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Different scales of liquid mixing exist in bubble columns and it is very important to determine the prevailing mixing scale 

in each flow regime. Two independent parameters were found to exhibit a monotonous decline in the transition flow 

regime, which could be attributed to the decrease of the mixing length values L. In this work, a new parameter called 

“maximum number of visits in a region” (Nv
max) and the Kolmogorov entropy (KE) were extracted from the gas holdup 

time-series (60,000 points). The latter were recorded at a high sampling frequency (2,000 Hz) by a wire-mesh sensor. The 

measurements were performed in a narrow bubble column (0.15 m in i.d., clear liquid height=2 m) equipped with a 

perforated plate distributor (14 holes, ⌀4×10−3 m). Both parameters were capable of identifying concordantly the two 

main transition velocities at Utrans=0.022 and 0.112 m/s, which delineate the boundaries of gas maldistribution, transi-

tion and churn-turbulent regimes, respectively.

Introduction

In bubble columns, gas is dispersed into a volume of liq-

uid by means of a gas distributor to achieve good interphase 

mass transfer. �e liquid �ow induced by the rise of bubbles 

is very complicated and a�ects strongly the column perfor-

mance. Bubble column hydrodynamics are characterized by 

di�erent �ow patterns depending mainly on gas �ow rate, 

physico-chemical properties of the gas–liquid system, gas 

distributor design, column diameter, etc. (Ajbar et al., 2009).

�e understanding of the mechanism and the knowledge 

about the magnitude of the liquid-phase mixing in bubble 

columns is very important for a successful design of these 

gas–liquid reactors. It is well-known that the bubble sizes 

and their rise velocities are the most important hydrody-

namic parameters which govern gas holdup, liquid mixing, 

mass and heat transfer rates. �e turbulence intensity is also 

of essential importance since it has a pronounced in�uence 

on the local transfer rate. In the bottom region (close to the 

gas distributor) the turbulence intensity is higher than in 

the rest of the column (Nedeltchev, 2009). At high super-

cial gas velocities UG the liquid phase is highly turbulent 

throughout the bubble bed.

�e degree of liquid mixing depends on the prevailing 

�ow regime. In a bubble column, each �ow regime transi-

tion is as a function of the physical properties of gas and liq-

uid phases and of the system specications (gas distributor 

design, column dimensions, etc.). �erefore, it is essential 

to know the range of parameters over which a particular re-

gime prevails and the conditions under which the transition 

occurs.

Bubble columns can be operated in homogeneous, transi-

tion or heterogeneous �ow regimes. �e boundaries of these 

regimes are distinguished by two transition velocities Utrans. 

�e bubble behavior and the degree of liquid mixing are dif-

ferent in each �ow regime. �e bubble column performance 

is a�ected by both the �ow regime and the quality of the gas 

distribution.

�e homogeneous (dispersed bubble) �ow regime is en-

countered at low UG values when the gas from the sparger is 

uniformly distributed (Ajbar et al., 2009). It is characterized 

by gentle agitation of the gas–liquid dispersion by relatively 

small spherical bubbles of small size. �e bubble size distri-

bution is very narrow and depends only on the gas sparger. 

�e bubble streams are observed to rise rectilinearly. Bubble 

coalescence is insignicant. A relatively uniform cross-sec-

tional gas holdup distribution and a rather �at liquid veloc-

ity prole are observed. In this �ow regime, both the gas 

distributor and the properties of the gas–liquid system play 

a dominant role in the evolving bubble-size distribution and 
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in the gas holdup prole (Ajbar et al., 2009). When a perfo-

rated plate distributor with large openings is used, then the 

quality of the gas distribution is poor and a gas maldistribu-

tion regime is established (usually at low UG values). Even 

well-designed bubble columns encounter gas distribution 

problems as the gas distributor becomes plugged. �e gas 

maldistribution across the cross-sectional area of the bubble 

column causes density di�erences which induce a liquid 

circulation pattern (Groen et al., 1996). �e determination 

of the upper boundary of the gas maldistribution regime is 

very important.

�e transition �ow regime is characterized by large �ow 

macro-structures (large eddies and global liquid �ow mac-

ro-structure) and widened bubble size distribution due to 

the onset of bubble coalescence. �e latter occurs mainly 

near the gas sparger. �is regime corresponds to the devel-

opment of local liquid circulation patterns in the column. It 

is well-established that the occurrence and the persistence of 

the transition regime depend largely on the uniformity and 

the quality of the aeration.

As UG increases, larger bubbles start to form as a result 

of the coalescence of small bubbles whose wakes cause 

gross circulation patterns in the bubble bed resulting in a 

heterogeneous (churn-turbulent) �ow regime. �e transi-

tion from homogeneous to heterogeneous �ow regime is a 

gradual process. �e heterogeneous regime is characterized 

by the wide distribution of bubble sizes and by the existence 

of a distinctive radial gas holdup prole, which causes liq-

uid circulation. �e hydrodynamics in this �ow regime are 

more in�uenced by the bubble-induced turbulence (Ajbar 

et al., 2009). In this hydrodynamic regime, coalescence and 

breakup occur. Bubbles agglomerate in the vicinity of the 

gas distributor to form larger bubbles. �e heterogeneous 

�ow regime is characterized by vigorous mixing and coher-

ent structures (bubble swarms, circulation cells, etc.). It 

is argued that in this �ow regime the gas distributor has a 

minor in�uence.

Our work is focused on three problems:

− the detection of the gas maldistribution regime

− the identication of the boundaries of the main �ow 

regimes

− the determination of the scale of liquid mixing in the 

transition �ow regime

1.　Mixing Length Concept

According to Geary and Rice (1992) the appropriate 

length scale of turbulence for small columns should be 

based on bubble diameter db, while for larger columns the 

proper mixing length is proportional to the column diame-

ter Dc. Lübbert and Larson (1990) argued that the dominant 

mixing mechanism arises from bubble wakes. Deckwer et 

al. (1974) and Baird and Rice (1975) developed correlations 

in which the liquid-phase axial dispersion coe�cient EL is 

correlated to Dc. �ese correlations are mainly valid in the 

churn-turbulent �ow regime. Baird and Rice (1975) applied 

the Kolmogorov’s theory of isotropic turbulence and used Dc 

as a characteristic eddy dimension (approximate diameter of 

large vortices). In the homogeneous �ow regime, however, 

Rice and Littleeld (1987) correlated EL to db. �e authors 

argue that in this regime the bubble diameter should be used 

as a characteristic eddy dimension.

�e concept of mixing length L is a part of the mixing 

length theory explained by Schlichting (1968). �e charac-

teristic mixing length provides a useful basis for the evalua-

tion of the hydrodynamics of the liquid phase. �is concept 

is expected to facilitate the modeling of liquid-phase mixing 

in bubble columns. �e liquid velocity at the column axis, 

EL and the gas holdup can be theoretically derived based on 

this concept (Kawase and Tokunaga, 1991).

�e choice of a correct mixing length scale is an impor-

tant issue. Rice and Geary (1990) and Geary and Rice (1991) 

argue that the mixing length scale should be proportional 

to the bubble diameter db. In this case the local mixing is 

dominating. Support for a bubble-based mixing-scale can 

be found in Lübbert and Larson (1990). Another physical 

interpretation of the mixing length is that it is the distance 

over which a turbulent eddy retains its identity.

According to Hinze (1975) “the mixing length should 

be proportional to the width of the turbulent mixing zone”. 

Geary and Rice (1992) argue that small columns and col-

umns with liquids of higher viscosity tend to be dominated 

by bubble-generated turbulence.

Kawase and Moo-Young (1986, 1987) have applied the 

mixing length theory to discuss the hydrodynamics in bub-

ble columns. �e authors developed theoretical models for 

the liquid velocity at the column axis as well as for EL and 

the gas holdup. Later, Kawase and Tokunaga (1991) im-

proved their concept of a characteristic mixing length. �ey 

examined the validity of the characteristic mixing length 

concept by considering also the measured radial liquid ve-

locity proles. Kawase and Tokunaga (1991) argued that 

although the mixing length shows a variation with radial 

position due to radial prole of the liquid velocity, a mean 

value across the column cross-section is still reliable and 

also more usable. �ey found that the value of the charac-

teristic mixing length is not constant and decreases as the 

supercial gas velocity UG increases:

−

=
0.38

c G0.045L D U   (1)

�e inverse dependency of mixing length on UG was at-

tributed to the existence of bubbles and their complicated 

motion. It is noteworthy that Pandit and Joshi (1986) found 

that the scale of turbulence is proportional to 0.08Dc, so the 

mixing length in Eq. (1) is proportional to both scale of tur-

bulence and UG
−0.38.

�e identication of the boundaries of the main �ow re-

gimes is a very important rst step in order to determine the 

scale of liquid mixing in every �ow regime. A new param-

eter for �ow regime identication should be introduced and 

compared with the other available parameters (for instance, 

the Kolmogorov entropy). �e proles of these parameters 

in every �ow regime should be examined and correlated to 

the bubble diameter or mixing length, i.e. the scales of liquid 
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mixing in the di�erent regimes. In order to obtain optimum 

results, the most suitable signal (for instance gas holdup 

time-series) should be selected.

2.　Experimental Setup

�e gas holdup time-series data were obtained in a nar-

row bubble column (0.15 m in i.d., clear liquid height: 2.0 m) 

equipped with a perforated plate distributor (14 holes with 

diameter ⌀4×10−3 m and open area of 1%). �e gas holdup 

was measured by a conductivity wire-mesh sensor installed 

at a height of 1.3 m above the distributor plate. It is worth 

noting that the raw gas holdup values were recorded in 

percentage [%] and they were treated in this form by our 

methods of analysis.

�e wire-mesh sensor (Figure 1(a)) consists of two elec-

trode planes each with 24 stainless steel wires of 0.2×10−3 m 

diameter and 6.125×10−3 m distance between the wires. �e 

distance between the planes is 4.0×10−3 m and the wires 

from di�erent planes run at right angles to each other. �is 

arrangement gives 576 crossing points, thereof 452 inside 

the circular cross-section of the column. One plane of elec-

trodes acts as a transmitter, the other as a receiver plane. 

�e transmitter electrodes are activated by a multiplexing 

circuit in a successive order and signals derived from mea-

sured current at the receiver electrodes are stored. A�er one 

multiplexing cycle, a two-dimensionless matrix of values is 

available re�ecting the conductivities between all crossing 

points of the electrodes of the two perpendicular planes. De-

tails on the wire-mesh sensor circuit diagram can be found 

elsewhere (Prasser et al., 1998). �e signals of the matrix 

can be converted into gas holdup data due to proper calibra-

tion measurements with liquid-�ooded and empty column, 

respectively. Air was used as the gas phase and deionized 

water as the liquid phase.

�e supercial gas velocity UG was varied from 0.01 to 

0.15 m/s. At each UG value distribution of gas holdup in the 

cross-section was measured with a sampling frequency fs of 

2,000 Hz (see Figure 1(b)) over a measurement period of 

30 s. Such a high-frequent measurement allows visualization 

of the gas-liquid �ow structures shown as virtual side pro-

jections in Figure 1(c).

Time-series of the gas holdup with 60,000 points for every 

UG value was obtained by cross-sectional averaging of the 

matrix data. It is worth noting that the time-series are char-

acterized with a low number of crossings of the mean value 

(817 crossings at UG=0.012 m/s down to 345 crossings at 

UG=0.15 m/s). In other words, the average cycle time var-

ies from 0.073 up to 0.174 s. Example of the cross-sectional 

Fig. 1 Detailed description of the wire-mesh sensor; a) Photograph of the applied wire-mesh sensor, b) Visualization of the gas holdup in the col-

umn cross-section, and c) Virtual side (A…A=diameter) projection of exemplary measurements (vertical coordinate in time=here 3 s)

Fig. 2 Example of the cross-sectional average gas holdup time-series 

data (20,000 points (10 s)) obtained by the wire-mesh sensor 

(fs=2,000 Hz) at UG=0.012 m/s in a narrow bubble column 

(0.15 m in i.d.) operated with an air-water system

Fig. 3 Gas holdup prole as a function of supercial gas velocity in 

a narrow bubble column (0.15 m in i.d.) operated with an air-

water system
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average gas holdup time-series data (20,000 points (10 s)) at 

UG=0.012 m/s is shown in Figure 2.

�e mean gas holdup values (averaged over the cross-sec-

tion and over time) are presented in Figure 3. �e averaged 

gas holdup value corresponding to the condition shown in 

Figure 2 is highlighted. It is clear that Figure 2 cannot be 

used for �ow regime identication.

A�er selecting the most suitable signal (gas holdup time-

series) for �ow regime identication and determination of 

the scale of liquid mixing, the methods for extracting of the 

hidden information in the time-series should be explained.

3.　Methods of Analysis

3.1　Maximum number of visits in a region (Nv
max)

At rst, the minimum and maximum values in the signal 

of each gas holdup time-series have been determined. �en, 

the signal’s range has been divided into di�erent regions 

with progressively increasing heights: 0.25, 0.5, 0.75, 1.0, 

1.25, 1.5, etc. �e raw gas holdup time-series are in percent-

age [%]. �e height of the smallest region (0.25) was used 

arbitrarily as the unit height (division step). �e height 

of each subsequent region is proportional to 0.25 and the 

multiplication factor increases with unity, i.e. it is 1×0.25, 

2×0.25, 3×0.25, 4×0.25, etc. A new parameter called “max-

imum number of visits in a region” Nv
max was dened and 

successfully used for the identication of the �ow regime 

transitions in a narrow bubble column. Nv
max is equal to the 

number of counts in the most frequently visited region. �e 

division into regions and the number of visits NV in these 

regions (as described above) at UG=0.012 m/s are shown 

schematically in Figure 2. For simplicity and better illustra-

tion only part of the signal (20,000 points (10 s)) is shown. 

In this particular case, the �h region is the most frequently 

visited one and therefore Nv
max is equal to the number of 

counts (highlighted in grey) in this region. It is noteworthy 

that the number of visits in each region Nv is calculated by a 

computer program. �e above-described concept is usually 

used as a basis for the application of the information entropy 

algorithm (Nedeltchev and Shaikh, 2013). However, in the 

case of gas holdup time-series measured by a wire-mesh 

sensor, Nv
max gives better results (for �ow regime identica-

tion) than the information entropy.

3.2　Kolmogorov entropy (KE)

�e bubble column can be regarded as a chaotic sys-

tem, i.e. a system, which is governed by nonlinear interac-

tions between the system variables. �is nonlinear system 

is sensitive to small changes in the initial conditions and 

is, therefore, characterized by a limited predictability. �e 

Kolmogorov entropy (KE) characterizes the degree of un-

predictability of the system. �e KE value re�ects the rate of 

information loss of the system and thus, accounts for the ac-

curacy of the initial conditions that is required to predict the 

evolution of the system over a given time interval. KE>0 

is a su�cient condition for chaos and to some extent the 

chaotic system is only predictable over a restricted time in-

terval. KE is large for very irregular dynamic behavior, small 

in the case of more regular, periodic-like behavior, and zero 

for completely periodic systems. �is parameter is sensitive 

to changes in the operating conditions and thus, it can be 

employed for �ow regime identication (Letzel et al., 1997).

�e KE values were calculated on the basis of the algo-

rithm developed by Schouten et al. (1994a). �is algorithm 

detects the main transition velocities which correspond to 

�ow instabilities. It extracts the dynamic information hid-

den within the time-series. �e KE is calculated from the av-

erage number of steps required for an arbitrary pair of vec-

tors Xi and Xj, which are initially within a specic maximum 

length L0, to separate (exponentially) until the distance 

between the pair becomes larger than L0. More information 

about the random generation of vector pairs can be found 

elsewhere (van den Bleek and Schouten, 1993; Schouten et 

al., 1994a, 1994b). Generally speaking, the maximum-likeli-

hood of the KE can be expressed as follows:

M

i

i

KE f b b
Mb

s

1

1 1
ln 1 with
 

− − 
 


=

= =   (2)

where fs is the sampling frequency (fs=2,000 Hz in this 

work). At rst, an initial pair of independent (without re-

peating elements) vectors Xi and Xj within a maximum 

interpoint distance L0 is selected. �e variable b equals the 

number of sequential pairs of points, in which the interpoint 

distance is for the rst time bigger than the specied L0. In 

the present analysis, the distance between two reconstructed 

state vectors Xi and Xj was estimated on the basis of the 

maximum norm denition (Schouten et al., 1994a, 1994b). 

A very high number of pairs of vectors have been generated. 

Based on them the number of steps b have been calculated 

and ultimately the average number M has been estimated.

Each state vector is reconstructed from the data points 

in the time-series. �is is done by choosing a specic delay 

time τ in discrete units of equal sequential time steps be-

tween the elements of the state vector and the number of 

elements m of the state vector (van den Bleek and Schouten, 

1993). �e number of elements m of the state vector is called 

embedding dimension and it is equal to the number of coor-

dinates in the reconstructed state space. In our research, the 

delay time τ is set equal to 1 and the embedding dimension 

m is set equal to 50 as recommended by Letzel et al. (1997).

�e distance between two initially close vectors should 

be compared with some prescribed distance (so-called “cut-

o� ” distance or length L0). In calculating the KE, the rate of 

growth of the distance between two initially close vectors 

is considered. �e KE algorithm is focused specically on 

distances that are smaller than a specic “cut-o� ” distance 

L0 (called also maximum “scaling” distance). Letzel et al. 

(1997) suggested that the cut-o� length L0 should be set 

equal to 3 times the average absolute deviation (a robust sta-

tistical measure of the data width around the mean value). 

�e choice of L0 is actually a matter of empiricism because 

no clear-cut theoretically founded rule (for L0 selection) is 

available (Schouten et al., 1994b).

Each KE value was extracted from N=60,000 points, 
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which was a time-consuming process. According to van den 

Bleek and Schouten (1993), for N data points principally 

N−m+1 reconstructed state vectors can be obtained. So, 

following this principle in our work the number of b val-

ues at every operating condition was higher than N. In our 

research the b values were computed on the basis of a com-

parison of the distance between numerous randomly gen-

erated vectors (in di�erent parts of the time-series) which 

consisted of elements located not farther than 10,000 points 

from each other in the raw time series.

More information about the application of the nonlinear 

chaos analysis can be found elsewhere (van den Bleek and 

Schouten, 1993; Schouten et al., 1994a, 1994b).

4.　Results and Discussion

In this work, the maximum number of visits Nv
max in a 

single region is introduced as a new concept for the identi-

cation of �ow regime transitions. Figure 4 shows that the 

Nv
max values as a function of the supercial gas velocity UG 

can successfully identify the two main transition velocities 

Utrans in a narrow bubble column (0.15 m in i.d.) operated 

with an air-water system. At UG=0.022 m/s there is a dis-

tinct local minimum, which identies the end of the gas 

maldistribution regime and the beginning of the transition 

�ow regime. At every transition velocity some reorganiza-

tion occurs and more structure is observed as suggested 

by Letzel et al. (1997). Every transition point should be re-

garded as the onset of the new �ow regime. In other words, 

in every transition point an old structure is being destroyed 

and a new one is being formed. �is leads to a transition 

from a less ordered state (old �ow regime) to a more or-

dered state (new �ow regime). �erefore, at every transition 

velocity the signal becomes more uniformly distributed into 

di�erent regions and the maximum number of visits in a 

single region Nv
max drops.

�is critical gas velocity is close to the one (0.029 m/s) 

predicted by the correlation of Reilly et al. (1994). �e 

second local minimum in the Nv
max prole occurs at 

UG=0.112 m/s and it marks the onset of the churn-turbu-

lent �ow regime. �e two critical gas velocities Utrans identify 

the boundaries of a wide transition �ow regime. Figure 4 

shows that in every �ow regime the Nv
max values monoto-

nously decrease. Except for the two transition velocities, 

the Nv
max values are decreasing steadily as a function of UG. 

�e existence of two Utrans values will be conrmed later by 

means of the KE prole.

�e existence of gas maldistribution is clearly visualized 

by photos. Figure 5 shows a typical gas maldistribution at 

UG=0.01 m/s. It is clearly seen that the gas does not pass 

(no bubble formation) through some of the perforations 

at the gas distributor plate. Operating bubble columns in 

a gas maldistribution regime at low gas velocity is usually 

not desired. �e detection of this �ow regime gives a clear 

indication that the diameters of the holes in the perforated 

plate should be decreased until a homogeneous regime is 

established at these low gas velocities.

By using the total information entropy (extracted from 

di�erential pressure �uctuations), Nedeltchev and Shai-

kh (2013) identied two transition velocities in a bubble 

column (0.102 m in i.d.) operated with nitrogen and tap 

water as gas and liquid phase, respectively. �e column 

was equipped with a perforated plate distributor (19 holes, 

⌀1×10−3 m). At a height of 0.65 m above the gas dis-

tributor, the rst transition velocity Utrans was identied 

at UG=0.025 m/s, while the second Utrans was identied at 

UG=0.037 m/s. Similar results were reported by Ajbar et al. 

(2009). �ey used a slightly larger bubble column (0.15 m 

in i.d.) operated with an air-water system. �e column was 

equipped with a ring sparger with six legs star-like cross (85 

holes, ⌀1×10−3 m). �e authors reported that the rst Utrans 

occurred at 0.028 m/s, whereas the second transition took 

place at 0.047 m/s. �e small di�erences could be attributed 

to the di�erent gas spargers and column diameters. Except 

for the similar transition velocities, both papers report the 

existence of somewhat narrow transition regime.

In comparison with the previous results of Ajbar et al. 

(2009) and Nedeltchev and Shaikh (2013) it can be con-

cluded that the rst Utrans value in Figure 4 is close to the 

rst Utrans values in their papers irrespective of the fact 

that the hole size (⌀4×10−3 m) is much higher. It seems 

that the e�ect of the hole size is mostly pronounced on the 

Fig. 4 Flow regime identication (based on the Nv
max values) in a 

small bubble column (0.15 m in i.d.) operated with an air-

water system

Fig. 5 Visual observation of gas maldistribution in a narrow bubble 

column (0.15 m in i.d.) operated at UG=0.01 m/s
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second Utrans value which is shi�ed to a much higher value 

(0.112 m/s). In other words, the larger hole size stabilizes the 

transition �ow regime and it expands it. In addition, at low 

UG values a gas maldistribution �ow regime is identied, 

which is normal for such a “coarse” gas distributor.

It is noteworthy that similar results (as compared to our 

study) were reported by Abbasi et al. (2013). In an air-water 

bubble column (0.09 m in i.d.) equipped with a perforated 

plate distributor (196 holes, ⌀0.5×10−3 m, 0.6% open area) 

the authors identied two transition velocities at 0.025 and 

0.1 m/s, respectively.

�e monotonous decreasing trend in the transition �ow 

regime can be used to determine the scale of the liquid 

mixing. It was found that the Nv
max values can be correlated 

to the mixing length L as follows: Nv
max=684,455.7×L. In 

other words, the mixing length values calculated from Eq. 

(1) are very close to the Nv
max values in the transition �ow 

regime when a proportionality constant is used (see Figure 

4). �e rate of decrease of both parameters (in this �ow 

regime) as a function of supercial gas velocity UG is quite 

similar. �e average relative error between experimental 

and predicted Nv
max values (in the transition �ow regime) 

is 3.87%. �is fact implies that the length scale of liquid 

mixing and the degree of liquid turbulence in the transition 

�ow regime are proportional to the parameter introduced by 

Kawase and Tokunaga (1991). �is correlation implies that 

in the above-dened transition �ow regime the scale of liq-

uid mixing varies from 2.45×10−3 m down to 1.55×10−3 m, 

which is still much closer to the scale of the bubble diameter 

than to the scale of the column diameter.

In order to illustrate better how the signal values are dis-

tributed among the di�erent regions, Figure 6 shows the 

distribution of number of visits by regions at UG=0.022 m/s 

(the rst transition velocity). It can be seen that the range 

of the signal could be divided into 12 regions and that the 

middle region (No. 6) is the most frequently visited one. It 

has been visited 18,151 times (see the grey central box) and 

this value is used at UG=0.022 m/s in Figure 4. �e rst 

region has a height of 0.25 (the gas holdup values are in per-

centage) and the height of every subsequent region increases 

stepwise with 0.25. For instance, region 6 has a height of 1.5 

and region 12 has a height of 3.0. Figure 6 shows that the 

rst and the last regions are the least frequently visited ones. 

�e number of visits in region 5 (with height 1.25) is com-

parable to the ones in region 6. In a similar way, the values 

of Nv and Nv
max at the other supercial gas velocities have 

been determined.

�e KE prole is shown in Figure 7. �e same transition 

velocities Utrans (as in Figure 4) are identied based on two 

local minima. Up to UG=0.022 m/s the KE decreases and 

gas maldistribution was observed. Between UG=0.022 m/s 

and UG=0.112 m/s the transition �ow regime is identied. 

In this hydrodynamic regime, the monotonous decrease 

of the KE values could be correlated to the mixing length 

L as follows: KE=223.856×L. �e mixing length values 

L are calculated by means of Eq. (1). �e average relative 

error between experimental and predicted KE values (in the 

transition �ow regime) is 3.42%. Beyond UG=0.112 m/s the 

churn-turbulent �ow regime is established. �e explanation 

for the KE minimum at each transition velocity is the same 

as for the Nv
max values, i.e. more structure is observed as sug-

gested by Letzel et al. (1997).

It is worth noting that in each �ow regime the KE values 

are monotonously decreasing, which means that the gas-

liquid system is trying to reach a better ordered state that 

ultimately leads to the establishment of a new �ow pattern 

(structure). �ere is a similarity in the proles exhibited in 

Figures 4 and 7 although both parameters are completely 

independent.

In summary, a new parameter (Nv
max) was introduced, 

which conrmed that the mixing scale in the transition 

regime is equivalent to the mixing length. �is result was 

conrmed in terms of the KE values. Both parameters lead 

to the conclusion that the mixing length concept is appli-

cable only in the transition �ow regime. �is fact was not 

mentioned explicitly in the work of Kawase and Tokunaga 

(1991).

It is noteworthy that the two transition velocities (0.022 

and 0.112 m/s) identied in this work might not be the most 

accurate values since they depend also on the selection of 

the unit height (in the case of Nv
max) and both the cut-o� 

length L0 and the number of elements per vector as well as 

Fig. 6 Number of visits in di�erent regions in a narrow bubble col-

umn (0.15 m in i.d.) operated at UG=0.022 m/s

Fig. 7 Kolmogorov entropy (KE) values in a small bubble column 

(0.15 m in i.d.) operated with an air-water system
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the delay time τ (in the case of KE).

Finally, it should be mentioned that the correlation of 

both parameters (Nv
max and KE) to the mixing length could 

not be conrmed in a large bubble column (0.4 m in i.d.). 

Most likely this can be attributed to the enhanced turbu-

lence in the large units which causes strong �uctuations in 

every signal.

In summary, by using the above-described algorithms 

for calculation of both Nv
max and KE (with the specied key 

parameters) the researchers can examine whether the con-

cept of the mixing length is applicable in the transition �ow 

regime in their facilities.

Conclusion

A new parameter called maximum number of visits per 

region (Nv
max) was dened and correlated to the mixing 

length in a narrow bubble column (0.15 m in i.d.) operated 

with an air-water system in the transition �ow regime. �e 

liquid mixing in the transition regime was found to be at 

the scale of the mixing length which was independently 

conrmed by the KE prole. �is limited applicability of the 

mixing length concept has not been reported in the litera-

ture hitherto.

Both parameters (Nv
max and KE) were capable of identify-

ing two transition velocities (0.022 and 0.112 m/s). �ey de-

lineated the boundaries of the three main �ow regimes, i.e., 

gas maldistribution, transition and churn-turbulent. A uni-

ed criterion (local minimum) was applied for identication 

of the two main transition velocities.
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Nomenclature

b =  number of sequential pair of points when the 

interpoint distance <L0 [—]

db =  bubble diameter [m]

Dc =  column diameter [m]

EL =  liquid-phase axial dispersion coe�cient [m2/s]

fs =  sampling frequency [Hz]

KE =  Kolmogorov entropy [bits/s]

L =  mixing length [m]

L0 =  maximum interpoint distance (cut-o� length) [%]

M =  sample size of b values [—]

m =  embedding dimension [—]

N =  number of data points [—]

Nv =  number of visits in a region [—]

Nv
max =  maximum number of visits per region [—]

UG =  supercial gas velocity [m/s]

Utrans =  transitional gas velocity [m/s]

t0 =  time at the measurement start [s]

X =  state vector (consisting of 50 elements) [—]

Δt =  sampling interval(s) [s]

τ =  delay time [s]
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