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A method is developed for hydrodynamics scale-up of gas-solid fluidized beds based on recurrence quan-
tification analysis of nonlinear time series of pressure fluctuations. This method is an improvement of the
previous method by including the entropy of pressure fluctuations to the list of scale-up parameters.
Experiments were carried out at varying conditions, e. g., bed diameter (5, 9, 15, 40 and 80 cm ID), particle
size (150, 300, 400 and 600 pm), bed height at aspect ratios (1, 1.5 and 2) and superficial gas velocities
(ranging 0.1 to 1.7 m/s) to identify the main parameters that influence the dynamics and to develop a
general interpretation of the analysis results. By investigation of the effect of operating parameters on
entropy, a quantitative empirical correlation is proposed for including the entropy in the scale-up param-
eters. It was shown that this correlation improves the Glicksman’s method for the scale-up of fluidized

© 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Scale-up of fluidized beds has always been an obstacle in wide-
spread use of these reactors in industry. This difficulty arises from
the fact that the hydrodynamics of fluidized beds is very complex
and, especially, the effect of bed diameter is still not very well
understood. Proper description of the hydrodynamics of gas-solid
fluidized beds is difficult since fluidized beds are a heterogeneous
mixture of gas and solids exhibiting a liquid-like behavior [1]. Con-
sidering that scale-up deals with the hydrodynamics, having no
detailed understanding of the hydrodynamics of fluidized beds is
believed to be one of the key reasons for the difficulties encoun-
tered in design and scale-up of fluidized beds [2]. Therefore,
detailed understanding of their hydrodynamics can definitely
improve the scaling. The hydrodynamics of gas-solid fluidized beds
are usually studied using time series evaluation of the measured
signals [3,4]. Different time series signals can be used for studying
the bed hydrodynamics such as pressure fluctuations [3,5,6], bed
vibration [7-9], acoustic emissions [10-12] and local porosity
[13]. However, pressure fluctuation measurements have some
advantages that make them suitable for many practical applica-
tions. These advantages are ease of measurement and inclusion
of the effect of various dynamic phenomena, such as bubble
hydrodynamics, occurring in the bed [3,14].
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The hydrodynamics of a fluidized bed are non-linear, and could
be even considered chaotic, although the latter is being debated
[15]. A way to describe the state of such a system is to project
the variables governing the system into its multi-dimensional state
space [14]. Recently, a new technique based on the nonlinearity of
the dynamics, called recurrence quantification analysis RQA), has
been developed [16]. The concept of the RQA, which relies on the
presence of recurring/deterministic structures underlying the data,
is a basic property of dynamical systems, which can be exploited to
describe the behavior of the system in the phase space. Tah-
masebpour et al. [17,18]) and Babaei et al. [19] demonstrated that
RQA is a powerful tool to study fluidization hydrodynamics.

In the present study, nonlinear time series analysis technique
based on RQA is explored to characterize the hydrodynamics of
gas-solid fluidized beds, focusing on improving the scale-up proce-
dure. It will be shown that how nonlinear RQA method can help to
improve the Glicksman’s non-dimensional scaling method [20] by
identifying the most relevant dimensionless group as dictated by
the RQA. The Shannon entropy, one of the quantitative concepts
of the RQA method, is introduced to quantify the fluidized bed
hydrodynamics representatively, based on measured pressure fluc-
tuation data. The entropy is related to superficial gas velocity, size
of particles, settled bed height and bed diameter. Then, this mod-
eled entropy will be used to establish hydrodynamic similarities
between two fluidized beds of diameters 9 and 15 cm ID.

0921-8831/© 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Nomenclature

a; approximate sub-signal

d dimension of the system

ds particle size, pm

D bed diameter, m

D; detail sub-signal

Ef energy of approximation sub-signal at level j, Pa?
EjP energy of detail sub-signal at level j, Pa®
ENT entropy, bits/cycle

f frequency, Hz

fs sampling frequency, Hz

Gs solids circulation flux, kg/s.m?

i counter

j complex number

j wavelet decomposed information level

k time lag coefficient

l length of a diagonal line

Limin predefined minimal length of diagonal lines

L settled bed height, m

N length of the time series

p(l) number of diagonal lines with length of |
Rij recurrence plot matrix

T time, s

Uo superficial gas velocity, m/s

Uns minimum fluidization velocity, m/s

x(i) pressure time series, Pa

Xi i-th point of space state trajectory

X; j-th point of space state trajectory

Greek letters

€ threshold radius

\j mother wavelet function
(C] Heaviside function

Ps particle density, kg/m>
Pt gas density, kg/m>

1) particle sphericity

2. Experiments

Experiments were carried out in 5 different gas-solid fluidized
beds in the University of Tehran and Delft University of Technol-
ogy. Experimental conditions are summarized in Table 1. Air at
room temperature was supplied to the bed through a distributor
and its flow rate was controlled by a mass flow controller. A
cyclone, placed at the column exit, would return the entrained
solids back to the bed. Various initial aspect ratios of solids (L/
D=1, 1.5 and 2) were used in experiments and the superficial
gas velocity was varied in the range of 0.1-1.7 m/s. Sand particles
(Geldart B) with a Sauter mean diameter of 150, 300, 400 and
600 pm and a particle density of 2700 kg/m> were used in the
experiments.

Measured pressure signals were band-pass filtered at lower cut-
off frequency and upper cut-off Nyquist frequency. The filtered sig-
nals were then amplified and sent to a data acquisition board sys-
tem. Johnsson et al. [3] and van der Stappen et al. [21]
recommended that the sampling frequency within the range of
50-100 times the average cycle frequency (typically between 100
and 600 Hz) is required for nonlinear evaluation of pressure fluctu-
ations in bubbling fluidized beds. Selected sampling frequencies,
lower cut-off and upper cut-off Nyquist frequencies and number
of data points collected in each fluidized bed are shown in Table 1.

3. Method of analysis

Methods of data analysis used in this work are briefly described
below.

3.1. Recurrence plot

The recurrence plot (RP) is a graphical explanation of the
dynamics of a system [22]. A RP provides a qualitative picture of

the correlations between the states of a time series over all avail-
able time-scales. It is a 2-dimensional plot which is mathemati-
cally expressed as:

Rj=0(-|x—x) i,j=1,2,3,...,N (1)
where N is the number of considered states, x; x; € R? represent the
i-th and j-th points of the d-dimensional state space trajectory, || ||
represent the norm, ¢ is a threshold distance and ® is the Heaviside
function. The RP is obtained by plotting the recurrence matrix, Eq.
(1); if Rij=1 it is considered as a recurrence point and appears as
a black dot at the coordinate (i, j), if R;j =0 it is shown as a white
dot. The RP can be constructed without embedding [23]. Therefore,
in the present work, the embedding dimension was considered to
be 1.

3.2. Recurrence quantification analysis

The RQA is developed for quantifying different graphical struc-
tures of RPs. Recurrence parameters describe distribution of vari-
ous structures in the RP, including single dots, diagonal lines and
vertical or horizontal) lines [16]. Entropy (ENT) in the RQA is the
Shannon information entropy of the probability distribution of
the diagonal line lengths I:

N
ENT = - "p(D)log,p(l) 2)

Imin

The probability distribution of the diagonal line lengths p(I) is
defined as:

p(h) = P()/N, (3)

where P(l) is the frequency distribution of the lengths I of the diag-
onal line in the RP and N, is the number of diagonal lines.

Table 1

Experimental conditions.
Bed Diameter (cm) University Particle size (um) Density (kg m—3) Sampling Lower cut-off Upper cut-off Data points

frequency (Hz) frequency (Hz) frequency (Hz)

Bed 5 5 Tehran 150-300-600 2700 400 0.1 200 1,200,000
Bed 9 9 Tehran 150-300-600 2700 400 0.1 200 1,200,000
Bed 15 15 Tehran 150-300-600 2700 400 0.1 200 1,200,000
Bed 40 40 Delft 400 2700 80 off 40 262,144
Bed 80 80 Delft 400 2700 200 off 60 720,896
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Entropy is expressed in bits/cycle and quantifies the unpre-
dictability and complexity of a system. Entropy is zero for a peri-
odic system (all diagonal lines are of equal length) and assumes
a large value in a chaotic (complex) system [16]. Entropy has often
been used to characterize fluidized bed hydrodynamics in litera-
ture. Therefore, it was also considered in the present study as a
characterization tool since it is sensitive to changes in operating
conditions.

3.3. Discrete wavelet transform

Compared to other methods of analysis of signal in the fre-
quency domain, the wavelet transform WT) provides more flexibil-
ity in the time-frequency representation of a signal by allowing the
use of variable sized windows [7,24]. In fact, the WT can provide
precise frequency information at both low and high frequencies.
The discrete wavelet transform (DWT) is defined as:

. 1 t—k2
DWT(j, k) = \/ﬁ / x(t)lp<7>dt (4)

In the present work, the procedure developed by Mallat [24]
was followed in which the passes signal through a series of low-
pass and high-pass pairs of filters called quadrature mirror filters.
At each step of the decomposition process, the frequency resolu-
tion is doubled through filtering and the time resolution is halved
through down-sampling. The sub-signals (decomposed) are then
composed of the approximation sub-signal g;(t) and the detail
sub-signal Dj(t). Thus, the original signal x(t) can be reconstructed
from the sub-signals of different scales:

x(t) = a;(t) + Dj(t) + Dj_1 (t) + - - - + D1 (¢) (5)

The approximation component of the signal contains informa-
tion of the low frequency of the original signal and the detail com-
ponent corresponds to information of the high frequency of the
original signals [25].

Energies of approximation, a;(t), and detail, Dj(t), sub-signals are
defined as:

N

B =Y la(0) (6)
t=1
N

EP = > i) 7)
t=1

Total energy of the original signal x(t) can be calculated by sum-
ming energies of the sub-signals as follows [3,25]:

N

J
E=Y X0 =E +Y E (8)
j=1

t=1

4. Results and discussion

Three different hydrodynamic structures i.e., micro-, meso- and
macro-structures) can be recognized in a fluidized bed [26]. The
macro structures have high amplitude and low frequencies and
are likely include large scale phenomena such as large bubbles
and bed surface oscillation. The meso structures can be contributed
to clusters and small bubbles which have lower amplitude and
higher frequencies. The micro structures are of high frequencies;
they might originate from impacts of solid particles, their motion
and also include noise in the fluidized bed [25,27]. Please note that
associating phenomena with certain frequency ranges is not
straightforward, and sometimes still subject of discussion [14].
Tahmasebpour et al. [18] showed that, in a fluidized bed of 15

cm diameter, micro-, meso- and macro-structures can be repre-
sented by frequencies in the range of 25-200 Hz, 3.125-25Hz
and 0-3.125 Hz, respectively.

Fig. 1 shows relative energies of macro and meso structures
(with reference to the total energy) of the pressure fluctuations
measured in three small bed sizes for 300 um sand particles and
L/D = 2. The probe was placed in these beds in such a way that
the ratio of the probe position to the settled height of solids was
the same. As shown in Fig. 1, while the relative energy of the macro
structures initially increases by increasing the gas velocity and
then gradually decreases, the relative energy of meso structures
shows an opposite trend. Macro structures have the most energy
in the bubbling fluidized bed. In addition, the relative energy of
structures in these three beds for both structures is quite similar.
Although it might be expected that the bed size would affect the
contribution of structures due to change in the wall effect for dif-
ferent bed sizes, Fig. 1 does not reflect this trend which reveals that
the wavelet analysis method may not be sensitive enough to the
bed scale. It should be noted that all the Glicksman’s dimensionless
numbers (ps/pPs, Uo/Ums Gs/Psilo, LD, bed geometry, ¢, PSD) are the
same in the three beds of Fig. 1. In other words, Glicksman'’s
method [20] predicts a similar hydrodynamic behavior for these
beds based. Obviously, the wall effect decreases by increasing the
bed diameter such that it vanishes beyond a certain diameter.
However, the wall effect cannot be neglected in small diameter
beds since particle/gas contact with the wall affects particle-gas
interactions [1]. In fact, Fig. 1 shows that the wavelet analysis
may not identify all differences in the hydrodynamic of these small
beds.

Tahmasebpour et al. [28] showed that the RP is capable of rec-
ognizing various structures in a fluidized bed. Therefore, these
plots were used in this work to various bed sizes to distinguish
the wall effect. RPs for macro and meso structures, as well as the
corresponding raw signal, measured for 300 and 400 pm sand par-
ticles in four bed sizes (5, 15, 40 and 80 cm) at superficial gas
velocity of 0.7 m/s are shown in Fig. 2a-d. As can be seen in these
figures, structures and their contribution are different in beds with
different sizes. Fig. 2a and b illustrates that RP of the raw signal is
very similar to that of the macro-structure in small beds (5 and 15
cm). This is consistent with the result shown in Fig. 1. Gradually, by
increasing the bed diameter, the RP of the raw signal becomes
more similar to that of the meso-structure. As shown in
Fig. 2c and d, RP of the raw signal resembles that of the meso-
structure for larger beds (40 and 80 cm). Therefore, it can be con-
cluded that meso structures become dominant by increasing the
size of the bed while macro structures are more important in smal-
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8 " 4 s
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Fig. 1. Relative energies of macro and meso structures in the pressure signals
measured in three beds (5, 9 and 15 cm) for 300 um sand particles and L/D = 2.
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ler beds. In other words, the macro structure is the dominant struc-
ture in small beds while by increasing size of the bed, the contribu-
tion of meso structures increases such that in large beds it becomes
the dominant structure of the bed. This qualitative result should be
discussed more quantitatively by the RQA method.

Dependence of entropy on the operating conditions of fluidiza-
tion was also investigated. The entropy of a bed of 300 pm sand
particles in small beds (5, 9 and 15 cm ID) and 400 pm sand parti-
cles in large beds (40 and 80 cm ID) is presented in Fig. 3. As can be
seen in this figure, entropy of the system in larger beds is greater
than that in smaller beds. This is consistent with the trend shown
in Fig. 2 for meso structures. Moreover, Fig. 3 reveals that there is
no meaningful difference between entropies of 40 and 80 cm ID
beds. Therefore, it can be concluded that by increasing the bed
diameter, the role of meso structures increases in the hydrodynam-
ics of the bed such that beyond a certain diameter they become the
dominant structure in the bed. This certain diameter is considered
as the scaling diameter in the present study, beyond which the
hydrodynamics of the bed becomes independent of the bed diam-
eter. In other words, wall effects can be neglected in beds larger
than the scaling diameter. While wavelet analysis cannot identify
the wall effects in small beds (see Fig. 1), the wall effects can be
characterized by entropy (Fig. 3). In addition, Fig. 3 shows that
while the entropy decreases at low gas velocities, it is almost inde-

Raw signal

N0
IS4

Point

Macro

Meso

pendent of the gas velocity in the bubbling regime (0.5-1 m/s in
this work).

Fig. 4a shows the entropy, averaged over the ranges gas velocity
indicated on the figure, versus the bed diameter at various operat-
ing conditions. This figure illustrates that the entropy increases
rapidly as the bed diameter increases. This sharp change at small
bed diameters can be attributed to the wall effect, as mentioned
in discussions of Fig. 3. However, it can be seen in Fig. 4a that at
large bed diameters, the entropy reaches an approximately con-
stant value. Therefore, in order to confidently estimate the hydro-
dynamic parameters at an industrial scale fluidized bed, it is
necessary to do the measurements where hydrodynamic parame-
ters do not change with increasing the bed diameter [1,29]. Alter-
natively, the measurements can be done in small beds, then,
corrected by knowing the relationship between the parameter
and bed diameter. Based on Fig. 4a, it can be suggested that the
entropy to be used as a parameter for studying the scale effect in
fluidized beds and that the required hydrodynamic measurements
to be carried out in a bed with diameter at which the entropy has
levelled off. It is worth noting in Fig. 4a that entropy is higher in a
bed of smaller particles. Effect of particle size on the entropy of the
fluidized bed was also investigated by Tahmasebpour et al. [28]
who showed this trend more clearly. As a result, the scaling diam-
eter (the bed diameter at which the entropy reaches a constant) is
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(a) 5 cm ID bed, 300 pm sand particles

Fig. 2. Recurrence plots for macro and meso structures and raw signal measured at L/D = 1 and superficial gas velocity of 0.7 m/s for (a) 5 cm ID bed, 300 pm sand particles (b)
15 cm ID bed, 300 um sand particles (c) 40 cm ID bed, 400 um sand particles (d) 80 cm ID bed, 400 um sand particles.
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Fig. 2 (continued)

smaller in a bed of smaller particles. Therefore, in order to combine
the effect of bed size and particle size, the entropy is also plotted
versus the ratio of bed diameter to particle size in Fig. 4b. In the fol-
lowing section, the trend in this figure was used for developing a
correlation to be used for scale up of fluidized beds.

5. A correlation for entropy

In this section, the entropy is quantitatively related to design
parameters; i.e., fluidization conditions (superficial gas velocity,
settled bed height), particle properties (particle size, minimum flu-
idization velocity) and bed diameter. In the present study, these
parameters are changed in the following range: bed diameter (5,
9, 15, 40 and 80 cm ID), particle size (150, 300, 400 and 600 pm),
aspect ratio (1, 1.5 and 2) and superficial gas velocity (ranging in
different levels according to bed size and particle size). It is worth
mentioning that effect of all these parameters on the entropy has
been previously investigated in details and compared with litera-
ture by Tahmasebpour et al. [28]. With more than 200 data points,
entropy can be correlated to the above mentioned operating
variables by the following correlation:

Uy — Umf b D° B Uo — Umf 0.045 D'’ (9)
Umf Ld di - Umf L0.43 dg.46

ENT:a(

The fitting constants (a, b, ¢, d and e) were obtained by MATLAB
optimization toolbox. It should be noted that this correlation cov-
ers the rising section of Fig. 4a and b and can be used for diameters
smaller than the scaling diameter. Fig. 5 illustrates the parity plot
of measured entropies against those calculated from Eq. (9). Only
80% of data points were used for calculating constants of Eq. (9)
and these points are shown in blue' in Fig. 5. This means that some
of entropy data were not used in the fitting process, hence had no
contribution in calculating the fitting constants. The remained 20%
data points were used for validating the correlation. These data are
shown with red markers in Fig. 5. Based on the fact that the main
data points are uniformly distributed around the unity line and also
since validation points show almost the same distribution, it can be
concluded that the correlation may satisfactorily predict the real
values.

6. Proposed scale-up procedure
Entropy characterizes all the relevant information about the

behavior of a system [16]. In fact, it characterizes the rate of
information loss in a system and is a quantitative measure for

! For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
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Fig. 2 (continued)

predictability of a dynamical process. Entropy is preferred as a
characterization tool since it provides additional information about
bubble related time scales, is more sensitive to changes in operat-
ing conditions and is more robust and better reproducible [2]. If a
fluidized bed is to be scaled properly, the prototype and the scaled
bed should have the same entropy. In other words, the same infor-
mation should be carried from the prototype to the scaled bed dur-
ing the scale-up process. The so-called simplified set of
dimensionless groups in the scale-up method of Glicksman is:

ps B G L
Ps Umg” Pl D’

It should be noted that solids circulation flux is negligible in
bubbling and turbulent fluidized beds. Sphericity of particles and
particle size distribution should be the same in different scales. It
is worth noting that the sphericity of sand particles used in this
study were approximately equal. According to the Gliksman’s
method, the hydrodynamic state of both prototype and scaled
should be the same if all abovementioned dimensionless numbers
are the same for both beds. Nevertheless, it was shown here and
also Tahmasebpour et al. [28] found that entropy of the bed
changes even when all these dimensionless parameters are kept
constant. This means that although the dimensionless groups
proposed by Gliksman are kept constant, the two beds may not

bed geometry, ¢, PSD

be necessarily in the same hydrodynamic state. Therefore, entropy
is suggested to be used for assessing the dynamical similarity
between two scaled fluidized beds. Therefore, L/D in the Gliks-
man'’s simplified set is replaced by entropy in this work owing to
the fact that it does not change with the gas velocity in the bub-
bling regime (see Fig. 3). On the other hand, the entropy can be dif-
ferent for beds with similar L/D [28]. This shows that the entropy
has more dynamical information about the system than L/D. There-
fore it can be concluded that L/D may not be an appropriate scale-
up parameter for fluidized beds and it can be replaced by entropy.
In other words, it is proposed in this work to replace L/D in the
Glicksman’s so-called ‘simplified set’ with the entropy. Based on
the above discussion, it can be proposed to use the following set
of dimensionless groups for the of gas-solid fluidized beds:

ps AEEL (33

Py Ump " Pgllo

As an example, the 9 cm ID bed used in this work was scaled up
to 15 cm ID bed by the two above mentioned methods. The oper-
ating conditions are given in Table 2. The scaling parameters (i.e.,
type and size of particles, type of gas, superficial gas velocity and
geometry of both columns) are kept constant in this example.
The bed height at rest was considered to be equal to the bed
diameter in the smaller bed (L=9 cm). Therefore, based on the

,ENT,bed geometry,¢, PSD
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Fig. 2 (continued)

Gliksman’s method, the bed height in the scaled reactor should be
15 cm. Nevertheless, based on the new method which is based on
entropy, according to Eq. (8), it is necessary to keep the ratio D'?7/
L%3 constant in order to keep the entropy the same in both scales.
To do so, the entropy is determined first in the 9 cm ID bed. Then,
by keeping this entropy the same, the initial bed height in the
scaled bed (15 cm ID) is found which gives the initial bed height
of about 30 cm for the scaled bed.

Fourier transform analysis was employed to compare the
hydrodynamic state of these two scaled beds. Fig. 6 illustrates
the frequency spectra of the pressure fluctuations measured in
these two beds at the superficial gas velocity of 0.6 m/s. Pressure
signals were divided into 8 non-overlapping windows of 8192
samples and then the frequency spectrum was obtained by the
method of Welch method and Hanning window [30]. As can be
seen in this figure, the dominant frequency of the pressure fluctu-
ations lies between 0 and 10 Hz with a maximum at about 1.5-
2.5 Hz. This peak corresponds to the macro structures of the bed.
Fig. 6 reveals that when the entropy-based scaling rule is applied,
both beds behave more similar from the hydrodynamics point of
view since the power of the frequency spectra, as well as their
width, are in a similar range. Considering that the main frequencies
of the fluidized bed are mostly related to larger structures (like
bubbles), it can be concluded that the macro structures have more

portions in the prototype (9 cm ID, L/D = 1) and the scaled bed (15
cm ID, L/D = 2). This fact can be also confirmed by the entropy of
the signal. Fig. 7 shows the measured entropy for two cases of scal-
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Fig. 3. Entropy of the pressure signals measured in 5, 9 and 15 cm ID beds for
300 pm sand particles and in 40 and 80 cm ID beds for 400 um sand particles,
L/D=1.
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Fig. 5. Correlation between measured entropies and the model correlation [Eq. (9)].

ing mentioned in Table 2. It can be seen in this figure that the scal-
ing is very well done when the entropy-based scaling rule is
applied and both beds behave the same from the hydrodynamics
point of view since the when the entropy-based scaling rule is
applied entropy of the prototype (9 cm ID, L/D =1) is very close
to the entropy of the scaled bed (15 cm ID, L/D = 2). However,
the entropy is very different for the two beds when they are scaled
by the Glicksman’s method (15 cm ID, L/D = 1). This shows that the
system complexity is a key parameter that should not be ignored in
the scaling rules. Fig. 7 relies on the fact that if two beds are prop-
erly scaled, the information in both systems would remain the

Table 2
Operating conditions used in the scaling example.
Bed 9 Bed 15
Glicksman’s method Entropy based method
ds (nm) 150 150 150
up (m/s) 0.5-0.9 0.5-0.9 0.5-0.9
Upy (M/S) 0.0287 0.0287 0.0287
ps (kg/m?) 2700 2700 2700
Pr Same Same Same
PSD Same Same Same
G Same Same Same
L 9 15 30
D 9 15 15
—9 c¢cm bed - L/D=1

150 —15 cm bed - L/D=1 (Glicksman Theory)
—15 cm bed - L/D=2 (Entropy Theory)

0.5F b

Pxx (Physical Units)2/Hz

o == L™
o 1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15

f (Hz)

Fig. 6. The power spectrum estimation of the measured pressure fluctuations at
superficial gas velocity of 0.6 m/s according the data in Table 2.
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Fig. 7. Entropy (bits/cycle) of the system according the data in Table 2.

same. In other words, the entropy should be considered as one of
the major parameters in the scaling of fluidized beds for reach
the same hydrodynamic state in different scales. In earlier work,
we showed that the entropy expressed in bit/s often gave the same
information as the average frequency [15] or the average cycle fre-
quency [14]. It is important to note that here we employed the
entropy expressed in bits/cycle (i.e., normalized with respect to
time scale), which apparently contains information in addition to
the main time scale.

7. Conclusions

It was shown that the RQA analysis is a valuable tool for under-
standing the hydrodynamics and scaling-up of fluidized beds. The
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most useful parameter in the scale-up is the entropy of the system
which can be evaluated from a time series of a characteristic sys-
tem variable, such as pressure fluctuations. The entropy can be
regarded as a measure of the complexity of the system.

The following conclusions were drawn from the present
investigation:

- Contribution of meso structures in the hydrodynamics increases
by increasing the bed size. In other words, by decreasing the
wall effect, which happens by increasing the bed size, entropy
of the system increases until the scaling diameter, beyond
which it becomes constant. While it was not possible to detect
the wall effect by analysis of pressure fluctuations in the fre-
quency, RP and RQA methods showed that contribution of meso
structures in the bed hydrodynamics increases by increasing
the bed diameter.

- The relationship between entropy and operating parameters
(i.e., superficial gas velocity, settled bed height), particle proper-
ties (particle size, minimum fluidization velocity) and bed
diameter, was presented as:

0.045 1.27
ENT = 1.2(”"‘”’"”) D

mf L0.43 d2.46

- This entropy can be possibly used to improve the Glicksman’s
method of scaling. The entropy contains basic information of
the system and might better reflect the fluidized bed hydrody-
namics than the initial aspect ratio.
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