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This work presents new results about the reliable identification of the main transition velocity Ui in
different bubble columns (0.1 — 0.46 m in inner diameter) equipped with several perforated plate gas
distributors. Two different gas-liquid systems (air-water and air-therminol LT) have been used. The most
important finding in this work is that U, (end of the homogeneous regime) occurs at 0.04 m-s™ irre-
spective of the operating conditions studied. For the Uy, | identification, the following parameters have
been used: Kolmogorov and reconstruction entropies, degree of randomness and information entropy.
Keywords: bubble columns, flow regime identification, main transition velocity, entropy analysis

W pracy przedstawiono nowe wyniki dotyczace wiarygodnej identyfikacji gtownej predkosci przej-
§cia Ugans.) W r6znych kolumnach barbotazowych (o $rednicy wewngtrznej 0,1 - 0,46 m) wyposazonych
w kilka dystrybutoréw gazu typu ptyta perforowana. Zastosowano dwa rézne uktady gaz-ciecz (powie-
trze-woda i powietrze-therminol LT). Najwazniejszym odkryciem w tej pracy jest to, ze Ujans.; (koniec
rezimu przeptywu homogenicznego) wystepuje dla predkosci 0,04 m's™ niezaleznie od badanych warun-
kow pracy. Do identyfikacji Uy,ns.; Wykorzystano nastgpujace parametry: entropi¢ Kotmogorowa, entro-
pig rekonstrukcyjna, stopien losowosci oraz entropig informacji.

Stowa kluczowe: kolumny barbotazowe, identyfikacja rezimu przeptywu, gtéwna predkosé przejscia

1. INTRODUCTION

Bubble columns (BCs) are simple but very effective (in terms of mass and heat
transfer) gas-liquid reactors. They are frequently used in the chemical, petrochemical,
biochemical and mining industries. In BCs such reactions as oxidations, chlorinations,
hydrogenations, etc. are performed. In the BC design, the most important step is the
selection of an effective gas distributor (GD) type. It determines both the initial and
mean bubble diameter as well as the flow structures in the bubble bed (BB).

The influences of operating conditions, reactor geometry and physico-chemical
properties of each phase on the reactor performance are not yet fully understood. That
is why, both the BC design and scale-up is considered a difficult task. Vial et al. [1]
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argue that it is still difficult to quantify the GD impact on the regime transitions. The
complicated liquid hydrodynamics have a strong influence on mixing, heat and mass
transfer and thus on the BC performance. The latter is affected by the prevailing flow
regime (FR) and the quality of the gas distribution. The effect of the GD layout and
regime transitions on the liquid hydrodynamics should be studied more systematically
by means of the new advanced techniques (especially tomographic scans).

The superficial gas velocity U, is the most important parameter in the BC opera-
tion. When the U, value is below 0.04 ms"' (in the case of perforated plate (PP) gas
sparger) the homogeneous (bubbly flow) regime prevails [2-3]. This FR is generated
by porous plates or PP with small and closely spaced orifices [4]. The stable homoge-
neous flow regime begins when all orifices of the PP sparger form bubbles. Uniform
layers of equally-sized small and rigid spherical or oblate ellipsoidal bubbles are con-
tinuously formed at the GD plate. The bubbles rise almost vertically and they agitate
the BB. The homogeneous (bubbly flow) regime is observed at low U, values. Ac-
cording to Simonnet et al. [5] this hydrodynamic regime is observed when the gas is
uniformly distributed and the U, value does not exceed 0.03 — 0.04 m-s™. This conclu-
sion will also be supported by the results in this work.

The homogeneous FR is characterized by a gentle agitation of the gas-liquid dis-
persion by means of relatively small uniform (spherical or ellipsoidal) bubbles, which
rise vertically. The rise velocity of the bubbles in this FR is between 0.18 and 0.30 m's’
' [2], depending on the mean bubble diameter and physico-chemical properties of the
liquid. The bubble size distribution (BSD) is very narrow (essentially monomodal) and
it is only affected by the GD layout. In other words, the BB hydrodynamics are strong-
ly affected by the GD design. Bubble coalescence is insignificant. A relatively uni-
form and flat radial gas holdup profile and a rather flat liquid velocity profile are
observed. The liquid moves upwards in the vicinity of the bubbles and downwards
between the bubbles. No liquid macrostructure is observed [5]. In this FR there is in-
existence of large-scale liquid circulations and only small liquid vortices are observed
[6]. Flotation columns are normally operated at low U, values, which maintain homo-
geneous (bubbly flow) conditions. As the U, value increases, loss of the bubbly flow
conditions is observed and this causes adverse effects on the BC performance. Thus, it
is very important to identify the upper boundary of the homogeneous regime (so-
called first transition velocity U,ups.;).

When the U, value exceeds 0.03 — 0.04 ms”, the homogeneous FR becomes unsta-
ble and the transition regime is formed. This FR occurs because the transformation
from the homogeneous to the heterogeneous FR is a gradual process. During the tran-
sition from bubbly flow to churn-turbulent flow, the bubble size increases rapidly due
to bubble coalescence. The range of the transition regime depends on the column di-
mension, GD design and gas-liquid properties [7]. This FR is characterized by the
formation of large macrostructures (large eddies) and widened BSD. In addition, both
the gas holdup and liquid velocity profiles become parabolic. The transition regime
corresponds to the development of local liquid circulation patterns in the column. The
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occurrence and the persistence of the transition regime depends largely on both the
uniformity and the quality of aeration. Simonnet et al. [5] argue that the transition
regime is characterized by the existence of a central bubble stream, where bubbles
move in an oscillating spiral manner and where large bubbles concentrate.

As the U, value increases, the homogeneity is gradually deteriorated and ultimately
destroyed by turbulence due to liquid circulations. The transition from the homogene-
ous to the heterogeneous FR is not a sudden event [4]. It is characterized with an in-
termittent character. The transition proceeds slowly and it is characterized by an
increasing number of coherent structures (circulations, vortices, etc.) of increasing size
and intensity within the BB. Chen et al. [8] argue that a vortical-spiral flow structure is
formed in the transition regime and it disappears at higher gas flow rates (heterogene-
ous FR).

The homogeneous and heterogeneous FRs may coexist in the BB. The main transi-
tion velocity U,..s.; has been identified by analyzing pressure signals, liquid velocity
signals and by applying the drift-flux concept [4]. Several models for explanation of
the onset of the transition regime have been proposed based on the bubble drag force
[9], gas phase slip velocity [10], energy balance of the gas-liquid mixture [11] or the
concept of small and large bubbles [12]. The predictive value of these models is rather
poor [4]. A criterion for prediction of the main transition (end of homogeneous re-
gime) has been developed by Shnip et al. [13] and Ruzicka et al. [4].

When the U, value becomes higher than about 0.05 — 0.06 m-s", the flow structure
in the transition regime reorganizes itself and the heterogeneous (churn-turbulent
flow) regime is established. In this FR, there is a stronger turbulent motion of the gas
bubbles and both bubble coalescence and break-up occur [7]. Larger spherical-cap
(mushroom-like) bubbles and bubble clusters begin to form in the core and their
wakes cause gross circulation patterns in the BB. The large bubbles are associated
with the generation of eddies in the column. The onset of the heterogeneous FR is also
associated with the formation of “coalescence-induced structures”. Mudde et al. [14]
reported the existence of coherent (or large-scale) structures (eddies, circulation cells,
etc.).

The mass transfer in the heterogeneous FR is considerably different than the one in
the homogeneous FR. The heterogeneous FR is characterized by a wide BSD, at least
two bubble classes, vigorous mixing and the existence of a radial parabolic profile of
both gas holdup and liquid velocity, which causes gross liquid circulation. The liquid
phase develops highly chaotic and dynamic macro-scale circulation patterns [6]. In
fact, in this FR a liquid macro-circulation exists, where the liquid ascends in the col-
umn center and descends near the column walls. This flow pattern (structure) is called
“gulf steam” or “cooling tower” [6]. Several circulation cells [15] are also observed. In
this FR, the GD layout plays a negligible role. Very often a spiral liquid flow pattern is
observed. The liquid flow structure is much more chaotic and dynamic than in the
previous two FRs. Industrial BCs mainly operate in the heterogeneous FR [7]. There-
fore, the onset of this FR should be accurately identified.
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The heterogeneous (churn-turbulent flow) regime is produced by either PP with
small and closely spaced orifices at high U, values or PP with large orifices at any U,
value [4]. In the first case, an instability of the homogeneous FR occurs at certain U,
value and this leads to the formation of the transition regime. The second case results
from the non-uniform gas distribution at the PP due to the large orifices and their large
spacing [4]. In the heterogeneous FR populations of large and highly non-uniform
bubbles prone to coalesce are generated. The liquid flow pattern in the heterogeneous
FR is substantially different than the one in the homogenous FR. Large-scale and
strong non-uniformities in the BSD generate strong liquid convective motions within
the entire BB — so-called gross liquid circulations [4]. High-voidage regions are accel-
erated and advected to the top where bubbles escape at the bed surface and the bubble-
free liquid flows downwards near the walls.

The liquid circulations in the heterogeneous FR are highly non-stationary on short
time scales [8,16]. The long-time radial profiles of liquid velocity and voidage are
roughly parabolic as a function of column radius with a maximum on the centerline
[17].

The available correlations [7,18,19] for prediction of the end of the homogeneous
regime or the first transition velocity U,,,,.; do not take into account the effects of the
GD layout, column diameter or the liquid height. In principle, the effects of the gas-
liquid properties and the aspect ratio on the U,,.,,.; values have not been studied ex-
haustively. However, Besagni and Inzoli [20] have included the three main BC design
criteria into the most famous empirical correlations [18,19]. It is noteworthy that these
authors identified the first transition velocities U,,,,,.; based on simple methods, which
are not very precise.

The aim of this work is to present new results, which reveal that the main transition
velocity U,...;1s constant (it occurs at 0.04 ms™') and stable irrespective of the operat-
ing conditions tested. For this purpose, the nonlinear chaos analysis will be used for
calculating both the Kolmogorov entropy (KE) and degree of randomness (DR).

2. IDENTIFICATION METHODS

2.1. KOLMOGOROV ENTROPY

The Kolmogorov entropy (KE) is the most important parameter in the nonlinear
chaos analysis. This chaotic invariant can provide important insights into the complex
hydrodynamics of BCs. Nonlinear chaos analysis can be used for a quantitative char-
acterization of various regime transitions in a BC.

The BC can be regarded as a chaotic system [21], that is, as a system governed by
nonlinear interactions between the system variables. Due to the nonlinearity, this de-
terministic system is sensitive to small changes in initial conditions and is, therefore,
characterized by a limited predictability. The dynamics of the chaotic system are fully



Identification of constant and stable... 13

represented by the so-called strange attractor (,,imaginary figure”) in the phase space.
The attractor of the chaotic system (so-called ,,chaotic attractor”) is not finite and the
system never returns to the same state. Van den Bleek and Schouten [22] developed a
reliable technique for attractor reconstruction. A typical feature of the nonlinear sys-
tem is that it spontaneously develops time-dependent behavior. The chaotic system
differs considerably from the system usually encountered, especially with respect to its
predictability. It has been shown that BCs [21] and fluidized beds [22] are chaotic
systems.

The KE quantifies the degree of unpredictability of the system. The KE value re-
flects the rate of information loss of the system, and thus accounts for the accuracy of
the initial conditions that is required to predict the evolution of the system over a giv-
en time interval [22]. KE > 0 is a sufficient condition for chaos, and to some extent the
chaotic system is only predictable over a restricted time interval. KE is large for very
irregular dynamic behavior, small in the case of more regular, periodic-like behavior,
and zero for completely periodic systems. This parameter is sensitive to changes in
operating conditions and as such, can be employed for FR identification. The study of
BCs as chaotic systems has provided new conceptual and theoretical tools enabling a
better understanding of their complex behavior. For a nonlinear system such as a BC,
a small change in a key parameter can lead to sudden and dramatic changes in both the
qualitative and quantitative behavior of the system. For one value, the behavior might
be periodic, whereas for another value only slightly different from the first, the behav-
ior might be completely aperiodic (it never exactly repeats). Some sudden and dra-
matic changes in the nonlinear system may give rise to the complex behavior called
chaos. The time-dependent (or transient) behavior of the BC is described as chaotic
when that behavior is aperiodic and is apparently random. Hence, the focus of this
paper is to demonstrate that the nonlinear chaos analysis (the KE concept) can be ap-
plied successfully to tomographic (Computed Tomography (CT) and Nuclear Gauge
Densitometry (NGD)) data obtained in a BC for the sake of identification of the
boundaries of various FRs. To the best of the author’s knowledge, the nonlinear chaos
analysis is applied for the first time to nonintrusive CT data. By means of the chaos
theory, attempts to extract information hidden in the CT and NGD signals will be pre-
sented. The transition velocities determined by means of the KE values will be com-
pared with those identified by means of the information entropy (IE) theory.

Schouten et al. [23] have developed an algorithm for maximum-likelihood estima-
tion of KE. According to it, KE is a function of the sampling frequency f; and the
mean b value, which is the average number of steps needed for the exponential diver-
gence of two imaginary (state) vectors:

KE = ',fs ln (l'bmean_l) (1)

Random vectors are generated and the distance between each vector pair is calculated
and compared with a preselected parameter called cut-off length L. The latter is set
proportional to the average absolute deviation (AAD), which is a standard statistical
parameter. It is a robust statistical estimator of the data width around the mean. For
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instance, one can start generating state vectors from the first element x, with embed-
ding dimension 50 and time delay of unity. The following vectors can be generated:
(Xi....X50), (Xs1...X100)> (X101---X150)> (X151...X200), €tc. Then the first vector pairs could
be set with an element difference of 100-vector (X;....Xsy) will be compared with vec-
tor (Xjo1...X150), then vector (Xs...Xj00) With vector (Xjsi...Xa00) and so on. Another
random vector generation could be based on element difference of 200, 300, 400, etc.
The time series has consisted of 10 000 points. The distance between the vector pairs
has been estimated on the basis of the maximum norm definition [23]. This means that
the absolute differences between the corresponding elements in each vector are calcu-
lated and then the maximum value is considered as the distance between the two vec-
tors. It is compared with the cut-off length and it is less than L, then we increase with
one element the two vectors and compare again the distance between them. The num-
ber of such steps before the vector distance becomes higher than L gives one b value.
At least 10 000 b,,.., values are needed for reliable KE calculation (with error less than
1 %). The definition of the state vectors, their dependence on the embedding dimen-
sion and the delay time are explained in [23].

2.2. DEGREE OF RANDOMNESS

This new parameter has been defined by Nedeltchev et al. [24]. It is based on the
nonlinear chaos theory. Again the signal is reconstructed into different vectors and
multiple vector pairs are generated. The difference between the elements of the vectors
is fixed at 100. No other vector combination is considered. All the vector pairs with a
distance higher than the preselected cut-off length L are counted. The ratio of this
number of vector pairs to the total number of generated vector pairs yields the degree
of randomness (DR). This parameter is dimensionless and it varies from 0 to 1. This
index is selected since it shows a well-pronounced local minimum at every transition
velocity. The spatial DR is just a modification of the DR algorithm and it is defined in
[24]. The x-ray scans from the ultrafast x-ray tomography are divided into multiple
semi-rings and the time series in each entity are analyzed based on the generation of
state vector pairs with a distance of 100 between their elements. If only in one entity
the vector pair distance is lower than L and in the others this is not the case, then b is
equal to 1. If we have two such cases, then b is equal to 2 and so on. The total number
of b cases equal to 1 divided by the sum of these b=1 values plus the other b values
(higher than 1) yields the spatial DR. It also varies between 0 and 1. The algorithm is
very well explained with an example (in table form) in Nedeltchev et al. [24].

2.3. INFORMATION ENTROPY

The information entropy (IE) algorithm is explained exhaustively in Nedeltchev
and Shaikh [25]. It is based on the estimation of the probability, information amount
and their product. In this work, the IE algorithm was applied to the vector pairs gener-
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ated from the reconstructions based on chaos analysis. In the case of 10000 photon
counts measured by Computed Tomography (CT), 99 vector pairs were generated with
a difference between the elements set equal to 100. The probability P was calculated
as a ratio of the number N, of vector pairs with a distance smaller than L to total num-
ber of generated vector pairs.

P=Ny/N @)
The information amount /4 is a negative logarithmic function of the probability:
14 =-1log (P) 3)

The IE (type 1) is a product of both P and /4. The IE (type 2) has been defined on
the basis of the reconstruction of the signal into two different parts consisting of 5000
elements and comparison of the absolute difference between each two elements from
the two parts. The cases with an absolute difference less than L were divided by 5000
(total number of element pairs) in order to obtain the probability. Then the rest of the
IE algorithm was applied.

2.4. RECONSTRUCTION ENTROPY

The reconstruction entropy (RE) algorithm has been explained by Nedeltchev [26].
Basically, the signal has been divided into two equal parts and the absolute difference
between the elements (from both parts) has been calculated. It is noteworthy that the
elements are not organized into vectors in this approach. It has been compared with
the cut-off length L (set proportional to the AAD) and the number of element pairs
with a distance smaller than L have been taken into account. When there are repeating
cases with an absolute difference less than L this forms one b value (the number of
steps before the absolute difference becomes higher than L). When all b values are
estimated, then b,,,, is calculated and Eq. (1) is used to extract the RE value. This
means that an exponential divergence of the element pairs has been assumed.

3. EXPERIMENTAL SETUPS

3.1. DIFFERENTIAL PRESSURE (DP) FLUCTUATIONS

The differential pressure (DP) fluctuations were measured in a BC (0.1 m in ID)
operated with nitrogen-tap water system at ambient conditions (temperature=293 K
and pressure=0.1 MPa). The column was equipped with a perforated plate (PP) gas
sparger (19 orifices, dy = 1.0 mm, OA = 1.0 %). One leg of the DP transducer (Labom
GmbH, Germany) was installed at an axial position z of 0.65 m. The other leg was
connected to the top of the column. The sampling frequency was set at 100 Hz. Fig. 1
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shows an example (first 500 points (5 s)) of DP fluctuations at U, =0.027 m-s". The
schematic of the facility is shown in [25].
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Fig. 1. DP fluctuations in a BC (0.1 m in ID) operated with a nitrogen-tap water system at U, =0.027 ms™

3.2. GAUGE PRESSURE (GP) FLUCTUATIONS

The gauge pressure (GP) fluctuations were measured by means of GP transducer
PX409 (Omega Eng., USA) installed at z = 1.05 m in a BC (0.14 m in ID) operated
with an air-deionized water system at ambient conditions (temperature=293 K and
pressure=0.1 MPa). The BC was equipped with a PP gas sparger (121 orifices, dy =
1.32 mm, OA = 1.08 %). The f; value was fixed at 67 Hz.

3.3. COMPUTED TOMOGRAPHY (CT)

The Computed tomography (CT) facility consists of a radioactive source (Cs-134)
and five scintillation detectors. In the middle of the BC (0.162 m in ID) the radioactive
source was placed at one side of the column and five scintillation detectors (made of
Nal) were mounted at the opposite side. The CT facility was capable of rotating at
360° and multiple scans of the gas-liquid dispersion from all possible angles were
performed. More information is provided in Nedeltchev et al. [27].

The gamma-ray photon counts (shown in [26]) from the central scintillation detec-
tor were treated by both the IE and RE algorithms. The sampling frequency was set at
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20 Hz. The BC was equipped with a PP gas sparger (163 orifices x @ 1.32 mm,
0A=1.09 %). The column operated with an air-therminol LT system at ambient condi-
tions (temperature=293 K and pressure=0.1 MPa).

3.4. NUCLEAR GAUGE DENSITOMETRY (NGD)

The same CT facility was used. However, only one scintillation detector was cen-
trally positioned against the radioactive source (Cs-134). The NGD facility was static,
i.e. the source and the detector were not rotating around the column. After the opening
of the radioactive source, the gamma rays penetrated through the gas-liquid dispersion
and were recorded by the scintillation detector (made of Nal). The sampling frequency
was set at 50 Hz. More information (including photon count time series) is provided in
Nedeltchev et al. [28]. A smaller air-distilled water BC (0.1 m in ID) was used. The
column was equipped with a PP gas sparger (64 orifices x @ 1.32 mm, OA=1.09 %).
Only scans at ambient conditions (temperature=293 K and pressure=0.1 MPa) were
performed.

3.5. X-RAY TOMOGRAPHY

X-ray tomographic facility was used to record the X-ray passings through a small
air-distilled water BC (0.1 m in ID, clear liquid height H, =0.66 m) operated at ambi-
ent conditions. X-rays passing the BC were recorded by a very fast multi-pixel X-ray
arc detector co-aligned with the target. The x-ray tomographic facility can provide
useful information (including the bubble size and its distribution) about the multiphase
flow. The x-ray scans (shown in [29]) were performed at an axial height of 0.5 m with
a sampling frequency of 1000 Hz (ultrafast operation). At each U, value 29 000 sub-
sequent images were recorded. More information about the facility’s operating princi-
ple is provided in Nedeltchev et al. [29]. Only x-ray scans at ambient conditions
(temperature=293 K and pressure=0.1 MPa) were performed.

4. RESULTS AND DISCUSSION

Fig. 2 shows that the KE profile (extracted from DP fluctuations at z=0.65 m) in a
narrow nitrogen-tap water BC (0.1 m in ID) is capable of identifying two transition
velocities Uy, in the U, range between 0.014 and 0.041 ms"'. The BC was equipped
with a PP gas distributor (19 orifices, dy = 1.0 mm). Two well-pronounced local KE
minima are observed at U, = 0.023 and 0.039 ms'. The first one distinguishes the
boundary between the gas maldistribution regime and the homogeneous FR. The se-
cond minimum identifies the onset of the transition FR. It is noteworthy that these
critical U, values are strictly valid for the preselected key parameters (cut-off length
=3AAD, delay time of unity and embedding dimension = 50) for extraction of the KE
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values. Fig. 2 shows that there are some conditions, which are characterized with the
same KE values (degree of chaos), so they should correspond to the same hydrody-
namics. For instance, at U, = 0.018 and 0.021 m+" the KE values are practically the
same as the ones at U,= 0.027, 0.029 and 0.031 ms™.

Fig. 3 shows that the DR profile is also capable of identifying the two U,,,,s values
(based on two local minima), however, they occur at somewhat different U, values.
According to the DR values, the gas maldistribution regime ends at U, = 0.027 ms". In
comparison to the KE result, this is a deviation of 17.4 %. Fig. 3 shows that the onset
of the transition FR occurs at U, = 0.039 m-", which result coincides with the one in
Fig.2. It is noteworthy that the DR values at U, = 0.027, 0.033, 0.035 and 0.037 m-s"

are practically the same.
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Fig. 2. KE profile as a function of U, in a small nitrogen-tap water BC (0.1 m in ID)
equipped with a PP gas sparger (19 orifices x @ 1 mm).
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Fig. 3. DR profile as a function of U, in a small nitrogen-tap water BC (0.1 m in ID) equipped
with a PP gas sparger (19 orifices x @ 1 mm).

Fig. 4a shows that the IE (type 1) extracted from photon counts (recorded by a cen-
trally positioned detector against the gamma-ray source) measured by CT in a BC
(0.162 m in ID) operated with an air-therminol LT system can also identify successful-
ly the boundary between homogeneous FR and transition FR. The BC has been
equipped with a PP gas sparger (163 orifices, dy = 1.32 mm). At U,= 0.04 ms" a well-
pronounced local IE (type 1) minimum is observed. Before this critical velocity the IE
(type 1) values monotonously decrease, while above it the IE (type 1) values constant-
ly increase. Fig. 4b shows that in the case of profiles of IE (type 2) and RE, the first
transition velocity Uyans-; is also identifiable at U, = 0.04 ms"'. Both parameters exhibit
a well-pronounced local minimum at this critical gas velocity. Fig. 4b clearly demon-
strates that below U,,,.; the IE (type 2) values monotonously decrease and this IE
(type 2) behavior characterizes the homogeneous FR. Beyond 0.04 ms the IE (type 2)
values steadily increase and this is an indication for the formation of a new hydrody-
namic regime, i.e. the transition FR.

A comparison between the results in Figs. 2-3 and Figs. 4a-b reveal that the type of
gas-liquid system, the column diameter and the orifice diameter do not have a signifi-
cant effect on the boundary between the homogeneous FR and transition FR. This
result has been confirmed by analyzing x-ray scans in a small air-distilled water BC
(0.1 m in ID) equipped with a PP gas sparger (55 orifices, dy = 0.5 mm). Fig. 5 shows
that in this gas-liquid system the onset of the transition FR occurs at U, = 0.04 m-s™.
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So, even when an orifice diameter of 0.5 mm is used, the main transition velocity is
not changed.
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Fig. 4a. IE (type 1) profile as a function of U, in an air-therminol LT BC (D¢=0.162 m in ID,
H,=2.0 m) equipped with a PP gas sparger (163 orifices x @ 1.32 mm).
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Fig. 4b. Profiles of IE (type 2) and RE as a function of U, based on CT data in a BC
(Dc=0.162 m, Hy= 2.0 m) operated with an air-therminol LT system.
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Fig. 5. Spatial DR profile as a function of U, in an air-distilled water BC (0.1 m in ID) equipped
with a PP gas sparger (55 orifices x @ 0.5 mm, H) = 0.66 m).

In order to support the above-mentioned findings, the previous similar results (in
cylindrical BCs) reported in the literature will be summarized. Hyndmann et al. [30]
have reported a U,,,,.; value of 0.038 m-s™! in an air-water BC (0.2 m in ID, H, = 1.4
m) equipped with a PP gas sparger: 69 orifices, dy=1.0 mm, OA = 0.17 %. Zahradnik
and Fialova [31] reported that in an air-water BC (0.14 m in ID) the first transition
velocity Usans.; occurs at U, = 0.04 ms™. The BC was equipped with a PP gas sparger
(157 orifices, dy = 0.5 mm, OA = 0.2 %). Vial et al. [1] reported that when a small BC
(0.1 m in ID) equipped with a multiple-orifice gas sparger (50 orifices, dy = 1 mm) is
used, then the homogeneous flow conditions prevail up to U,= 0.04 m-s™'.

The KE profile extracted from NGD data [28] in a narrow BC (0.1 m in ID) con-
firms that the onset of the transition FR occurs at U, = 0.04 ms™'. The column has been
equipped with a PP gas sparger (64 orifices, dp = @ 1.32 mm, OA = 1.09 %). Fig. 6
exhibits a well-pronounced local KE minimum at this critical gas velocity. It is note-
worthy that in the imperfect homogeneous FR the KE values monotonously increase.
This KE behavior was modelled by Nedeltchev et al. [28].
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Fig. 6. KE profile (from NGD data) as a function of U, in an air-distilled water BC (0.1 m in ID)
equipped with a PP gas sparger (64 X @ 1.32 mm, H)= 1.2 m, OA = 1.09 %).

The KE values extracted from GP fluctuations in an air-deionized water BC (0.14
m in ID) confirm the finding that the first transition velocity U,us.; occurs at U, = 0.04
ms”. The column has been equipped with a PP gas sparger (121 orifices, dy = 1.32
mm, OA = 1.08 %). The onset of the transition FR is distinguishable based on the
well-pronounced local KE minimum (see Fig. 7).

The KE profile extracted from GP fluctuations recorded at z = 1.05 m (clear liquid
height: 1.91 m) in a large BC (0.46 m in ID) equipped with a PP gas sparger (241 ori-
fices, dp = 3.0 mm, OA = 1.09 %) reveals that the end of the homogeneous FR occurs
at U, = 0.039 ms". Fig. 8 shows that a well-pronounced local KE minimum occurs at
this critical gas velocity (U,....;). In addition, the DR profile (see Fig. 8) exhibits also
a local minimum at U, = 0.039 ms". This critical gas velocity U,,,.; is in agreement
with the result (0.04 m's") of Zahradnik and Fialova [31].

In table 1 are summarized the obtained results. Columns with four different diame-
ters have been used. Four different gas-liquid systems have been investigated. PP gas
spargers with six different number of orifices and four different orifice diameters d,
have been tested. All these conditions corresponded to a first transition velocity Uyps.;
in the range of 0.039-0.04 m-s"'. The next step in the near future would be to find a
suitable dimensionless number, which remains constant for all these operating condi-
tions.
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Table 1. Summary of the operating conditions and constant U,,,,s.; value

D¢, m dy, mm Ngglg(:s()f Unrans-1> 10/ Gas-liquid system
0.1 1.0 19 0.039 Nitrogen-tap water

0.162 1.32 163 0.040 Air-therminol LT
0.1 0.5 55 0.040 Air-distilled water
0.1 1.32 64 0.040 Air-distilled water

0.14 1.32 121 0.040 Air-deionized water
0.46 3.0 241 0.039 Air-deionized water

CONCLUSIONS

The first transition velocity U,.,.; in BCs has been identified by means of new
and advanced methods. Based on various measurements with different experimental
techniques, the following conclusions have been drawn:

o The first transition velocity U,,,,.; occurs at 0.04 m-s" irrespective of the column
diameter and gas distributor layout (orifice diameter and number of orifices);

o The reported results in the article imply that the U,,,,.; value is independent of
or a weak function of the physicochemical properties of the liquid;

o The article provides information about the most powerful identification method
for every signal used;

SYMBOLS
b —number of steps before two vectors (or two element pairs) deviate, -
bean —mean b value from the reconstructions, -
dy —orifice diameter, m
D. —column diameter, m
DR —degree of randomness, -
H, —clear liquid height, m
14 —information amount, -
1E —information entropy, bits
KE —Kolmogorov entropy, bits s
L — cut-off length, -

Ny —number of vector pairs with a distance smaller than L, -
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AAD
BB
BC
BSD
CT
DP
FR
GD
GP
NGD
OA
PP

(1

[2]
[3]

[4]
[3]

[6]

[7]
[8]
9]
[10]

(1]

—total number of vector pairs generated, -
—probability, -

—superficial gas velocity, m s™
—transition velocities, m s~

—main transition velocity, m st

—axial position, m

ABBREVIATIONS

— average absolute deviation
— bubble bed

— bubble column

— bubble size distribution

— computed tomography

— differential pressure

— flow regime
— gas distributor

— gauge pressure

— nuclear gauge densitometry
- open area

— perforated plate
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STOYAN NEDELTCHEV

OKRESLENIE STALEJ I STABILNEJ PREDKOSCI PRZEJSCIOWEJ W REAKTORACH
BARBOTAZOWYCH

Stopien wymieszania oraz transport ciepla i masy w kolumnach barbotazowych (BC) zaleza od gra-
nic gtéwnych rezimow przeptywu. W pracy przedstawiono nowe, najbardziej wiarygodne metody identy-
fikacji glownej predkosci przejscia pomigdzy rezimami Uy, w kilku BC, wyposazonych wylacznie w
dystrybutory gazu typu ptyta perforowana. Badaniom poddano BC dla czterech r6znych $rednic kolumny
i §rednic otwordw, a takze szesciu réznych liczb otworéow. Kolumny pracowaty w warunkach otoczenia.
Wykazano, ze wartosci entropii Kotmogorowa (KE) mozna wiarygodnie wyodrgbni¢ z 10 000 zliczen
fotonow (zarejestrowanych za pomoca nieinwazyjnej densytometrii jadrowej (NGD)), a nastgpnie wyko-
rzysta¢ do oznaczenia Uy,,s.;. Na podstawie dobrze zaznaczonego lokalnego minimum w profilu KE w
BC ($rednica kolumny D, = 0,1 m) pracujacej w uktadzie powietrze - woda dejonizowana stwierdzono, ze
Uyans.1 Wystepuje dla predkosci 0,04 m-s™. Wybrano najbardziej odpowiednie parametry dla doktadnych
obliczen KE (dhugos¢ odcigcia, wymiar osadzania i opoznienie czasowe). Profil KE zostal rowniez wyod-
rebniony z wahan ci$nienia réznicowego (DP) zarejestrowanych w kolumnie o matej skali (Dc = 0,1 m),
pracujacej w uktadzie azot - woda wodociagowa. W poréwnaniu z ustawieniami dla uzyskania KE z
danych NGD, tylko dlugos$¢ odcigcia (proporcjonalna do $redniego odchylenia bezwzglednego) byta
nieco inna. Stwierdzono, ze granica rezimu homogenicznego pojawia si¢ dla 0,039 m-s™. Ponizej predko-
$ci gazu na petny aparat U, = 0,023 m-s™ stwierdzono nieprawidtowa dystrybucje gazu. Te dwie predko-
Sci przejscia zostaly potwierdzone przez nowy parametr zwany stopniem losowosci (DR). Granica
wyznaczajaca koniec rezimu jednorodnego przeptywu przy 0,039 m-s™ zostata potwierdzona, natomiast
koniec zakresu nieprawidlowej dystrybucji gazu nastapil nieco poézniej, przy 0,027 m-s™.

Profil KE zostat rowniez wyodrgbniony z wahan ci$nienia zarejestrowanych w kolumnie duzej skali
(D, = 0,46 m), pracujacej w ukladzie powietrze - woda dejonizowana w warunkach otoczenia. W porow-
naniu z poprzednimi przypadkami (wyniki NGD i DP), jedynie dtugo$¢ odcigcia byta nieco inna. Ponow-
nie wystapito dobrze zaznaczone lokalne minimum przy 0,04 m-s', wyznaczajace granice rezimu
homogenicznego.

W przypadku kolumny o $rednicy D, = 0,162 m pracujacej w uktadzie powietrze-therminol LT, dwa
typy entropii informacji (IE) i entropii rekonstrukcyjnej potwierdzity, ze granica Uy,,.; Wystapila dla
0,04 m's™. Te trzy parametry uzyskano z 10 000 zliczen fotonow zarejestrowanych przez centralny detek-
tor (umieszczony naprzeciw zrodla promieniotworczego) z nieinwazyjnej tomografii komputerowej (CT).

Na konicu opracowano nowy parametr zwany przestrzennym stopniem losowosci (spatial degree of
randomness, SDR) w celu wyodrgbnienia wartosci Uy,ns.; z nieinwazyjnych ultraszybkich tomograméw
rentgenowskich. Wyniki SDR dla matej kolumny (D.=0,1 m, powietrze - woda destylowana) potwierdzi-
ty, ze gtowna predkosé przejscia wystepuje przy 0,04 m-s” niezaleznie od zaréwno $rednicy kolumny i
otworu, jak i uktadu gaz-ciecz. To gtéwny wniosek z biezacej pracy.

Poréwnanie z ustaleniami kilku innych grup badawczych potwierdza istotno$¢ i doktadnos¢ rezulta-
tow, przedstawionych w niniejszym artykule.
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