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Mexico

Received 26 February 2014; Accepted 16 June 2014

ABSTRACT

The hydrodynamics of an air–water flow in a column has been analyzed. The reactor con-
sisted of a vertical column of 0.055m diameter and 0.255m height, made of acrylic to
achieve good visualization of the bubbles. The column was partially packed with solid
cylindrical pellets. The study was focused on the region above the packed zone in three ver-
tical positions. Measurements of velocity in ascendant flow direction were conducted at
each position using laser Doppler anemometry. Velocities along the column diameter were
experimentally determined for two liquids flow, 300 and 600 L/h. Two conditions of Rey-
nolds number were obtained, Re: 8.3 and 16.7 × 103 based on inlet pipe diameter and water
properties. The results show that the size and shape of the bubbles become smaller and uni-
form when the column was packed. Experimental measurements of the velocity were diffi-
cult to determine when the Re was higher (Re > 17 × 103). Also, the velocity profile showed
instability of the flow, mainly in the near packed region. However, an average value of the
velocity could be observed as function of the inlet condition.
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1. Introduction

The bubble column reactors are commonly used in
many areas of engineering, such as chemical, petro-

chemical, biology, biochemistry, pharmaceutical, and
metallurgical industries, to name a few, in a variety of
processes: hydrogenation, oxidation, chlorination,
alkylation, effluent treatment, antibiotic, fermentation,
bio-desulfurization of oil, etc. [1–8]. In particular, in
the chemical industry, the Fischer–Tropsch process*Corresponding author.
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(bubble column-type reactor) is widely used and
known for the synthesis of methanol and fuels [9–21].

Although the geometry of the bubble column reac-
tors is simple, the study of which is often complicated
since these reactors use multiphase flows. Therefore,
the design and scale-up of bubble columns depend
upon the column hydrodynamics [5,22]. The most
important parameters to achieve an optimal design of
such reactors are: column dimensions, internal condi-
tions, distribution of inlet flows, gas–liquid dispersion,
operating conditions (T, P), physical and chemical prop-
erties of phases, size and structure of solid particles,
and chemical reaction, among others. Involved physical
phenomena to be investigated in bubble column reac-
tors are: physical properties of bubbles, interfacial prop-
erties, momentum, heat and mass transfer, mixing, and
the drop pressure, etc. The current design of a bubble
column reactor is closer to empiricism based on the fun-
damental understanding of the hydrodynamic parame-
ters [22]. Rzehak and Krepper [23] mentioned that the
bubble in the fluid induces turbulent dissipation which
affects the flow properties. Therefore, the hydrody-
namic on packed reactors is influenced by the amount,
size, and distribution of bubbles.

The study of the hydrodynamic behavior of packed
columns depends on the use of experimental tech-
niques such as Particle Image Velocimetry, Laser
Doppler Anemometry (LDA), and Phase Doppler Ane-
mometry (PDA) [24,25]. Gan et al. [26] examined the
dynamic flow and stability of a two-phase bubbly
cylindrical column with the PDA technique. The bub-
bles diameters were in the range of 400–1,300 μm.
Measurements were taken at different air flow rates
(0.13, 0.25, and 0.38 L/min) that correspond to the fol-
lowing gas volume fractions, 0.0065, 0.0138, and
0.0197. The authors found a pattern of constant circu-
lation in the top of the column and instability of low
frequency in the bottom of the column caused by bub-
bling. They recognized that the size of bubbles has an
effect on the turbulence within the column. Braeske
et al. [27] and Lain et al. [28] used PDA techniques to
determine the phases hold-up in a bubble reactor.
Magaud et al. [29] mentioned that decreasing the
liquid velocity, considerably amplifies the gas velocity
effect. The packed column reactors with co-current
liquid–gas flows where heterogeneous reactions take
place on solid surfaces are also applied to catalytic
processes in refineries such as hydrocracking and hy-
drotreating processes. The lack of knowledge about
proper distribution and dispersion of liquid and gas,
optimum heat transfer, and reliable kinetic models can
cause the reactor performance to decrease [1]. Conse-
quently, the hydrodynamic study in this is crucial for
reaching the optimum performance.

Therefore, the objective of this paper is to analyze
the hydrodynamics of gas–liquid flow in a packed
bubble column with cylindrical non-porous solids by
using the LDA. The design and construction of the
acrylic experimental device was carried out at labora-
tory scale. The packed column was operated with
water and air. The LDA technique was used focusing
laser beams in three vertical locations of the column,
near to the border of the bed, in order to monitor the
bubble velocity.

2. Experimental design of the packed column

An acrylic column (see Fig. 1) was made using
0.055m diameter and 0.255m height; the column
length occupied by the solid phase was 0.16m. The
solid phase consists of non-porous cylindrical pellets
of 316 stainless steel with an average dimension of
0.01 m length and 0.002m diameter. The pellets
occupy 23.8% of the column volume, leaving the rest
for free circulation of fluids (see Fig. 2). The air and
water were pumped through two separate lines that
meet at the bottom of the experimental device where
fluids were mixed. Steel waste debris was placed
before the inlet of column in order to ensure a uni-
form air distribution in water showing good results.
Likewise, the reactor has two outlets; one oriented
horizontally that allows the output of most of the
water, which is located after the packed zone; and the
other on the top that directs the flow vertically
towards a closed loop, as shown in Fig. 1. Two flow-
meters with an accuracy of ±1% for water and ±2%
for air were used in order to control the flow of both
fluids. The pipe lines were equipped with two valves:
a gate type for the water line and a needle type for
the air line. Water was circulated in a closed loop
using a submersible pump 1/8 hp, whereas the air
was taken from the environment with a compressor
1 hp which was operated with a stationary by-pass in
order to fix the pressure at the base of the column.

3. Experimental procedure

The hydrodynamic analysis of the column is based
on measurements of velocity at three vertical coordi-
nates located along the column at 0.208, 0.198, and
0.188m. Measurements were carried out at points in
the cross-sections by moving the laser beam horizon-
tally from wall to wall and obtain the velocity profile.
All measurements were conducted below the horizon-
tal outlet of the column (see Fig. 3). Silver dioxide par-
ticles with an average size of 5 microns were used as
markers of the bubble flow. In LDA, the velocity is
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derived from Doppler frequency of marked particles
that are illuminated by a known frequency of laser
light when cross a fixed fringe, resulting from interac-
tion of two laser beams in a small space called
measurement volume, which is characterized by an
interference fringes (a pattern of light and dark
surface) [30].

When the marked particles pass through the illu-
minated zone, emit light pulses that are captured by a
photodiode. These signals have a defined frequency
from which the velocity is derived. This is possible

because the light scattered by the particle is collected
by a front lens and focused on the photodetector
which converts the fluctuations of light intensity into
a voltage signal, which is in turn amplified. An elec-
tronic device known as signal processor is used to
determine the frequency of each particle crossing the
measurement volume.

The equation that relates the Doppler frequency,
fD, of the particle and its velocity, uy, is deduced using
physical considerations of laser light and optics
geometry [31,32]:

Fig. 1. Multiphase experimental system.

Fig. 2. Bubble column dimensions.
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uy ¼ fDk
2 sin a

(1)

where fD is the Doppler frequency in Hz; α is the
beam angle; λ is the wavelength of the laser radiation
(in this case, green color of 514 nm was used), and uy
is the velocity component in the plane formed by the
laser beams, in m/s. In this study both laser beams
were introduced aligned with the main axis of the col-
umn giving the component of the surface velocity in
the vertical direction, uy.

The results are plotted as velocity as a function of
the distance in the x direction, which represents the
column diameter (see Fig. 3). It is noteworthy that the
gas and liquid velocities could not be measured by
the LDA technique in the packed zone of the column,
because the solid elements blocked the passage of
light beams. It is important to mention that each mea-
surement point by the LDA consists of over 1,500
burst data enabling a point velocities fluctuations
description along the diameter of the column (see
Fig. 3), except for the region close to the wall where a
few number of data were obtained.

Table 1 shows the inlet conditions under study.
Liquid flow rates of 300 and 600 L/h were mixed with

a constant air flow of 54.5 L/h. Reynolds number was
calculated based on the internal diameter of the inlet
pipe and inlet velocity, before water and air were
mixed. Additionally, packed beds Reynolds numbers
were calculated according to Baker [33] (see Red
Table 1).

4. Results and discussions

The system under study consisted of three phases:
a static solid phase formed by cylindrical elements of
stainless steel 316, a liquid phase (continuous phase)
represented by water, and a gas phase (dispersed
phase) given by the air. Visualization of the air–water
mixture is lost within the packed column zone with
the LDA technique. During the experiment, the forma-
tion of vortices in the horizontal outlet of the column
and wall was observed. The above behavior induces
the turbulent dissipation of bubbles that causing
changes in the internal energy and properties of the
mixture, similar to that reported by other authors
[24,34,35]. After the packed zone it was observed that
air bubbles evenly move vertically to the top of the
column. Furthermore, less bubbles moved homoge-
neously towards the horizontal outlet at the upper
part of the column. Regarding the behavior of two-
phase flow a vortex near the horizontal output was
observed.

Fig. 4 shows the bubble pattern after the bed for
the two flows studied.

4.1. Velocity profiles obtained using LDA

The measurement of velocity with LDA was more
difficult as the Reynolds number, Re, increased. As
mentioned above, more than 1,500 data was obtained

Fig. 3. Bubble column and anemometer used to determine the velocity of bubbles at the following vertical coordinates:
0.188, 0.198, and 0.208m.

Table 1
Input conditions used to water and air

Flow rate
(L/h)

Velocity
(m/s)

Reynolds
number

Red
Water Air Water Air Water Air Two-phase

300 54.5 0.66 0.12 8,329 108 656
600 54.5 1.32 0.12 16,659 108 1,312
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that were averaged for each experimental point being
reported in this paper, which allow describing fluctua-
tions on velocity along the column diameter, except
near the wall, where a small number of data was
obtained due to the erratic movement of the bubbles.
The bubbles over there have a different dynamics
compared with what occurs in the center zone of the
column, as observed in Fig. 4(b).

Table 2 shows the average velocity for each posi-
tion. As can be seen for the case of 600 L/h, the veloc-
ity increased as the fluid passed the solid phase and
decreased as it moved away from the edge.

A summary of results is presented in Fig. 5, which
shows the velocity profiles along the diameter of the
column at three positions and water flow of 300 L/h.
It is observed that velocity values disposed along the
entire cross section showing large fluctuations. It is
important to note that there are no measurements
from wall to x = 0.01m (opposite the horizontal outlet).

The highest measured value of superficial velocity
was 0.27m/s located near the border to the solid bor-
der; this confirms a greater velocity when the fluid
leaves the packed zone.

For the case of water flow of 600 L/h, the results
are shown in Fig. 6. We can also confirm that high var-
iation of velocity occurs near the walls of the column,

Fig. 4. Bubble pattern in column at (a) 300 L/h and (b) 600 L/h of water flow.

Table 2
Experimental average velocity

Water flow rate
(L/h)

Velocity (m/s)

Position (m)
0.188 0.198 0.208

300 0.124 0.138 0.147
600 0.251 0.24 0.239
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but unlike the results of Fig. 5, a similar region exists
in the center with slightly higher velocity. This result
indicates that the flow rate determined by the velocity
profiles immediately after the packed column. Another
important aspect is that measurements of velocity were
possible after a distance of 0.01m from the wall
(opposed to the horizontal outlet). Similar to results of
Fig. 5, the results in Fig. 6 show a highest velocity
(0.36m/s) close to the end of the packed column.

5. Conclusions

This work was focused on the experimental deter-
mination of velocity profiles in a packed bubble col-
umn using the LDA technique. The measurements
were carried out at three vertical positions located
near the package. Two inlet conditions for the water

flow were used (300 and 600 L/h), and keeping the air
flow fixed at 54.5 L/h. In this case, Reynolds number
was obtained for water inlet conditions of Re = 8,329
and Re = 16,659, while an air inlet condition of Re = 90
kept constant. The results showed high dispersion of
velocity magnitude in the region above the solid cylin-
drical pellets (between 0.05 and 0.36m/s). For the case
of Re = 8,329 (300 L/h), a velocity of 0.27m/s was
reached while for the highest Re condition (600 L/h) a
velocity of 0.36m/s was achieved according to the
measurement positions under study in this work.
Compared with the inlet condition, the velocity of
water was reduced due to the solid phase in the
column.

The formation of vortices was evident both in the
horizontal output and the column wall. Then, a
greater velocity variation near to the solid phase
(vertical coordinate) and wall (horizontal coordinate)
was obtained. Pellets promoted the formation of small
and uniform bubbles, as well as a regular water flow.

In the packed zone no velocity measurements were
obtained because pellets obstructed the passage of
light beams.

Acknowledgement

J.A. Hernández expresses his sincere gratitude to
the “Instituto Mexicano del Petróleo” for the financial
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