BY fiuids

Article

Identification of Local Isotropic Turbulence Conditions
in Various Bubble Columns Based on Several Reliable Parameters

Stoyan Nedeltchev

check for
updates

Citation: Nedeltchev, S.
Identification of Local Isotropic
Turbulence Conditions in Various
Bubble Columns Based on Several
Reliable Parameters. Fluids 2023, 8,
314. https://doi.org/10.3390/
fluids8120314

Academic Editor: D. Andrew S.

Rees

Received: 29 September 2023
Revised: 27 November 2023
Accepted: 28 November 2023
Published: 4 December 2023

Copyright: © 2023 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Institute of Chemical Engineering, Polish Academy of Sciences, 5 Baltycka Str., 44-100 Gliwice, Poland;
sned@iich.gliwice.pl; Tel.: +48-32-234-6915

Abstract: Bubble columns (BCs) are widely used in the chemical industry. In many industrial
applications, these important gas-liquid contactors operate in a churn-turbulent flow regime. In
principle, it is essential to determine the operating conditions in every BC reactor, in which local
isotropic turbulence is established. In this work, it was demonstrated that several different parameters
(Kolmogorov entropy, correlation dimension and novel hybrid index) follow a monotonic decreasing
trend. This finding could be explained by the constantly increasing coalesced bubble size, which
brings more order into the gas-liquid system and thus any entropic or chaotic parameter should
decrease with the increase in the superficial gas velocity Ug. The profiles of the new parameters
in various gas-liquid systems were studied. They were extracted from different pressure signals
(gauge or absolute). In this research, BCs of different diameter and equipped with different gas
distributors were used. It was demonstrated that the studied parameters could be successfully
correlated with the length scale of the micro eddies and thus the Ug range of applicability of the
local isotropic turbulence theory under various operating conditions was indirectly determined.
The overall gas holdup profiles were analyzed and, based on the exponent of the Ug value, it was
found that in the aqueous solutions of alcohols studied, the conditions in the bubble bed (BB) are
homogeneous, whereas in the air-tap water system aerated in different BCs, the conditions in the
BB are heterogeneous. This result implies that the local isotropic turbulence conditions predominate
mainly around the corresponding measurement positions.

Keywords: bubble columns; local isotropic turbulence; chaos theory; information entropy theory;
pressure signals; Kolmogorov entropy; correlation dimension

1. Introduction

Bubble columns (BCs) are simple but very effective gas-liquid contactors. They are
frequently used in both the chemical and petrochemical industries since they provide
excellent mass and heat transfer characteristics. BCs are also used in modern applications
such as the aeration of organic organisms in bioreactors, indirect liquefaction of coal slurries
to produce synthetic fuels via Fischer-Tropsch synthesis, and gasification of solvents for
chemical reactions. In many cases, the turbulence improves the main characteristics of
the BC’s performance. In a buoyancy driven BC, bubble-induced turbulence produces a
well-mixed gas-liquid dispersion.

These gas-liquid reactors exhibit excellent hydrodynamics due to their capability to
operate in different flow regimes (FRs) with varying turbulence intensity. Most of the
conditions in the BC operation are inherently turbulent due to the high Reynolds numbers.
The presence of bubbles modifies the liquid turbulence characteristics such as turbulence
intensity or turbulent kinetic energy and the associated eddy length and time scales. The
resulting turbulence due to liquid and gas phase interactions is quite effective in controlling
the BC’s performance. The control could be in terms of increasing the mixing at both the
macro and micro scales involving both axial and radial dispersion and interphase mass and
heat transfer processes. The turbulence can be produced by means of both wake formation
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and vortex shedding. Such a flow disturbance enhances the turbulence. Simultaneous
velocity measurements of both liquid and gas phases, along with an instantaneous bubble
size and its distribution estimation, are required in order to capture the chaotic nature of
the turbulent bubbly flows.

Usually, the gas-liquid dispersion is unstable and this generates liquid circulation.
Although there are three main FRs, from an industrial viewpoint, the most important is the
heterogeneous (churn-turbulent) FR. It is characterized by bubble coalescence, vigorous
mixing, wide bubble size distribution, parabolic profiles of both gas holdup and liquid
velocity, etc. Multiple circulation cells [1] or liquid macro-circulation [2] are frequently
observed in this FR. In addition, the bubble-induced turbulence in this FR is significantly
enhanced. It is noteworthy that the time-averaged radial liquid velocity and gas holdup pro-
files are not uniform in the heterogeneous FR. Both parameters observe a well-pronounced
maximum near the column’s center. The negative value of the liquid velocity near the wall
implies the occurrence of liquid recirculation, which is typical for the heterogeneous FR.
According to Sathe et al. [3], the onset of the heterogeneous FR occurs at 0.05 m/s in the
case of very uniform gas distribution, a column diameter larger than 0.15 m and a high
aspect ratio, enabling a fully developed velocity profile.

The rise of gas bubbles is hindered by the increase in liquid turbulence [3]. In principle,
the turbulence in BCs can be subdivided into bubble-induced turbulence and turbulence
due to macro-circulation in the bubble bed (BB). In the first case, the motion of bubbles
generates turbulence in the surrounding liquid and the turbulent kinetic energy is generated
by the wakes behind the bubbles [3]. According to Sathe et al. [3], the small-scale turbulence
is generated from both the bubble wakes and the fluctuating bubble velocities. On the other
hand, the large-scale turbulence is generated by multiple circulation cells [1] in the BB,
which occur due to the non-uniform distribution of gas holdup. Both the gas distributor’s
(GD) design and the column’s diameter affect the shape, size and energy of large-scale
circulations [3]. The bubble-induced turbulence is affected by the bubble size distribution
and the important phenomena of bubble coalescence and break-up. On the other hand, it
affects the rise velocities of bubbles and the rate of turbulence generation [3]. There is a
large variation in the length scale of the turbulence in BCs. The bubble-induced turbulence
is characterized by a wide range of length scales of turbulence generation. In the inertial
subrange, turbulence is generated via the shedding of vortices from bubble wake and
small-scale bubble velocity fluctuations. Usually, the turbulence is generated not only from
the bubble wakes but also from the motion of bubble clusters [3].

The nature of the bubble trajectories depends on the superficial gas velocity Uy, orifice
diameter (of the GD), hydrostatic head of liquid, column’s aspect ratio and the physico-
chemical properties of the phases [3]. In the heterogeneous FR, there is an upflow in the BB
core and a downflow in the BB annulus. This flow pattern causes liquid circulation, which,
in turn, implies heterogeneity. Sathe et al. [3] argue that the bubble-induced turbulence
strongly affects the bubble characteristics and thus the turbulence. Sathe et al. [3] have
reached the interesting conclusion that there is a hindrance of the bubble rise velocity due
to the turbulence. In addition, the authors have defined a “pseudo turbulence”, which is
formed by the interaction between the sinuous trajectories of bubbles. Sathe et al. [3] argue
that the structure of the small-scale turbulence generated by the bubbles is independent of
the GD design. Vieira et al. [4] have observed a rotational flow pattern in the middle of BB.
This phenomenon was more pronounced in the lower zone of the BB.

In the literature hitherto, only the behavior of the classical parameters (bubble diame-
ter, gas holdup, gas-liquid interfacial area, gas and liquid dispersion coefficients, volumetric
liquid-phase mass transfer coefficients, heat transfer coefficients, etc.) has been exhaus-
tively studied. In the past two decades, new entropic parameters (Kolmogorov entropy,
information entropy, reconstruction entropy, modified Shannon entropy, etc.) have been
introduced [5]. However, their behavior under different operating conditions and especially
their radial profiles have not been completely studied. Most of these parameters have been
extracted from only one signal type (usually pressure). In this work, the behavior of these
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new parameters as a function of Ug will be studied. Based on the monotonously decreasing
entropic profiles predominant in the churn-turbulent FR, important conclusions will be
drawn. In principle, another FR identifier is also available. It is a new statistical parameter
developed by Nedeltchev et al. [6]. However, its behavior will not be discussed in the
present work since it is not sensitive to the local isotropic turbulence conditions.

By means of different chaotic invariants and a novel hybrid index, the turbulence (co-
herent structures) in the BB will be characterized. In the heterogeneous FR, the turbulence
is associated with different vortical structures. In addition, different coherent structures [7]
are formed. More information about the vortex—bubble interaction in the whole range of
bubble sizes should be obtained by means of new and varied experimental data. Additional
fundamental information about the turbulent flow structures is needed in the BC literature.
One of the methods used to characterize the liquid turbulence is the calculation of its energy
spectrum from the velocity field obtained from particle image velocimetry with fast Fourier
transformation. In principle, the methods of spectral analysis are discussed in full detail
in the works of Risso [8], Roghair et al. [9], Mezui et al. [10], etc. When the spectra of
the pressure fluctuations are plotted as a function of the reciprocal of the wavelength, a
subrange with a slope of —5/3 is observed, which is a signature of a classical turbulent
inertial subrange. Some researchers calculate the power spectral density function and they
study its variation versus frequency. In this work, however, the liquid turbulence will be
characterized by means of reliable chaotic parameters such as Kolmogorov entropy (KE)
and correlation dimension (CD), as well as the novel hybrid index (NHI).

1.1. Main Parameters for Turbulence Analysis in This Work

Kolmogorov entropy (KE) is a part of the nonlinear chaos theory. This parameter
can be applied to any important signal recorded in a BC since this gas-liquid reactor can
be considered a chaotic system. The KE values can provide important insights into the
complex BC hydrodynamics. The chaotic system is sensitive to small changes in the initial
conditions and it is thus characterized by a limited predictability. The signal is reconstructed
in the phase space and the chaotic system is represented by a so-called strange attractor.
The attractor is not finite and the system never returns to the same state. Van den Bleek
and Schouten [11] have developed a reliable technique for an attractor’s reconstruction.

The KE quantifies the degree of unpredictability of the system. It characterizes the rate
of information loss of the system and thus it accounts for the accuracy of the initial condi-
tions that is required to predict the evolution of the system over a given time interval [11].
When the KE value is positive (and not infinite), the system is considered chaotic. The KE
value depends on the sampling frequency and a parameter that characterizes the average
number of steps it takes for an arbitrary pair of state vectors to exponentially deviate in
phase space. The deviation is estimated on the basis of the maximum norm definition and
selection of a proper cut-off length [12]. The KE value is large for very irregular dynamic
behavior, small in the case of periodic-like behavior, and zero in the case of completely
periodic systems. Usually, the KE parameter is applied for FR identification since it is
sensitive enough for the changes in the operating conditions. Some sudden and dramatic
changes in the nonlinear system may give rise to the complex behavior called chaos. The
time-dependent behavior of the BC is described as chaotic when the behavior is aperiodic
and is apparently random.

The correlation dimension (CD) is calculated from the correlation integral [13]. The
latter counts the number of pairs of points on the attractor whose distance is smaller than
the cut-off length. It scales following a power law. The first step in the calculation of
the correlation integral is the reconstruction of the attractor in the state space. Different
interpoint distances are tested and, based on them, the correlation integral and thus CD
are estimated.

The novel hybrid index (NHI) is a new dimensionless parameter capable of identifying
the main transition velocities in the BC operation. Except for the gas maldistribution zone,
in the other main FRs, the NHI values vary in the range from 0 to 1. The NHI algorithm [14]
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is a mixture between statistics (average absolute deviation (AAD)) and the information
entropy theory. Based on this reliable theory, the information amount (IA) is calculated.

As a first step, in this work, the important pressure signal consisting of 10,000 points
was divided into 10 intervals and then the local AAD in each interval was calculated. AAD
is a robust statistical estimator of the data’s width around the mean. It is the sum of all
absolute differences | Xj — Xmean | divided by the total number of points in the time series.
x corresponds to a single value in the pressure signal, whereas xmean corresponds to the
mean of all pressure values (10,000 points).

The probability P; of having such a data sequence yielding a particular AAD in each
interval was calculated as a ratio of the AAD in that period divided by the sum of all
AAD values:

P = AADy/Y . | AAD; 1)

The information amount IA; in each interval was calculated as follows:
IAi = — log (Pi) (2)
The new hybrid index (NHI) represents the following ratio:
N N N
NHI=|) " IA;j—) . AADi|/Y . AAD; (3)

At low Uy values, the NHI is much higher than 1. This is typical for a gas maldis-
tribution state. However, at Ug values beyond 0.025 m/s, it varies between 0 and 1. The
NHI value characterizes the statistical non-uniformity in the measured signal. At the main
regime transition velocity, the signals are usually better ordered, i.e., statistically more
uniform [5].

1.2. Theory of Local Isotropic Turbulence

According to this important theory, the large macro-scale eddies contain the major
part of the energy but they contribute to small extent to viscous energy dissipation [15].
The primary eddies are unstable and disintegrate into smaller eddies until all their energy
is dissipated by viscous flow. However, the motion of the highly energetic large eddies
generates micro-scale eddies by means of which the energy is dissipated by viscous forces.
The hydrodynamic properties of the small eddies are determined by the local energy dissi-
pation per unit mass of fluid. In the case of high Reynolds number, the energy dissipation
by the micro-scale eddies is locally isotropic. In the model of Deckwer [15], the energy
dissipation is mainly governed by viscous forces. The velocity scale of the micro-scale
eddies is proportional to the kinematic viscosity and the energy dissipation rate per unit
mass, VS = (ve)??, whereas the length scale (LS) of the micro-scale eddies is propor-
tional to (v3/€)%25. Both VS and LS are key characteristics of the micro-scale eddies. It is
noteworthy that Rice [16] postulated that one of the substantial prerequisites for the local
isotropic turbulence is that the turbulent parameter LS should be equivalent to the mean
bubble diameter. According to the author, this is especially valid for truly vertical BCs with
high-quality GDs. Another approach to identify the local isotropic turbulence conditions
is to check whether the turbulent kinetic energy follows Kolmogorov’s universal slope
of —5/3 in the inertial subrange. Usually, grids are known to produce ideal homogeneous
and isotropic turbulence conditions. It is noteworthy that the local isotropic turbulence
theory has been employed for deriving correlations for the prediction of the Sauter-mean
bubble diameter and specific interfacial area [17] as well as liquid-phase axial dispersion
coefficient and volumetric liquid-phase mass transfer coefficient [18].

The main objective of this work is to identify the conditions for applicability of the
local isotropic turbulence theory based on the above-described reliable parameters (KE, CD
and NHI). The ranges of the superficial gas velocities Ug and Reynolds numbers Re for
every investigated case will be specified. The gas holdup profiles will be studied in order
to determine the global degree of turbulence in the BB.
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2. Experimental Setups and Conditions

The time-dependent pressure measurements (10,000 points) in a BC (0.1 m in ID)
operated with the systems’ air and aqueous solutions of alcohols (1-butanol, the NHI
profile has been extracted, or 3-hexanol, 0.5 vol. %) have been recorded by means of a
gauge pressure (GP) sensor (pressure transmitter PR-33X, Keller AG, Winterthur, Switzer-
land). It was installed at an axial position z of 0.65 m above the GD (perforated plate,
96 orifices x @ 1.0 mm). The GP transducer was flush mounted with the wall and strategi-
cally positioned in the fully developed region of the BB, in which a well-established flow
structure (pattern) was observed. These GP fluctuations were further treated using the NHI
algorithm [14]. Figure 1 shows the performance of both the lower and upper sections (the
position of the sensor can be seen on the left upper side) of the BC (0.1 m in ID) operated
with an aqueous solution of 3-hexanol (0.5 vol. %).

Figure 1. Performance of the lower section (see the top figure) and upper section (see the bottom
figure) of a BC (0.1 m in ID) operated with an aqueous solution of 3-hexanol (0.5 vol. %) at ambient
conditions. The photos were shot at different Ug values.

In addition, the absolute pressure (AP) measurements (64,000 points) have been
recorded in an air-tap water BC (0.19 m, 0.38 and 0.8 m in ID) equipped with a porous-plate
GD. The exact axial positions are as follows: in the smallest column, z = 1.92 m; in the
middle column, z = 0.9 m; and in the large column, z = 1.34 m. In principle, the pressure
transducers have always been installed in the fully developed region of the BB, i.e., much
higher than the entrance (equilibrium) zone. The AP piezo-electric transducer (type 7261,
Kiestler GmbH, Switzerland) was equipped with an analog low-pass filter (20 Hz). In order
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to measure the AP fluctuations in the center of the BB, a small tube was attached to the
pressure transducer.

3. Results

Figure 2 shows that the experimental NHI profile (see the open circles) in the homogeneous
FR of a narrow BC (0.1 m in ID) equipped with a perforated-plate GD (96 orifices x @ 1 mm)
and operated with an air-deionized water-1-butanol system (0.5 vol. %) exhibits a mono-
tonic decrease. The NHI profile has been extracted from GP fluctuations recorded at an axial
position of z = 0.65 m. The power law fit (see the black trendline in Figure 2) shows that the
exponent of Ug is—0.286. The R? value is 0.875. This exponent is close to the dependence
of the LS of micro eddies on Ug. According to Deckwer [15], the exponent is—0.25. The
grey squares in Figure 2 correspond to the fit NHI = 22 901.701(LS). The average relative
error (ARE) is 1.89%, whereas the maximum relative error (MRE) is 2.73%. The small
differences between the experimental NHI values (open circles) and the predicted ones
(grey squares) imply that in the Ug range from 0.033 m/s to 0.049 m/s, the local isotropic
turbulence conditions prevail (especially around the measurement position). This Ug range
corresponds to Reynolds numbers Re that range from 3254.569 to 5321.386.
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Figure 2. Monotonic decrease in NHI parameter as a function of Ug in a homogeneous BC (0.1 m in
ID) operated with an air-aqueous 1-butanol system (0.5 vol. %) at ambient conditions. Open circles
correspond to experimental values.

Figure 3 shows that the experimental NHI profile (see the open circles) in the homoge-
neous FR of a narrow BC (0.1 m in ID) equipped with a perforated-plate GD (96 orifices x @
1 mm) and operated with an air-aqueous 3-hexanol system (0.5 vol. %) exhibits a mono-
tonic decrease. Again, the NHI profile has been extracted from GP fluctuations recorded
at an axial position of z = 0.65 m. The power law fit (see the black trendline in Figure 3)
shows that the exponent of Ug is—0.255. The R? value is 0.988. This exponent is close
to the dependence of the LS of micro eddies on Ug. According to Deckwer [15], the ex-
ponent is—0.25. The grey squares in Figure 3 correspond to the fit NHI = 22 877 (LS).
The ARE is 0.61%, whereas the MRE is 1.68%. The small differences between the experi-
mental NHI values (open circles) and the predicted ones (grey squares) imply that in the
Ug range from 0.036 m/s to 0.066 m/s, the local isotropic turbulence conditions prevail
(especially around the measurement position). This Ug range corresponds to a Re range
from 4133.410 to 7614.659.

In Figure 4, it is shown that the Kolmogorov entropy (KE) profile (see the open circles)
in the heterogeneous BC (0.19 m in ID) equipped with a porous-plate GD follows a mono-
tonic decrease. It can be correlated with the superficial gas velocity Ug raised to the power
of —0.5 (see the black line). The R? value is 0.979. The KE profile has been extracted from
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AP fluctuations recorded at z = 1.92 m. The result in Figure 4 implies that in the selected
Ug range, the KE profile can be correlated with the squared LS of micro eddies. The grey
squares correspond to the following correlation: KE = 1.59 x 10'° (LS)?. The ARE is 1.79%,
whereas the MRE is 2.43%. The relationship between KE and LS should be considered proof
of the existence of local isotropic turbulence (especially around the measurement position)
in the Ug range from 0.166 m/s to 0.409 m/s, respectively. This Ug range corresponds to Re
values from 31,501.986 to 77,466.283, i.e., highly turbulent conditions.
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Figure 3. Monotonic decrease in NHI parameter as a function of Ug in a homogeneous BC (0.1 m in
ID) operated with an air-aqueous 3-hexanol system (0.5 vol. %) at ambient conditions. Open circles

correspond to experimental values.
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Figure 4. Monotonic decrease in KE as a function of Uy in a heterogeneous BC (0.19 m in ID) operated
with an air-tap water system at ambient conditions. Open circles correspond to experimental values.

In the case of a two-times-bigger BC (0.38 m in ID) operated in the heterogeneous FR,
the KE profile (see the open circles in Figure 5) recorded at z = 0.9 m follows a monotonic
decrease again. The correlation in Figure 5 shows that KE is a function of Ug to the power
of —0.48 (the black trendline shows the predictions). The R? value is 0.983. Based on the
work of Deckwer [15], this correlation can be reformulated as a dependence (see the grey
squares in Figure 5) between KE and LS: KE = 1.48 x 10'° (LS)?. The ARE is 0.76%, whereas
the MRE is 1.12%. This result implies that in the Ug range from 0.277 m/s to 0.395 m/s,
the local isotropic turbulence conditions prevail (especially around the measurement posi-
tion). This Ug range corresponds to Re values from 104,813.137 to 149,487.427, i.e., highly

turbulent conditions.
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Figure 5. Monotonic decrease in KE as a function of Uy in a heterogeneous BC (0.38 m in ID) operated
with an air-tap water system at ambient conditions. Open circles correspond to experimental values.

Figure 6 shows that in the case of a much bigger BC (0.80 m in ID) operated in the
heterogeneous FR, the experimental correlation dimension (CD) profile (see the open circles)
recorded at z = 1.34 m decreases monotonically. It is a function of Ug to the power of —0.29.
The R? value is 0.929. This result is very close to the dependence of LS on Uy; thus, the CD
can be correlated with LS as follows: CD = 132 408, 145 LS. The ARE is 3.27%, whereas the
MRE is 7.05%. The grey squares in Figure 6 illustrate the predictions of this correlation. This
empirical result implies that in the Ug range from 0.255 m/s to 0.85 m/s, the local isotropic
turbulence conditions prevail (especially around the measurement position). This is a very
broad range of Ug values. It corresponds to Re values from 135,511.182 to 677,555.911, i.e.,
highly turbulent conditions.

o O

!

CD =2.357 U, %!

4
=35 F
2
72
=
%)
£
= 3}
=
2
N
]
=
-
525
o
2
0.2

0.3

0.4 0.5

Superficial gas velocity [m/s]

0.6

0.7

0.8

0.9

Figure 6. Monotonic decrease in CD as a function of Ug in a heterogeneous BC (0.80 m in ID) operated
with an air-tap water system at ambient conditions. Open circles correspond to experimental values.
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In Table 1 are summarized the Ug ranges of the local isotropic turbulence conditions
in various gas-liquid systems and BCs. Except for the systems’ air-aqueous solutions
of 1-butanol (0.5 vol. %) and 3-hexanol (0.5 vol. %), the other Ug ranges fall in the fully
developed heterogeneous FR.

Table 1. List of the identified local isotropic turbulence conditions.

Gas-Liquid System Column Diameter (m) Ug Range (m/s)
Air-1-butanol (0.5 vol. %) 0.10 0.033-0.049
Air-3-hexanol (0.5 vol. %) 0.10 0.036-0.066

Air-tap water 0.19 0.166-0.409

Air-tap water 0.38 0.277-0.395

Air-tap water 0.80 0.255-0.850
Analysis of Gas Holdups

In this section, it will be shown that the overall gas holdups in the aqueous alcohol
solutions belong to the homogeneous FR, whereas the overall gas holdups in the tap water
in different BCs fall in the heterogeneous FR. Figure 7 shows that the overall gas holdup
values in the aqueous solution of 1-butanol (0.5 vol. %) increase monotonically and the
exponent of the Ug value is equal to 1.118. According to Shah et al. [17], this value of the
exponent (i.e., higher than 1.0) corresponds to the homogeneous FR. So, the local isotropic
turbulence conditions are identified only at an axial position of 0.65 m (see Figure 2), but
the whole BB operates in the homogeneous FR.

0.25
-
2 02 F @)
=
=
E € =5.651 U, M8
2]
: t
Q0.15 F

0.1 l l l

0.03 0.035 0.04 0.045 0.05

Superficial gas velocity [m/s]

Figure 7. Gas holdup profile in a homogeneous BC (0.1 m in ID) operated with an air-aqueous
1-butanol system (0.5 vol. %) at ambient conditions.

The same is found in the situation with the aqueous solution of 3-hexanol (0.5 vol. %).
Figure 8 reveals that the exponent of the Ug value is equal to 1.915, i.e., these overall gas
holdup values correspond to homogeneous conditions in the BB. The local isotropic turbu-
lence conditions (see Figure 3) exist only around the position of the GP sensor. However,
in the case of the air-tap water system aerated in larger BCs, the gas holdup profiles (see
Figures 9-11) imply that they belong to the heterogeneous FR, i.e., they correspond to
highly turbulent conditions. In all three cases, the exponent of the Ug value is much lower
than 1.0, which, according to Shah et al. [17], is an indication of heterogeneous conditions.
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Figure 8. Gas holdup profile in a homogeneous BC (0.1 m in ID) operated with an air-aqueous
3-hexanol system (0.5 vol. %) at ambient conditions.
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Figure 9. Gas holdup profile in a heterogeneous BC (0.19 m in ID) operated with an air-tap water
system at ambient conditions.
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Figure 10. Gas holdup profile in a heterogeneous BC (0.38 m in ID) operated with an air-tap water
system at ambient conditions.
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Figure 11. Gas holdup profile in a heterogeneous BC (0.80 m in ID) operated with an air-tap water
system at ambient conditions.

4. Conclusions

This work deals with the identification of the local isotropic turbulence conditions in
various BCs operated with air-tap water and aqueous alcohol solutions. For this purpose,
different parameters (novel hybrid index (NHI), Kolmogorov entropy (KE) and correlation
dimension (CD)) have been used. It has been demonstrated that these parameters exhibit
a monotonically decreasing trend, which is proportional to the Ug value to the power of
—0.25. The latter is typical for the length scale (LS) of the micro eddies, which determine the
local isotropic turbulence conditions. Potential correlations between the new parameters
and LS in every case are presented. The indirect proof (based on several reliable parameters)
for the existence of micro eddies with such characteristics implies that the conditions for
the local isotropic turbulence (around the measurement position) are met.

The overall gas holdup profiles show that in the case of air-tap water system aerated in
larger BCs (0.19-0.8 m in ID), the BB operates in the fully developed heterogeneous FR, i.e.,
under highly turbulent conditions. In the case of aqueous solutions of alcohols (1-butanol,
0.5 vol. % or 3-hexanol, 0.5 vol. %), the overall gas holdups fall in the homogeneous FR.
The corresponding Ug and Re ranges for the occurrence of the local isotropic turbulence
conditions are clearly specified.
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Nomenclature

AAD  average absolute deviation (mbars)
ARE  average relative error (%)

CD correlation dimension (-)

IA information amount (bits)

KE Kolmogorov entropy (bits/s)
LS length scale of micro eddies (m)

MRE  maximum relative error (%)
NHI novel hybrid index (-)

N total number of intervals (-)
P probability (-)

Re Reynolds number (-)

Ug superficial gas velocity (m/s)
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VS velocity scale of micro eddies (m/s)

X single point in the time series (mbar)

Xmean Mean value of the time series (mbar)

z axial position (m)

Subscripts

i number of preselected intervals in time series
j number of corresponding points in time series
Greek symbols

£G gas holdupZx (-)

€ energy dissipation rate (m?/s>)

v kinematic viscosity (m2/s)

Abbreviations

AP absolute pressure

BB bubble bed
BC bubble column

FR flow regime

GD gas distributor
GP gauge pressure
D inner diameter
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