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A Stochastic Analysis of Liquid Mixing in Bubble Column
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Abstract In the present study, the mixing of liquid phase in bubble column is analysed by an entropy theory. The
Kolmogorov entropy factor depending on the operating parameter is estimated to evaluate the concentration profile of the
solute dispersed in the dynamic two-phase system. The intensity of mixing is enunciated by the Kolmogorov entropy
parameter and correlated with the degree of mixing in the bubble column. Correlations have also been developed to predict
the parameters by dimensional analysis. The analysis may be helpful for further understanding of the two-phase mixing in

the multiphase system.
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1. Introduction

Bubble columns are extensively used as gas-liquid
contactors in the chemical, petrochemical and biochemical
industries. Effective phase mixing leading to improve heat
and mass transfer characteristics and other various
advantages of bubble column reactors render it an attractive
choice of reactors for different chemical and bio-chemical
processes. The design and scale-up of these reactors has
been primarily based on empiricism. This can be attributed
to the complexity and scale dependency of the
hydrodynamics and transport parameters in these systems.
Considerable effort has been directed in recent years to
obtain fundamental models for the description of
hydrodynamics in bubble columns. The bubble column has
been modified in different way according to the industrial
need and applications[1]. Bubble column with various type
of gas-liquid distributer utilises the kinetic energy of the
high velocity liquid for the entrainment and dispersion of
gas phase. They provide several advantages during
operation and maintenance such as high heat and mass
transfer rates, compactness and low operating and
maintenance costs[1]. The advantages claimed for bubble
columns compared to other multiphase contactors are: i)
absence of moving parts and hence low maintenance cost, ii)
higher effective interfacial area and volumetric mass
transfer coefficients, (ii) less floor space requirement and iv)
large liquid residence times especially suited for slow
reactions, (v) high heat and mass transfer rate. A distinct
advantage of bubble columns is that the mixing is effected
by the action of rising bubbles, a process significantly more
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energy-efficient than mechanical stirring. But the operation
and performance of bubble column reactor significantly
depend on the fluid dynamic characteristic of bubble
column. Ejector induced downflow bubble column has
certain advantages such as uniform bubble size, finer
bubbles, less power consumption, high gas utilization, easy
maintenance[2-4]. For the analysis of performance of
bubble column based on mixing characteristics, the axial
dispersion model (ADM) is commonly used. The liquid is
assumed to be in plug flow with axial dispersion
superimposed on it.

This model lumps the different mechanisms of liquid
mixing into a single axial dispersion coefficient. The ADM
lacks a proper physical basis for bubble columns but its
popularity is reached due to a single unknown parameter.
There are many correlations available in literature
developed by different authors[5-7] to predict the axial
dispersion coefficient. As per Deckwer (1992)[1], there is a
wide scatter in the data and correlation predictions of the
liquid mixing that are represented by simplified way. Other
different phenomenological based models developed by
Kastanec et al.(1973)[8], Nauman and Buftham (1983)[9],
Deckwer and Schumpe (1993)[10], Krishna et al. (2000)
[11] and Majumder (2008)[12] are also available for
describing liquid backmixing in a way that can associate it
with the fundamental mechanisms. Such models have a
strong physical basis for understanding the liquid mixing
behavior without relying on the complete solution of the
fundamental hydrodynamic equations[13]. From the
literature it is seen that mixing characteristics have been
extensively studied in bubble column reactor and reported
in the scientific literature[l, 4, 5, 14 — 21]. Many of the
studies covered in the literature use conventional
liquid-phase mixing models to interpret the obtained
experimental data and to quantify the effect of the different
operating and/or design parameters. The axial dispersion
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model (ADM) has been traditionally used to describe and
quantify the extent of liquid backmixing in different reactor
systems[22]. In the present study the mixing characteristics
in bubble column has been analysed by a different a unified
approach. In this case the time dependent tracer distribution
which is an estimation of intensity of mixing in bubble
column reactor has been analysed by Kolmogorov
information entropy theory.

2. Theoretical Background

The flow behaviour through a system is conveniently
achieved by determining the age distribution of the elements
of the fluid in the exit stream or the residence time
distribution (RTD) within the system. The RTD for flowing
fluid is normally obtained by the so called “Stimulus
response” technique. This technique involves the injection of
a solute as a tracer at the inlet streams and the corresponding
response of tracer concentration within the system. The
variation of solute concentration is characterized by
mo lecular diffusion and convective diffusion in a system.
The variation of concentration with a time step of At results
the information about the solute dispersion intensity and the
local concentration at a certain time. In general for P
dimension case, the experimentally obtained time signal of
concentration C(t), in a time step At, the (m+1) values of
concentration results as C(i, At) fori=0, 1,2, 3, 4 m. Thus a
vector information distribution for the tracer particle can be
expressed as[23]:

Z,(t) = [C(iA1), C(iAt + A),.., C(iAt + (P —1)A)] (1)
where i=0, 1, (m-{P-1}k), A=k.At, k=1, 2, 3.and P is the
dimension of the vector Z(t). Therefore moving with time t,
a series of P-dimensional vectors representing the
P-dimensional portrait of system can be obtained. The
Kolmogorov entropy, which is a measured of degree of the
rate of generation of information of the system, can be used
to the dispersion behavior of the phase in a multiphase
system. The rate of generation of information about
concentration of solute at a point (for a particular operating
condition) in a time t can be expressed as:

G()=1_,+KI(1) fort>o ()
where K is called the Kolmogorov entropy. li— is the
information of solute dispersed at time t=0 and [i—(t) is an
information of solute dispersed at time t. This results in the
distribution of solute with respect to time. From the
experimental data, it is found that the distribution of solute
follows the Gaussian type distribution which can be
represented as
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where I is the initial information of the system. The
Kolmogorov entropy K and parameter W are to be found
from the experimental data by fitting with the above

distribution equation. t,, = mean residence time of solute in
system obtained by fitting the experimental data. The
variance of the distribution equation (eq. (3)) is o which is
obtained as:

cl="— “4)

As compared to the axial dispersion model the variance
can be expressed by the intensities of dispersion by fitting the
axial dispersion model (ADM)[22]. The variances of the two
models (ADM and eq.(3)) can be related as:
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where, N;is the dispersion number ( D /(U,H )). Higherthe

dispersion number more the mixing of phases in the system.
The dispersion number can be expressed in terms of
parameter Was:

2
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W increases mean the dispersion of solute increases and
hence mixing increases.

N, = )

3. Results and Discussion

The degree of dispersion examined by the parameter
which is known as Kolmogorov entropy (K) and the
information characteristic factor (W) of spreading of solute
distribution which quantifies the intensity of the mixing of
phases in the system. As the parameter increases the mixing
intensity increases. In the following section, the Kolmogorov
entropy (K) and the effective characteristic factor (W) of
spreading of solute distribution in bubble column reactor are
enunciated based on the published data[5, 15, 16]. In the
following section effect of operating variables on mixing
characteristic factors are enunciated.

3.1. Rate of Generation of Information
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Figure 1. Therate of generation of information with respect to time
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The rate of generation of information (concentration of
solute) at a point (for a particular operating condition) in a
time ¢ for different parameter to describe the degree of
mixing in bubble column is shown in Figure 1. From the
figure it is seen that the present model is fitted well with the
experimental data extracted from the published work at the
specified condition.

3.2. Effect of Phase Velocity on Mixing Characteristic
Factors (W)

From the experimental data on mixing in bubble column
published by Deckwer et al. (1974)[5], Zaharandnik and
Fialova (1996)[15], Kelkaretal. (1983)[16]. The variation of
mixing characteristic factor with gas phase velocities is
shown in Figure 2. It is observed that the mixing
characteristic factor (W) increases with increase in gas
velocity. At constant liquid velocity increasing gas velocity
indicates a higher dispersion or higher mixing in the column.
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Figure 2. Variation of mixing characteristic factor with phase velocities

As the gas velocity increases the momentum exchange in
the column increases which increase the internal circulation
of the gas phase in the column which may lead to the more
enhancement of spreading of tracer mo lecule and consequent
the more mixing in the column as shown in Figure 2. At low
gas velocity, bubbles are relatively smaller and rise
uniformly without much interaction with the liquid at higher
gas velocity, large fast-rising bubbles appear which disrupt
the system contents, results increase in the liquid dispersion
and results the increase in mixing characteristic factor W
with increase in gas velocity

3.3. Effect of Phase Velocity on Entropy (K)

Fromthe data analysis by the entropy theory it is seen that
the Kolmogorov entropy (K) decreases with increases in gas
velocity as shown in Figure 3. The entropy increases with
increase in liquid velocity but decreases with increase in gas
velocity. The increase in entropy with liquid velocity
indicates more dispersion of solute in the column but as the

gas velocity increases with constant liquid velocity, the
uniform distribution of the solute may be hindered by the
internal circulation of the liquid due to pressure difference in
the column. The overall effects ofthe entropy may lead to the
increase in mixing characteristics (W) to represent the
concentration profile o fthe tracer particle inside the column.
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Figure 3. Variation of entropy with phase velocities

3.4. Effect of Phase Velocity on Mean Residence Time
(MRT)

The mean residence time of the tracer particles inside the
column depends on the liquid and the gas velocities.
Geometric configurations have also effects on the mean
residence time of the particle. As the liquid or gas velocity
increases the mean residence time of the tracer particles
decreases. The mean residence time can be calculated from
the relation, o H/ug,. As the gas velocity increases the gas
holdup increases in the column which results in overall
decrease of mean residence time of the liquid in the column.
The same effect of liquid velocity on the gas holdup may
lead to the decrease of mean residence time of the liquid in
the column. The parameter t, represents the mean residence
time in the present analysis. The variation of the mean
residence time with gas velocity at different liquid velocity is
shown in Figure 4. Some typical data’s of different mixing
characteristics vary with different operating variables are
obtained by present analysis from different authors are
shown in Table 1. From the table it is seen that parameters
are affected not only by dynamic variables but also with the
geometric variables like height and diameters of the bubble
column.

3.5. Correlations for Model Parameters

The present model is fitted with the experimental data of
different authors, to find the different parameters. It is seen
that the parameters are affected by the different operating
variables as shown in Table 1. Based on the different
operating variables, correlations are developed to predict the
parameters by multiple regression analysis with the help of
Microsoft excel data analysis tool.
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Figure 4. Variation of mean residence time of tracer with phase velocity

Table 1. Different parameters obtained by fitting present model with
experimental published data by different authors
de H Usg U]
Author (m) @) | mss) | @s) tm(8) | W(s) | K(-)
0.14 4.10 | 0.018 | 0.004 | 1.021 | 1.139 | 0.781
0.14 | 4.10 | 0.036 | 0.004 | 1.019 | 1.142 | 0.675
0.14 4.10 | 0.054 | 0.004 | 1.015 | 1.148 | 0.562
0.14 | 4.10 | 0.018 | 0.007 | 1.047 | 1.038 | 0.729
Zahradnik
and
. . 0.14 | 4.10 | 0.036 | 0.007 | 1.045 [ 1.064 | 0.700
Fialova
[15]
0.14 4.10 | 0.054 | 0.007 | 1.042 | 1.078 | 0.681
0.14 | 4.10 | 0.018 | 0.011 | 1.049 | 0.984 | 0.783
0.14 4.10 | 0.035 | 0.011 | 1.049 | 0.995 | 0.773
0.14 | 4.10 | 0.054 | 0.011 | 1.047 | 1.002 | 0.652
0.20 7.23 | 0.012 | 0.007 | 0.972 | 1.180 | 0.647
0.20 7.23 | 0.039 | 0.007 | 0.969 | 1.181 | 0.563
Deckwer
ctal.[3] 0.20 7.23 | 0.048 | 0.007 | 0.963 | 1.183 | 0.454
0.20 7.23 | 0.066 | 0.007 | 0.951 | 1.186 | 0.436
0.154 | 3.25 | 0.085 | 0.067 | 1.287 | 0.981 | 1.084
0.154 | 3.25 | 0.122 | 0.067 | 1.254 | 0.999 | 0.956
Kelkar et
al.,[16]
0.154 | 3.25 | 0.159 | 0.067 | 1.230 [ 1.010 | 0.940
0.154 | 3.25 | 0.245 | 0.067 | 1.209 | 1.014 | 0.815

The corresponding correlations are as follows:

Correlation for K:
d 15340 ~0.406 P 0,244
K =1.44x 103(0) 8 ('Dusch (8)

sl

Correlation for W:

1.387
Wiy _6.19 xloz(dcj Le
d H u

c

-0.294 0.693
( /7[’[:1 dc j (9)
M

sl

Correlation for t,,:
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Lty _ 1.38x102[—"J —e | 2L o)
d H usl ;u

The correlations predict the parameters satisfactorily. The
correlation coefficients and the standard errors of the
correlation equations (8), (9) and (10) are found to be (0.97,
0.05), (0.98, 0.11) and (0.98, 0.14) respectively. Parities of
experimental values versus predicted values are shown in
Figure 5.
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Figure 5. Experimental versus predicted values of different parameters

4. Conclusions

The mixing characteristics in a bubble column have been
analysed in the present study by an entropy theory. The
entropy theory describes the intensity of dispersion in the
bubble column under different operating variables. Different
authors described the dispersion in multiphase system with
axial dispersion model. But in this present study, an
alternative way has been enunciated to describe the mixing
characteristics in the bubble column reactor. The degree of
dispersion and the information characteristic factor of
spreading of solute distribution quantify the intensity of the
mixing of phases in the system. The overall affects of the
entropy plays an important role in mixing characteristics to
represent the concentration profile of the tracer particle. The
flow behavior through a system can be analysed with the
developed correlations which are achieved by determining
the age distribution of the elements of the fluid in the exit
stream. The correlations developed to predict the parameters
are found to be well fitted with the experimental data. The
analysis may be useful for further understanding to analyse
the mixing characteristics in multiphase system.
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NOTATIONS

Concentration (kg/m®)

Column diameter

Dispersion coefficient (m*/s)

Rate of generation (1/s)

Height ofthe column (m)

Index (-)

Rate of generation of Initial information (1/s)
Kolmogoprov entropy (-)

Dispersion no.

dimension

Time (s)

Superficial gas velocity (m/s)

Ug] Superficial liquid velocity (m/s)

w Characteristic factor (s)

Z Information distribution function
c Variance
p

n

CTSZARTTIZQUEO

Density of liquid (kg/m®)
Viscosity of liquid (kg/m.s)
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