analogous to the well known 
Akita-Yoshida11 correlation as a function of various 
pertinent variables of the system by multiple non-
linear regression analysis. The correlation developed 
was statistically highly significant (at 99.0% confidence 
range with correlation coefficient of 0.9893 and 
coefficient of determination of 0.9788). The predicted 
values agreed excellently well with the measured 
values (standard error 0.0579). The developed 
correlation with the coefficient and exponents are 
given as follows
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A correlation was also developed for predicting the 
pressure drop for air-water system as a function 
of various pertinent variables of the system by 
multiple non-linear regression analysis. The correlation 
developed was statistically highly significant (at 99.0% 
confidence range with correlation coefficient of 
0.9997 and coefficient of determination of 0.9995). 
The predicted values agreed excellently well with 
the measured values (standard error 0.0117). The 
developed correlation with the coefficient and 
exponents are given as follows
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4.  Conclusion

In this article, the performances of a tapered bubble 
column for air-water and air-electrolyte two-phase 
systems under batch operating conditions were 
reported. Experimental results revealed that the hold 
up was increased with the increase in the superficial 
gas velocity. The hold up was varied between 5.526 
% (VQL = 4×10-3 m3; QG = 2×10-4 m3/s) and 17.865 
% (VQL = 3×10-3 m3; QG = 8×10-4 m3/s) for air-water 
system. The pressure drop for air-water system 
was practically remained almost constant with the 
increase in the gas flow rate for both systems. The 
pressure drop was varied between 2028.74 N/m2 

and 5071.86N/m2 within the hydrodynamic regimes 
studied. The energy dissipation was increased with 
the increase in the gas flow rate for air-water system. 
The energy dissipation in the air-water system varied 
from 789.72 to 1135.4 W/m3 of dispersion. The effect 
of superficial gas velocity on the hold up at various 
electrolyte concentrations indicated that the hold up 
was increased with the concentration of electrolyte 
and also with the increase in the ionic strength of the 
solution. It was attributed to the fact that electrolyte 
had reduced the surface tension of water and thereby 

causing smaller bubbles to stable for longer period 
of time and as a result, bubble coalescence as well 
as bubble bursting was prevented compared to that 
occurred in case of air-water system alone. Finally 
correlations were developed for predicting the hold 
up and pressure drop for air-water two phase systems 
which were statistically highly functional.
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Appendix

Nomenclature and Greek Symbols
DB	� diameter at the bottom of the tapered bubble 

column, m
DT	� diameter at the top of the tapered bubble 

column with dispersion, m
DTq	� diameter at the top of the tapered bubble 

column with quiescent liquid, m
E	� energy dissipation per unit volume of 

dispersion, W/m3

g	 acceleration due to gravity, 9.81 m/s2

hd	� vertical height of the dispersion in the 
tapered bubble column, m 

Hd	� oblique height of the dispersion in the 
tapered bubble column, m 

hq	� vertical height of the quiescent liquid in the 
tapered bubble column, m

Hq	� oblique height of the quiescent liquid in the 
tapered bubble column, m

LMCA	 logarithmic mean cross-sectional area, m2

Qg	 volumetric flow rate of gas, m3/s
T	 temperature, K
Ug	 superficial gas velocity, m/s
V	 volume of the dispersion, m3

VQL	 volume of the quiescent liquid, m3

εg	 gas hold up, dimensionless
ρglycerine	 density of glycerine, kg/m3

∆h	 differential height in manometer, m
ρg	 density of gas, kg/m3

ρL	 density of liquid, kg/m3

σL	 surface tension of liquid, N/m     
νL	 kinematic viscosity of liquid, m2/s

µL	 viscosity of liquid, kg/ms
NBO	 Bond number [gD2ρL/σL]
NGa	 Galileo number [gD3/ νL

2]
NFr	 Froude number [Ug/√gD]
NReG	 Gas phase Reynolds number [DUg ρL/µL]
NW	 Weber number [DUg

2ρg/ σL]




