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Abstract
This work presents a study of the effect of the distributor performance in the bubble
generation, growth and interaction within a bubbling fluidized bed. In order to
characterize this effect in short-term and long-term dynamics, as well as in time and
frequency domain, classical and innovative techniques (Digital Image Analysis, DIA,
and Wavelet Analysis WA, respectively) have been used over the images acquired in a
two dimensional bubbling fluidized bed.
Four perforated plate distributors, with the same open area and the same pressure
drop, have been used in the experiments, varying the excess gas and the fixed bed
height to study the effect of this operation conditions. The results reveal that the
distributor performance has no effect in the mean bubble behavior of the bubbles
within the fluidized bed, and therefore there is no effect in the long-term dynamics of
the fluidized bed. The analysis, performed on the bubble generation region, also
reveals that the distributor as no effect on the bubble generation frequency. However,
it can be concluded that distributor performance has a great influence in the bubble
generation location along the distributor, being the most homogenously distributed
generation profiles, those in which the distributor with the largest numbers of holes
and smaller diameter has been used. The distributor affects importantly the total
number of bubbles (the higher the number of holes the more bubbles are generated).
The fixed bed height does not affect the PDF (Probability Density Function) of the
bubbles along the distributor, however the PDF of the bubbles along the distributor
presents more homogenous profiles at higher values of the excess gas. These results
reveal the great importance of the distributor type in the modelling of bubbling
phenomena, but only in the bubble generation region, since from this region the
fluidized bed dynamics is not affected for the distributor type.
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Distributor performance, Fluidized beds, bubble generation, Wavelet Coherent
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Abbreviations:
AAFT: Amplitude Adjusted Fourier Transform
BVF: Bubble Void Fraction
COI: Cone Of Influence
DIA: Digital Image Analysis
JR: Jet Region
PDF: Probability Density Function
PSD: Power Spectral Density
ROI: Region of Interest
WCA: Wavelet Coherence Analysis

1. Introduction
Fluidized bed systems are frequently used for many industrial applications, due to
their high mixing and heating rates: solids drying and mixing, thermochemical
conversion or cracking processes (Adánez et al., 2018; Haron et al., 2017; G. Li et al.,
2018). However, the complexities of the dynamics characterizing gas-solid fluidized
beds lead to design uncertainties that endanger the satisfactory operational
characteristics of the industrial units. Factors such as undesirable gas flow or solid flow
circulation patterns can lead to operational problems such as unscheduled shutdowns
or poor operation performance.
The distributor design is broadly accepted by the fluidization community to directly
influence the generation, growing and interaction of bubbles, acting on the fluidization
quality, which defines the gas solid fluidized behavior in terms of solid mixing and
heat transfer. Accordingly, idea large collection of work can be found in the scientific
literature regarding the distributor design (Briens et al., 1997; Eow et al., 2003; Geldart
and Baeyens, 1985; Lombardi et al., 1997; Qureshi and Creasy, 1979; Sánchez-Prieto et
al., 2014; Sathiy Amoorthy and Sridhar Rao, 1979; Sathiyamoorthy and Horio, 2003;
Sathiyamoorthy and Sridhar Rao, 1981, 1978; Saxena et al., 1979; Thorpe et al., 2002;
Walker, 1975). For most applications, the distribution design aims to obtain a
homogeneous distribution of air in the whole section of the reactor, avoiding dead
zones (nonfluidized regions), bubble channeling zones or minimizing the attrition of
the bed material. Until now, there are many experimental research articles, that study
the bubble phase and the dense phase, in order to determine the dynamics of the fluid
2

bed (Gómez-Hernández et al., 2017; Helmi et al., 2018; Sánchez-Delgado et al., 2010a),
the sizes and velocities of the bubbles (Lau et al., 2013; Laverman et al., 2008; Maurer et
al., 2016; Sánchez-Delgado et al., 2013a; Shen et al., 2004; Sobrino et al., 2009b, 2009a),
as well as the velocity of the particles of the dense phase and the solid mixing within
the fluidized bed (Bakshi et al., 2017; Y. Li et al., 2018; Sánchez-Delgado et al., 2013a,
2010a).
However,
none of these studies tries to explore the relation
between the distributor design and the long-term bed dynamics. Nonlinear science
makes possible to make use of advance data treatments that account for the multi scale
nature of gas-solid fluidized bed systems (Marwan et al., 2007; Villa Briongos et al.,
2006). In this line, wavelet analysis has become the most popular tool for multiscale
analysis of complex dynamics (Donoho and Johnstone, 1995; Grinsted et al., 2004; He
et al., 2009; Labat, 2005; Lu and Li, 1999). New measures such as the wavelet entropy
(Zunino et al., 2007) or the wavelet coherence (Clemson et al., 2016; Grinsted et al.,
2004) have shown that the wavelet analysis produces more information than just
qualitative results. Moreover, the complexity characterizing gas-solid fluidized bed
dynamics give rise to a huge amount of theoretical research effort addressed to
understand the different dynamical structures such as bubbles or particle clusters
appearing in fluidized beds (Chen et al., 2017). On the one hand, either continuum,
Eulerian-Eulerian, Eulerian-Lagrange or discrete approach models, are currently used
to study fluidized bed dynamics, although most theoretical model approaches fail to
capture the details of the particle flow mechanics (Deen et al., 2007). Some recent
developments reveals the importance of the coupling between gas and solid phase to
successfully represent the physics behind the fluidized bed dynamics in pulsating
flows (Wu et al., 2017) and the importance of distributor performance on the
effectiveness of the fluidization (Kanholy et al., 2017). On the other hand, the discrete
bubble model approach (Bokkers et al., 2006; Briongos et al., 2011; Pannala et al., 2004)
tries to answer the long-term behavior of gas-solid fluidized beds by direct modeling
the bubbling phenomena observed. However, in order to speed up the solution process
and to focus on the long-term information, a better understanding of the bubble
generation process to measure the distributor effect on the bed dynamics becomes
crucial, having a significant impact on the computational cost of the bubble generation
modelling.
In this work the windowed wavelet coherence method is applied to measure the
correlation between the short-term dynamics characterizing the bubble generation at
the distributor plate and the long-term dynamics due to the bubble pattern
characterizing the stationary bed operation of different fluidized bed systems.
In order to analyze the effect of the distributor performance at different scales, the
fluidized bed is operated with four different perforated plate distributor (with the
same open area) with four different fixed bed height and at two relative gas velocity
values.
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2. Experimental setup and experimental techniques
The experimental setup for this work was similar to the one described in SánchezDelgado et al. (Sánchez-Delgado et al., 2013b). It consisted on a pseudo 2-D cold
fluidized bed, made of glass with the rear wall covered in black to improve the contrast
during the images acquisition,. The fluidized bed dimensions were 30 cm width (W),
150 cm height (H) and 0.5 cm thickness (t). Two spotlights were used for fluidized bed
illumination and a Nikon 1 camera was used for the images acquisition at a frame rate
of 60 fps for approximately 30 seconds. The bed material used was Ballotini glass
spheres, previously sieved to a diameter range between 425 and 600 m (Geldart B
.Four
classification (Geldart, 1973)), with a particle density of
different fixed bed heights were studied (h = 15, 30, 45 and 60 cm). Air was used as a
fluidization agent, and the minimum fluidization velocities for each experiment were
for all cases. In addition,
measured for the four bed heights, resulting
two different relative gas velocities were tested (Ur = U/Umf = 2 and 2.5) for each bed
height.
Four different distributors (perforated plates) have been used during the experiments.
The number and diameter of the holes, equally spaced along the distributor for each
=0.015,
distributor, have been calculated to keep constant the open area value,
defined as the relation between the area of the holes and the horizontal section. Table 1,
shows the holes characteristics for each distributor.
Distributor
D06
D08
D20
D28

Number of holes
Hole diameter,
6
2.2
8
1.9
20
1.2
28
1
Table 1: Distributors characteristics

In order to avoid interactions between the bed and the air-supply system, the pressure
drop through the distributors was experimentally determined, and compared with the
bed pressure drop during the experiments, resulting in a no interaction between the
bed and the air-supply system (Sasic et al., 2005, 2004). Figure 1 shows the
characteristic curve for all the distributors. Considering the superficial gas velocities
used in this research, from 0.48 to 0.60 m/s, it can be noted that the four perforate
distributors had the same pressure drop.

Figure 1. Characteristics curves for the distributors defined in Table 1.
The combination of all these operation conditions results in 32 different cases which are
summarized in Table 2, showing the nomenclature used in this work for each case.
(cm)

15

30

45

60
4

2
D06
D08
D20
D28

1
9
17
25

2.5

2

2.5

2

2.5

2

2.5

2
10
18
26

3
11
19
27

4
12
20
28

5
13
21
29

6
14
22
30

7
15
23
31

8
16
24
32

Table 2: Experimental conditions (distributor type, fixed bed height and excess gas) and

experiment identification.

2.1 Applied techniques for image post-processing
The use of Digital Image Analysis (DIA) allows to characterize the dense and bubble
phase in a pseudo-2D fluidized bed (Asegehegn et al., 2011; Bokkers et al., 2006;
Busciglio et al., 2008; Garcia-Gutierrez et al., 2014; Gómez-Hernández et al., 2017; Julián
et al., 2015; Sánchez-Delgado et al., 2010b, 2013b; Shen et al., 2004). A MATLAB
algorithm transformed the gray scale images into binary images, allowing us to
measure the concentration maps of solid phase, the freeboard height, the details of
bubble generation, and the growth and interaction in the fluidized bed. The details of
the code can be found in (Sánchez-Delgado et al., 2013b, 2010a). The average dynamics
of the fluidized bed has been determined with this technique. In particular the DIA has
been used to calculate:
: the freeboard height determination plays a
-Mean value of freeboard height,
crucial role in the study of the fluidized bed, since this parameter determinate the
maximum height of the fluidized bed where the mean properties of solid and dense
phases can be studied.
: these maps reports information about the
-Time averaged concentration maps,
preferred bubble paths and the solid concentration regions (fraction of time that a
certain point (x,y) is occupied by solids). The maps are calculated by means of the
images superposition, according with a previous work of Sánchez-Delgado et al.
(Sánchez-Delgado et al., 2013b).
-Mean bubble diameter evolution with height and mean value of numbers of bubbles
and Nbm respectively: the fluidized bed height was discretized in
with height,
has been calculated as the mean of
spaces of one centimeter, and in each space, the
the bubbles diameters detected in each region. Besides, in the same spaces, the mean
value of bubble presence has been also calculated. To avoid bubble interferences, a gap
) has been defined prior to the image analysis.
time of 20 images (
-Evolution of Bubble Void Fraction (BVF) with time: the BVF represents the proportion
of a certain Region Of Interest (ROI) occupied by bubble voids (Lim et al., 2007). The
evolution of the BVF with time was generated by means of the DIA technique applied
in every images of each case.
5

2.2 Wavelet Coherence Analysis (WCA)
After the application of the DIA technique to calculate the parameters described above,
a wavelet coherence analysis has been used to study the dynamic of the fluidized bed
at different scales.
Fluidized bed dynamics should be studied at different frequency scales. Moreover,
such multiphase mixture of dynamics has their own time dependent physical
processes. Traditional measures in time domain based on statistics over ensemble
averages, cannot properly separate the dynamics characterizing the different scales. It
is therefore needed a multiscale approach, to move the dynamic information to the
time-frequency domain. Wavelet analysis can be used to successfully extract the localfrequency information in time from a signal. The wavelet transform makes an adaptive
conversion to the time-frequency domain by using sliding windows of different sizes
that moves over the measured signals. Since the basic functions of the wavelet are
defined in both and frequency, it is possible to adapt the window size to improve the
time resolution of both high frequencies and low frequencies. In this research, the
continuous wavelet transform is used to analyze BVF time series. The Morlet wavelet is
characterized by a Gaussian envelop, and therefore it is possible to define an adaptive
window size to optimize in both the real and the Fourier spaces the time localization of
the different high and low frequency components characterizing the measured BVF
time series (Torrence and Compo, 1998; Torrence and Webster, 1999).
The idea of coherence when analyzing measured signals is viewed as measure of the
degree of correlation between two time series or two representation of the measured
time series to be compared (Labat, 2005). The coherence is defined as the square of the
cross spectrum normalized by the individual power spectra (Grinsted et al., 2004).
1
denotes for the cross-wavelet spectrum, which is defined as
, with
being the complex conjugate of the wavelet transform
. S is a smoothing operator which indicates averaging in time and in scale.
Accordingly, the wavelet coherent coefficient is first averaged across time and then
averaged across scales. For wavelet coherence analysis, the averaging process in time
and scale is critical. Otherwise, nominator and denominator becomes equal and a value
of unity should be found for any two compared processes (Maraun et al., 2007). In this
work, following the procedure developed by Torrence and Wbster (Torrence and
Webster, 1999), a smoothing in time was performed by a convolution with the absolute
value of the wavelet. To average the value through the scales, the approach of
presented by Grinsted et al. (Grinsted et al., 2004) was used. The number of scales to
use in the wavelet transform was chosen, according to Torrence and Compo (Torrence
and Compo, 1998), as a fractional power of two . As the continuous wavelet transform
has edge artifacts, consequently, errors will occur at the beginning and at the end of
wavelet power spectrum. The cone of influence COI in which the edge effect cannot be

Where
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ignored is plotted along with the result of the squared wavelet coherence (Mallat, 2009;
Torrence and Compo, 1998). The size of the Cone Of Influence (COI) at each scale gives
a measure of the decorrelation time. The statistical significance level of the wavelet
coherence was estimated using Monte Carlo method. According to that, the refined
Amplitude Adjusted Fourier Transform algorithm (AAFT) reported by Schreiber and
Schmitz (Schreiber and Schmitz, 1996) was applied to produce surrogate data sets
which have the same power spectrum and distribution that the measured time series.
About 200 of surrogate data set pairs suffice to set and appropriate wavelet red noise
background spectrum (Torrence and Compo, 1998). The wavelet coherence was
computed for each pair. The local wavelet spectrum was then defined as the vertical
slice of the wavelet coherence through all the scales at the time corresponding with the
central value of the sampling interval. Once the background level was estimated, it was
assumed that different realizations of the BVF time series will be randomly distributed
about the expected background. According to that, the null hypothesis assumes that if
a peak appearing in the wavelet spectrum is significantly above the background red
noise, then it would correspond with a true dynamic feature with a 95% confident
level. To establish the 95% confident level it was assumed that the background signals
are stationary and therefore the value of the coherence function at the different scales
do not change with time. Finally, the displacement of the oscillation phenomena
characterizing the BVF time series serves, in this research, as a measure of the
synchronization in terms of the local phase advance of coherent periodic component.
According to that, the phase differences of the two time series compared each
localizing time origin and scale are represented as arrows during the wavelet coherent
analysis.

3. Results and discussion
The combination of the conventional DIA and the novel Wavelet Analysis techniques
applied over the images acquired in the experiments, have allowed to study the effect
of the distributor type, excess gas and the fixed bed height, in the bubble generation,
growth and interaction within the fluidized bed. The results obtained during the
analysis of the experiments involve two different approaches.
First, in order to study the distributor type and the operation conditions effects in the
long term fluidized bed behavior, a conventional analysis (DIA) within a 2-D bubbling
fluidized bed is presented to measure the bubble and dense phase bed behavior in
terms of ensemble averages. In order to capture the features of the different scales
visually observed during the tests, and to compare the effect of the distributor type, the
superficial gas velocity and the fixed bed height, both the bubbles and the dense phase
were analyzed in the region where bubbles are detected. According to that, the
evolution of the numbers of bubbles and mean value of bubbles diameter with the
height attained in each case was calculated. With regard to the dense phase, the time
averaged solid concentration maps within the fluidized bed were also calculated.
7

Secondly, the evolution of the BVF with time is used to analyze in detail the bubble
generation region. Accordingly, a ROI was defined in order to study the bubble
generation in an specific window. Two different ROIs regions are explored by varying
the window height above the jet region at 2 cm and 10 cm, in order to analyze the ROI
influence in the results obtained by the Wavelet Coherence Analysis. The phase
coherence of the BVF time series identified shared time-variability at some frequencies
characterizing the long-term and short-term dynamics of the bed investigated. In order
to characterize the characteristic frequencies of the BVF time series, the power
spectrum (PSD) calculated following the well-known
period gram method is
used.
Conventional analysis: long term fluidized bed behavior
The region where the bubbles are detected along the bed, has been defined as the
region comprised from the height just above the Jet Region (JR) to the freeboard height.
The JR has been widely studied by many authors and it is defined as the region where
the jet penetration takes place, widely studied by many authors (Agarwal et al., 2011a;
Blake et al., 1990; Rees et al., 2006). In this work, the jet penetration length for all cases,
was determined using the correlation presented by Blake et al. (Blake et al., 1990)

is the jet length,
is the gas velocity in the orifice (approximately
Where
and
respectively),
is the
32 cm/s and 40 cm/s, for cases of
is the orifice diameter,
is the particle
gravitational acceleration,
is the gas density,

diameter,

is the particle density and

is the gas viscosity.
The freeboard height has been calculated for all cases as the average maximum height
that particles reach in the fluidized bed, using the DIA technique (see Table 3).
15

(cm)
2
D06
D08
D20
D28

30
2.5

2

45
2.5

2

60
2.5

18.2
19.9
34.6
37.9
52.8
57.3
17.7
19.1
35.7
38.1
53.7
58.6
18.7
20.1
35.5
38.3
51.4
55.5
19.1
20.7
36.0
38.1
50.6
54.7
Table 3: Freeboard height,
(cm), for all cases.

2

2.5

70.0
68.8
68.6
69.2

76.0
73.7
74.0
74.1

As it can be observed, the freeboard height for different distributor, same fixed bed
height (h) and excess gas (U/Umf) does not present significant differences. Only the
excess gas has a small effect on the freeboard height, when comparing cases with the
same distributor type and the same fixed bed height.
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Time averaged solid concentration maps
The averaged of the gas and solid flow patterns provides a picture of the bed structure
characterizing the long-term dynamics of the fluidized bed system. Accordingly, when
dealing with pseudo 2D fluidized beds, the time-averaged concentration maps give
qualitative information about the internal structure of the gas solid fluidized bed
related with the preferred bubble paths, dead zones and mixing regions. However, the
averaged information of conventional analysis such as the time averaged concentration
maps neglects time-dependent bed-distributor interactions, so the question regarding
on how the distributor performance affects bed dynamics remain unanswered. Thus, in
order to get insight in the bed structure for design and operation processes, the wavelet
coherence analysis is used below complementary to the time averaged concentration
maps to study the time-frequency location of the bed-distributor interactions.
Figure 2.1 and 2.2 show the distributor effect in the internal structure of the fluidized
bed. Figure 2.1 shows the time averaged particle concentration maps, for cases 2, 10, 18
and 26 (h/W = 0.5, h = 15 cm, U/Umf = 2.5) Similarly, Figure 2.2 shows the distributor
effect in the internal structure of the bed for cases 8, 16, 24 and 32 (h/W = 2, h = 60 cm,
U/Umf = 2.5). In both figures, the solid line represents the freeboard height for each
case, and the dash line represents the JR for each case.
a)
b)
c)
d)
Figure 2.1: Time averaged particle concentration map: a) case 2, b) case 10, c) case 18
and d) case 26. The solid line represents the freeboard height and the dashed-line
represents the jet region height.
a)
b)
c)
d)
Figure 2.2: Time averaged particle concentration map: a) case 8, b) case 16, c) case 24
and d) case 32. The solid line represents the freeboard height and the dashed-line
represents the jet region height.
As expected, the time averaged concentration maps characterizing the gas and solid
flow circulation patterns of different beds, are affected by the fixed bed height. For
cases with a low aspect ratio (Figure 2.1), the DIA provides a clear picture of the jet
region, where it can be observed how as increasing the number of orifices (orifice
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diameter decreases), the length jet penetration decreases (Rees et al., 2006), due to the
decrease of the mass flow rate per orifice. Therefore, the gas is more uniformly
distributed. In contrast, in Figure 2.2 (cases with the highest be aspect ratio) the effect
of the distributor type in the internal structure of the fluidized bed is not clearly
reflected by the measured time averaged concentration maps. In these cases, the
observed effect of orifice number on better gas distribution can be recognized with less
resolution. The fact the DIA technique loses resolution as increasing bed height,
constrains the reliability of the information collected from those systems. Nevertheless,
the averaged effect of the distributor can still be seen in the gas and solid flow
circulation patterns, particularly in the jet region close to the distributor, as well as the
bubble path crossing the bed in the midsection bounded by two recirculation regions
close to the walls.
Excluding the jet region, where the distributor plays a role in the jet length (the smaller
the number of holes, the higher the mass flow of the gas through the orifice, the higher
the jet length), the internal structure of the fluidized bed is little affected by the
distributor.
In order to obtain quantitative information about the particles concentration profile at
different bed height, that helps to identify the distributor effects in the solid and gas
flow preferred paths, Figure 3 is presented. In the same case as in Figure 2, it is divided
into Figure 3.1 (cases 2, 10, 18, 28) for low aspect ratio (h=15 cm) and Figure 3.2 (8, 16,
24, 32) for high aspect ratio (h=60 cm), showing the solid concentrations profiles at
different bed height, specifically at 25, 50 and 75 % of the freeboard height.
a)
b)
c)
Figure 3.1: Particle concentration profile for cases 2, 10, 18 and 26, at different bed
heights (% of freeboard height): a) 25, b) 50 and c) 75.
a)
b)
c)

Figure 3.2: Particle concentration profile for cases 8, 16, 24 and 32, at different bed
heights (% of freeboard height): a) 25, b) 50 and c) 75
For cases with low bed aspect ratios (Figure 3.1) and low number of holes in the
distributor (D06 and D08, cases 2 and 10 respectively) the particle concentration profile
is clearly affected in regions close the distributor (25%
). Is in these regions where
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the jet penetration effect promotes the dead zones, moving zones and the jetting zones,
previously defined by Agarwal et al. (Agarwal et al., 2011b), and it can be clearly
observed the saw profile due to the jet effect. However, once the distance to the
distributor becomes higher (50-75%
), the saw profile disappear and the particle
concentration profile does not present significant differences with height. On the other
hand, for cases 18 and 26 (D20 and D28 respectively), where the bed aspect ratio is
equal than in cases 2 and 10, but the number of holes is significantly higher, the saw
contour presented in cases 2 and 10 close de distributor is flattened out (Agarwal et al.,
2011b) and the jet penetration effect is practically imperceptible. For all these cases (2,
10, 18 and 26) the solid concentration profile above the jet influence region, presents
certain similarities.
In the cases with higher aspect ratio value, Figure 3.2, the jet region has a relevant
influence in very close regions to the distributor; however, the jet penetration effect is
practically imperceptible from the point of view of particle concentration profiles at
higher height than the jet region. In these cases, the typical spatial bubble distribution
within the fluidized bed can be appreciate, where the bubble coalescence effect
generate a preferred bubble path in the middle of the bed, and two zones of high
concentration particles in the wall, promoting two recirculating vortex (SánchezDelgado et al., 2013c; Werther and Molerus, 1973).

Bubble diameter and number of bubbles with height
Bubbles are the main mixing mechanism in the fluidized beds, therefore, the number,
size and velocity of them is directly related with the mixing quality and mixing rate
within the fluidized bed. Their nucleation, growing and interaction, define the internal
described in the section below. By means of DIA, the bubbles have been identified and
analyzed in order to characterize the effect of the distributor performance, the fixed
bed height and the excess gas in the bubble mean diameter with height.
Figure 4.1 shows an example of the results obtained, representing the evolution of the
, with height
, for cases 7, 15, 23 and 31 (D06, D08, D20
mean bubble diameter
, and
.
and D28, respectively) with

Figure 4.1:Effect of the distributor type in the evolution of Deq with height for cases 7,
and h=60 cm)
15, 23 and 31 (
Figure 4.2: Effect of the fixed bed height in the evolution of Deq with height for cases 10,
)
12, 14 and 16 (D08 and
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As it can be observed, there are no significant differences for the evolution of the
bubble mean diameter with height when the effect of the distributor type is studied
(Figure 4.1). Figure 4.2 shows the effect of the fixed bed height in the evolution of the
mean bubble diameter with height (Cases 10, 12, 14 and 16, with distributor D08 and
. No effect with the fixed bed height is observed during the evolution of
with height within the fluidized bed.
the
The higher differences, when the distributor performance effect is analyzed, can be
appreciated in the cases with the smallest fixed bed height, due to the higher height
occupied by the jet penetration in comparison with the fixed bed height, and even then
the distributor has a slight effect. For all cases, when the height is close to 80% of the
fixed bed height, the bubble mean diameter start to show a non-linear relation with
height, and this effect is more remarkable for case with higher fixed bed height. The
coalescence effect of the bubble during the ascent within the fluidized bed, and the
freeboard effect, explains the non-lineal behavior of bubble with height in the upper
part of the bed. On the other hand, the excess gas has a direct effect in the bubble mean
diameter. As it can be expected, higher values of superficial gas velocity, promotes
higher bubbles diameters.
Numbers of bubbles
Another effect of the distributor type within the fluidized bed is the mean value of the
bubble presence at a certain height. Next figure, Figure 5 shows an example of the
with height, .
results obtained for the mean numbers of bubbles variation

Figure 5. Effect of the distributor type and excess gas on the mean value of number of
.
bubbles with height for a fixed bed height of
As it can be seen in Figure 5, the number of bubbles reaches the maximum value in
regions close the distributor and then, decreases with the distance to the distributor.
This is because of the small bubbles generated close to the distributor coalesce with
other bubbles as they ascend. This effect is observed independently of the excess gas,
bed aspect ratio or distributor configuration. The number of holes in the distributor has
a clear effect in the number of bubbles generated, where the distributor with more
holes generate a higher numbers of bubbles. This effect is clearer in regions close to the
distributor. It corresponds to the bubble generation mechanism in a perforated plate,
where the more air injection the greater the number of bubbles generated.
in the number of bubbles evolution
with
The effect of the fixed bed height
, has been also studied. Figure 6 shows the evolution of
with height for
height
15, 30, 45 and 60 cm, respectively), with a same distributor
cases 10, 12, 14 and 16 (
type and excess gas for all cases (D08 and U/Umf = 2.5).
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Figure 6: Evolution of the mean value of number of bubbles (
) with height for
cases 10, 12, 14 and 16 (fixed bed height of 15, 30, 45 and 60 cm respectively),
distributor D08 and
As it can be observed, the fixed bed height has a significant effect in the evolution of
, only in a region really close to the distributor, just above the jet region, where
the
the nucleation and growth prior to the bubbles interaction (coalescence) take place. The
higher the fixed bed height, the lower the number of bubbles detected in these regions.
The analysis of the numbers of bubbles, at higher height reveals that the fixed bed
with height.
height has no effect in the evolution of
Although the conventional time averaged analysis provides a picture of the internal
structure of the bed, and a characterization of the bubble number and bubble size, two
question are still needed to be addressed: i) How the excess gas does affect distributorbed interaction in time and frequency domains?; ii) how the distributor design affects
bubble generation and dynamics and consequently, the time averaged bubble pattern?
Wavelet Coherence Analysis (WCA)
In order to answer these questions, the WCA has been used to study the short-term
dynamics during the bubble production and the long-term dynamics during the
bubble interaction. The WCA has been applied over the temporal series of the BVF for
each case, for two different ROI (W10 and W2, 10 cm and 2 cm above the jet region,
respectively). In this sense, the effect of the ROI can be studied by means of the WCA.
Figures 7.1 and 7.2 show an example of the sequence of snapshots for different cases
and the BVF signal with time for these cases, respectively.

a)
b)

a)
b)

analyzed with DIA technique with
Figure 7.1) sequence of snapshots
different ROI sizes (10 cm and 2 cm, a) and b) respectively) for case 32 (D28, h = 60 cm,
U/Umf = 2.5)
Figure 7.2) BVF evolution with time for different ROI sizes: a) 10 cm ROI, b) 2 cm ROI,
for Case 32.
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As it can be observed, the DIA technique applied over both ROI, Figure 7.1, reports
different internal structures of BVF within the fluidized bed, depending on the ROI
sized selected. Besides, the evolution of the BVF with time (Figure 7.2) also shows that
there are clear differences between signals, being that signals the time series used
during the wavelet coherence analysis. The mean frequency values have been
determined by means of the Power Spectra Density (PSD) for cases 2, 10, 18 and 26
(same fixed bed height and excess gas, h=15 cm, U/Umf =2.5). W2 wide windows
delimit the region of the bubble production process, while in W10 wide windows the
bubble generation, growing and interaction processes take place. The corresponding
power spectral analysis for W2 is shown in Figure 8.1 for the bubble generation process
mean frequencies values which range between 3.5 and 4 Hz. In contrast, the W10 wide
windows which come from averaging the dynamics over a larger region, and which
cover up to 10 cm above the jet region is characterized by shorter mean frequencies
ranging between 1.6 and 2 Hz (Figure 8.2). Those values are characteristic of the
bubbling bed regime developed at those operation conditions.
a)
b)
Figure.8. PSD results for W2 and W10 (a and b respectively) in cases 2, 10, 18 and 26
In view of the results, the selected ROI to determinate the bubble generation frequency,
has a significant effect. Therefore, as expected, for a proper analysis of the bubble
generation frequency, the ROI should be selected in a region just above the Jet Region.
The WCA has been applied over the BVF series to carry out a more complete study, not
only on the effect of the ROI selected, but also on effect of the distributor type in the
bubble frequency generation. The results of the WCA are shown in Figure 9,
comparing short-term dynamic phenomena originated during the bubble production
process phenomena (W2) with long-term bubbling dynamics (W10), for each
distributor type.

Figure 9: Wavelet Coherence Analysis, comparing different wide window, for all
distributors, at the same fixed bed height (h=15cm) and same excess gas
From the coherence analysis can be observed that the bubble production process,
which is the result of the distributor performance, affects significantly the frequency
region (1.6 Hz> fm > 2 Hz) corresponding with the bubbling regime promoted within
the bed. Thus contoured regions which identify true matching, can be found even at
frequencies down to 1 Hz that are related with the long term bed behavior. This
distributor effect is observed regardless of the distributor type.
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Similar results are observed when the Wavelet Coherence Analysis is applied for the
cases operated with higher fixed bed height. Consequently, it can be generally
concluded that the bed height does not affect the distributor-bed interaction in time
and frequency domains. In view of the results obtained for the WCA for all cases, the
coherence found between the short-term and long-term dynamics represented
respectively by the bubble production process and the subsequent bubbling dynamics
seems to be barely affected by the distributor type. Only the case of distributor D06 and
h=15 cm, in Figure 9, exhibit coherence at very short-term behavior (near 0.3 Hz). As
expected, this result of similar coherence behavior is in line with previous result
reported in literature where the Coherent Output Power (Van Der Schaaf et al., 2002,
1998) was used to identify joint behavior propagated through fast traveling pressure
waves due to bubble coalescence, bubble eruptions bed mass oscillation and gas flow,
which in the end are the dynamical processes behind the BVF time series.

Though it has been clearly shown, through the coherence analysis, that the bed
dynamics is affected by the distributor performance, the question about the role of the
distributor design on such measured fluidization characteristics is still unsolved. The
WCA is used below to compare, in time-frequency domain, the different distributor
performance by means of analyzing the BVF time series collected from the jet region of
the perforate plated having 6, 8 and 20 orifices respectively. Figure 10, shows a
10 and 18 (h = 15 cm, U/Umf = 2.5). The analysis of the BVF in the jet region of the
distributor plate of 28 orifices is not used because of the low resolution of the
measurement technique for measuring at the jet region at those conditions.
a)
b)
c)
of the Jet Region, analyzed with the
Figure 10: Sequence of snapshots
DIA technique: a) case 2 (D06), b) case 10 (D08) and c) case18 (D20). h = 15 cm, U/Umf =
2.5

As in previous analysis, the PSD has been calculated for these three BVF time series.
The results obtained in this analysis have been shown in Figure 11.
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Figure 11.1: Evolution of the BVF with time for the Jet Regions for cases 2 (D06), 10
(D08) and 18 (D20), h = 15 cm, U/Umf = 2.5

Figure 11.2: PSD results for the Jet Regions for cases 2 (D06), 10 (D08) and 18 (D20), h =
15 cm, U/Umf = 2.5
Figure 11.1 reveals similar time-scales characterizing the jet region of the three plates
distributors compared. Moreover, Figure 11.2, the average frequency characteristics
measured by the corresponding frequency spectrums confirm the similarities of the
dynamics governing the three jet regions compared.
Figure 12 represents the coherence of the Jet Region between distributors, for cases 2,
10 and 18. The fact is that when those similarities are compared through the Wavelet
Coherence Analysis the results are analogous for the three distributor investigated.

Figure 12: Comparison of the BVF in the Jet Region, between different distributors
It is remarkable the fact that most of the high frequency oscillation are in phase,
exhibiting a high degree of synchronicity. Thus, in one hand it can be observed a high
degree of coherence across the scales characterizing the jet regions produced by the
different distributor plates to the extent that no clear differences can be distinguished
by visual inspection of the spectrograms shown in Figure 12. On the other hand, Figure
6, shows the variation of the number of bubbles with height for all cases considered in
this research. Therefore, apparently it is clear that the bubble distribution and the
corresponding gas-solid motion (Figures 3.1 and 3.2) depend on distributor design.
Thus, how can be solved this apparent controversy? Where the bubble and gas-solid
distribution characterizing the different bed systems come from? An explanation for
the different time-averaged bubble patterns measured in the different bed systems can
be found when studying the bubble production at the ROI located at 2 cm height from
the Jet Region. Figure 13 shows a detail of the ROI selected for this analysis.

Figure 13: Detail of ROI definition for case 12 (D08,

)

The DIA technique has been applied over the images to obtain the location and the
, also called
probability to find a bubble at a certain time along the distributor (
Probability Density Function (PDF). For this analysis, and for all cases, only 1 in 20
images has been analyzed, and the width of the fluidized bed has been discretized in
spaces of 0.5 cm along the distributor. The excess gas and the fixed bed height have
been also studied to determine the effect of these operation conditions in the bubble
generation mechanism. Figure 14.1 shows an example of the distributor effect in the
PDF of bubble generation along the distributor, for cases with D8 and D20 , as well as
the excess gas influence on it. On the other hand, Figure 14.2 shows the effect of the
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fixed bed height in the PDF of bubble generation along the distributor, for cases with
D06 and D28.

Figure 14.1: Distributor effect in the PDF of bubble generation along the distributor, for
cases with D8 and D28, and the excess gas effect.
Figure 14.2: Distributor effect in the PDF of bubble generation along the distributor,
for cases with D6 and D28, and the fixed bed height effect.
In view of the results of Figure 14.1, it can be clearly observed, that the distributors
with low numbers of holes (cases 13 and 14 with D08, and cases 1, 3, 5 and 7 with D06),
present a bubble production localized preferentially above the holes, with the
maximum of the probability at the center of the corresponding orifices. In contrast, for
cases where the bed is operated with higher number of holes in the distributor (cases
26, 28, 29, 30 and 32 with D28) the bubble generation spread out towards homogeneous
distribution. Besides, Figure 14.1 shows that an increase of the excess gas for cases with
low number of holes, promotes a smoothing of the saw profile of
, and the Figure
along the
14.2 shows that the fixed bed height does not affect the profile of
distributor, for all the distributor types.
Therefore, though the time-frequency behavior of the different distributor plates
exhibit a high coherence and synchronicity from the bubble production process point
of view, the way in which the bubble generation takes place across the orifice plate
(uniformly or intermittently distributed) give rise to the different time-averaged bubble
and solid-gas flow pattern characterizing bed dynamics.

Conclusions
In the present work, two different techniques have been used to characterize the effects
of the distributor and the operating conditions, in the bubble generation, growth and
interaction, over the fluidized bed dynamics, in the short and long terms.
In view of the results obtained by means of the application of conventional techniques
as Digital Image Analysis (DIA) and innovative techniques as Wavelet Analysis (WA),
over the images acquired in the experiments, the following conclusions are described:
It can be concluded that for distributors with the same open area, and subsequently
with the same relation between pressure loss through the distributor and the
superficial gas velocity, the bubble generation mechanism does not affect the mean
bubble behavior within the fluidized bed, or in other words, the distributor
performance has no effect on the long term dynamic of the fluidized bed. More
detailed studies in the bubble generation region (just above the Jet Region) conclude
17

that the distributor performance has no effect on the bubble generation frequencies.
However, the results obtained regarding the Probability Density Function (PDF) of the
bubbles distribution in the bubble generation region, reveals that the distributor
performance has a direct effect on the locations of the bubble generation points along
the distributor, being this the only region affected by the distributor performance, since
from this area is not possible to distinguish the distributor type used, in terms of
fluidized bed dynamics. Distributors with a greater number of holes, promote more
homogenous PDF profiles along the distributor.
In terms of fixed bed height and excess gas, it can be conclude that the fixed bed height
do not affect the PDF of bubbles in the bubble generation region, however, at higher
values of the excess gas, the PDF of bubble distribution in the bubble generation region
presents more homogenous distribution profiles.
These conclusions have a special relevance in the direct modelling of the bubbling
phenomena, and the effect of it in the short-term and long-term behavior of gas-solid
fluidized bed.

NOMENCLATURE
Time gap between images [s]
Mean value of particle concentration in position x,y [-]
Particle diameter [ m]
Orifice diameter [mm]
Equivalent diameter of bubble [cm]
mean bubbling frequency [Hz]
Gravitational acceleration [m/s2]
Fixed bed height [cm]
Freeboard height [cm]
Reactor height [cm]
Jet length [cm]
Localized time index, [-]
Mean value of number of bubbles at certain height
probability to find a bubble at a certain time along the distributor [%]
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Degree of correlation between series
Wavelet scale.
Fluidized bed thick [cm]
Superficial gas velocity [cm/s]
Minimum fluidization velocity [cm/s]
Relative gas velocity [-]
Gas velocity per orifice [cm/s]
Fluidized bed width [cm]
Cross wavelet spectrum
Continuous wavelet transform
Horizontal position [cm]
Time series compared.
Vertical position [cm]
Time series compared.
Greek symbols
Particle density [g/cm3]
Gas density [g/cm3]
Open Area
Gas viscosity [g/cm]
This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

APPENDIX
Wavelet analysis
The wavelet coherence analysis used through this research applies the fast Fourier
transform algorithm according to the methodology reported in (Torrence and Compo,
is computed as the inverse
1998). Thus the continuous wavelet transform,
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transform of the product between the Discrete Fourier transform, DFT, of the BVF time
series and the complex conjugate of the wavelet function

Where the wavelet function and the DFT read as:

stand for the Headviside step function,
is the angular frequency, n is the
localized time index, s the scale and t the sampling step. Once the continuous wavelet
transform has been obtained, the cross-wavelet spectrum is defined as
, with
being the complex conjugate of the wavelet transform
. In order to solve equation 1, both the numerator and denominator are first
averaged across times and then averaged across scales following [34] and then the
coherence is given by solving equation 1.
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