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Abstract

In this study, the chaotic behavior of gas-solid flow in a laboratory scale conical spouted bed
during spraying of water on the sugar particles was investigated using non-linear analyses of
pressure fluctuations (PFs) and acoustic emission (AE) signals. The phase space trajectories,
recurrence plots (RP) and recurrence quantification analyses (RQA), as powerful non-linear
techniques, were used for monitoring of the bed hydrodynamics. It was concluded that the
reconstructed phase space trajectories of both PFs and AE signals approach to a slim and
elongated patterns with the formation of agglomerates due to injection of water into the bed.
Examinations of the RP maps show that the contribution of patches with larger distances
increases by an increase of water content in the bed. Moreover, the RQA results show that the
maximum length of diagonal lines of RPs increases by injection of the water into the bed
showing that the hydrodynamic status of the bed becomes more deterministic. The results of
this work show the high potential of these methods for proper understanding of the
hydrodynamics of spouted beds with liquid injection and associated agglomeration

phenomenon.
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1. Introduction

Conical spouted beds are gas-solid contactors successfully employed in numerous industrial
processes such as gasification, combustion, granulation, coating and drying of suspensions,
solutions, and pastry materials [1-3]. These beds show good particle mixing and liquids can
be easily sprayed into the bed through a nozzle placed at top or bottom [1]. Coating and
granulation processes usually involve the presence of a liquid in the bed. The addition of
liquid leads to an increase in particle cohesiveness and promotes de-spouting and bed
malfunctioning in some cases. Therefore, the hydrodynamics of a spouted bed may change
over time due to instabilities, such as intense oscillation in fountain height, vigorous swings
of the spout from side to side, choking and consequent slugging of the spout imposed by
particle size changes and cohesiveness. Since the performance of liquid sprayed conical
spouted beds strongly depends on their hydrodynamics status, their monitoring is crucial to

control the product quality [4].

There are many measurement techniques to determine the hydrodynamic properties of
spouted beds, such as pressure fluctuations (PFs) [5-7], fiber optic (FO) [8, 9], radioactive
particle tracking (RPT) [10], capacitance tomography (CT) [11, 12], computer-based video
imaging [13, 14] and acoustic emission (AE) signals [15]. Since pressure fluctuations are
easily measurable and include effects of different dynamic phenomena taking place in the
bed, such as individual and bulk movement of particles and formation and movement of

agglomerates [16], many researchers have used pressure fluctuations for characterization of
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the system [5-7, 16]. Since it is necessary to insert the pressure probe into the bed through an
orifice, this measurement technique has some limitations at severe, corrosive and high
pressure/temperature conditions. Furthermore, some other measurement problems might
appear, such as blockage of the probe by solids [17]. Consequently, the need for developing
other non-invasive monitoring techniques is clear. Recently, acoustic emission measurement
technique has gained attention as it is a non-invasive, low cost, reliable measurement
technique and applicable to a wide range of process conditions [18]. This technique has a
potential to improve process understanding and to provide a basis for on-line monitoring and
control of various processes. However, there are only two studies in the open literature on
monitoring of AE signals in spouted beds [15, 19]. Therefore, investigating the adoption of
AE signals for monitoring the hydrodynamic status of spouted beds and its comparison with

other known techniques, such as PF measurements, seems to be necessary.

Standard methods in time series analysis include statistical (e.g., standard deviation,
skewness and kurtosis) or spectral analysis (e.g., fast Fourier transform, power spectrum). A
proper understanding of the state of complex systems cannot be determined by linear
methods in time and frequency domains. Various nonlinear analysis techniques, such as
short-term predictability and attractor comparison, have been used for analyzing the
dynamics of complex systems [20]. These nonlinear techniques are based on reconstruction
of an attractor of dynamic evaluation of the system and allow extracting useful information
about its dynamical state. However, these methods have some limitations, such as long term
data sampling requirement, time consuming numerical calculations and uncertainty in the

determination of embedding parameters [20, 21].



In this study, a monitoring technique based on the recently introduced nonlinear analysis
method of recurrence plot (RP) and recurrence quantification analysis (RQA) [22] of PFs and
AE signals is developed for the detection of changes in hydrodynamics of a liquid sprayed
conical spouted bed. The main advantageous feature of the RP is that a high-dimensional
dynamical system, whose state space trajectory is difficult to visualize, can be represented in
a two-dimensional plot. Another considerable characteristic of the RP analysis is that it
provides useful information using a non-stationary and short-term data. In other words,
difficulties associated with typical nonlinear analysis methods, such as long-term data
samplings and time consuming algorithms, can be avoided when using the RP method.
Although nonlinear analysis by RP has been used in the characterization of fluidized bed
hydrodynamics [23-25], oil-water two phase flow [26, 27], gas-liquid two phase flow [28],
bubble and rimming flows [29, 30], application of this method to spouted beds is rare [31].
Therefore, in this study, in order to determine the hydrodynamic state, two kinds of
recurrence plots (thresholded RP and unthresholded RP) and an RQA parameter (maximal
length of diagonal line) of both pressure fluctuations and acoustic emission signals were

obtained from a conical spouted bed and analyzed.

2. Experimental method

The experimental data were obtained in a full circular conical spouted bed of diameter 150
mm with a conical base of internal angle 45° and an inlet orifice diameter of 6 mm. A
schematic diagram of the bed with bottom liquid spray is shown in Fig. 1.The spouting gas
flow rate was supplied from a screw type air compressor operating with a supply pressure of
8 bar at a maximum flow rate of 0.05 m*/s. A pressure regulator and an air tank of 30 L in
volume were placed between the supply line and the spouted bed gas inlet to eliminate air
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flow rate fluctuations. Tap water was sprayed into the bed with a nozzle positioned at the

center of the air inlet orifice.

High speed camera photography was employed in a half column conical spouted bed for
visualizing the flow patterns during water injection and drying periods. The half bed was
simply sliced full column with a flat Plexiglas sheet attached to the front open surface for
visual observation and photography. Both full and half beds had the same geometrical
dimensions. Images were acquired with a camera (UI-2210SE, IDS Co.) equipped with a 16
mm PENTAX lens having a resolution of 640 x 480 pixels with the frame rate up to 200

frame/s (fps).

Differential pressure transducer (PX163-120D5V, OMEGA Engineering) connected to a 16
bit data acquisition board (National Instruments, USB-6351) was used to record PFs time
series. The measuring port of the pressure transducer was connected to the base of conical
section of the bed, as shown in Fig. 1, while the other port of the pressure transducer was left
open to the atmosphere. The PFs time series were recorded at a sampling frequency of 500
Hz. The AE signals were measured by an omnidirectional back electret condenser
microphone (Panasonic, WM-61 A) which had a frequency response of 0.02-20 kHz
(sensitivity: -35x4 dB, signal to noise ratio: more than 62 dB). The outlet signal from the
microphone was recorded by a USB interface sound analyzer (ARTIMAN Instruments, ART-
SA16) with a sampling frequency of 44 kHz. The AE sensor was installed by silicon grease
externally to the outer surface of the bed at 120 mm above the base of the conical section.
Location of the acoustic sensor was selected based on the findings of Oliveria et al. [15] who
showed the similarity of AE signals measured at different positions.

5



PFs and AE signals were recorded continuously during the spraying of water on the sugar
particles having 720 pm mean diameter and density of 1580 kg/m°. In the experiments, water
was sprayed every 2 minutes into the bed with a flow rate of 3 mL/min for 10 seconds until
the bed collapsed. In order to compare the signals during water injection with the ones
measured in the dry bed, the PFs and AE signal measurements were started 2 minutes prior to
the first water injection interval. The static bed height and ratio of the inlet gas velocity to
minimum spouting gas velocity (U/Ups) were maintained constant at 120 mm and 1.2,
respectively. To eliminate possible effects of the initial packing status on the measurements,
the bed was spouted for 10 minutes prior to spraying of water in each experiment. Visual
observation of the bed hydrodynamics was performed in order to characterize the bed

behavior during experiments.

3. Theory

3.1. Recurrence Plots

Recurrence plot visualizes recurrences in the dynamics of a dynamical system [22]. In
literature there are several variations of recurrence plots. Thresholded recurrence plot (TRP),
is a widely used kind of recurrence plot that represents repeated states of a phase space of the
system. The TRP is a two-dimensional squared matrix, R, which is mathematically expressed

as [32]:
R ;= @(5 - ”551 - 9_5)]”) i,j=123,..,N (1)

where N is the number of state space points, ¥;, ¥; € R" are i-th and j-th points of the m-
dimensional state space trajectory, ¢ is a threshold distance, ||. || is the norm and @ is the
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Heaviside function. In fact, the matrix R compares the states of a system at times i and j. If
the states are similar (the norm is less than ¢), this would be marked by a 1 in the matrix, i.e.,
Ri;j=1, and a black spot would appear on the plot at coordinate (i, j). If, on the other hand, ;
and X; are rather different (the norm is greater than ), the corresponding entry in the matrix
would be R;jj= 0 and a white spot would appear on the plot. In other words, this matrix can

tell when similar states of the underlying system have occurred.

Unthresholded recurrence plot (UTRP) can be defined based on the distance matrix [32]:

Dy = ||% — % )

This type of recurrence plot is defined as the closeness of the state X; to the state X;. UTRPs
show the distance among all points in the state space via a color map while TRPs highlight
only those points that fall within the radius threshold (¢). The radius threshold is a crucial
parameter in visual comparison of TRPs, but UTRP eliminates the need to have a threshold
distance. Small variations in the distances between points can be detected by UTRP maps,
while these variations cannot be detected in TRPs, if the variation is less than the predefined
cut-off distance. Therefore, the patterns in a UTRP are more informative. On the other hand,
it is more difficult to quantify the patterns in a UTRP compared to those in a TRP. Thus, in
the present work, the UTRPs were used for visual inspection of RPs whereas the TRPs were

applied for recurrence quantification analysis of the time series.

3.2. Recurrence Quantification Analysis
Several methods have been proposed for quantifying the complexity of structures in TRPs
[32-35]. Small scale structures are the base of a quantitative analysis which is known as

recurrence quantification analyses, RQA. Several recurrence quantification parameters, such
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as recurrence rate, determinism, laminarity and entropy, have already been examined for
detection of agglomeration in conical spouted beds in a previous study [19]. In the present
study, changes of Lyax (length of the longest diagonal line in the TRP, excluding the main
diagonal line) were investigated during the water spraying process. Lyax IS an important
recurrence variable because its inverse is related to the Lyapunov exponent [32]. Positive
Lyapunov exponents hint the rate at which trajectories diverge. Thus, the shorter the Lyax, the
more divergent are the trajectories and the more chaotic is the signal. Many researchers have
demonstrated that L. can be a useful index to survey the attractor comparisons [33-35].
Thus, this parameter was used as a quantitative measure for comparing PF and AE

trajectories in this study.

4. Results and Discussion

Behavior of a chaotic system can be analyzed based on the trajectories of reconstructed
attractors in the phase space. For visual comparison of reconstructed attractor trajectories, 2
and 3-dimensional phase space (m = 2 and m = 3) are often used [36, 37]. Here for better
visualization of the reconstructed attractors, m = 3 has been selected for phase space
embedding dimension. The attractor reconstruction is also a function of time delay (z). The
mutual information function between time series of x(t) and x(t + 7) is a general guidance to
determine proper time delay. The common way of selecting a proper time delay includes
finding the first minimum in the mutual information function of the time series [32, 38]. In
this study, the changing tendency of mutual information function according to the time delay
showed that the first minimum of mutual information function of both PFs and AE signals
happen at = = 1. It was interesting to observe that for - = 1 the points of reconstructed

attractors were close to diagonal indicating that the time delay was too small for an
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appropriate reconstruction. In order to define z properly in the present work, the attractors of
PFs and AE signals of the dry bed were reconstructed with different values of time delay,
chosen around those suggested by the mutual information function (z = 1 to 10). It was found
that reconstructed attractors of PFs and AE signals did not change significantly for z > 4. On
the other hand, when the attractors were reconstructed with z = 4, the points were close to
each other, forming a circular shape (shown in Fig. 2a), indicating that a good reconstruction
was performed. Therefore, the proper time delay was taken to be 4 in this study. Fig. 2 shows
reconstructed 3-dimensional (m = 3) attractors from time-delayed values of PFs and AE
signals at different water content of the bed. As can be seen from Fig. 2a, the points of
attractors are dispersed all over the phase space plot, forming a circular shape. The attractors
of PFs and AE signals become less scattered with increasing water content of the bed (Fig. 2b
and c). The attractors shown in Fig. 2c are slim and have an elongated pattern. The elongated
pattern of the PFs attractor is due to occurrence of large peaks in the signal as a result of
extreme pulsation of the bed. Meanwhile, the relative distance between other points located
in two poles of this attractor has not changed considerably. In other words, only a peak has
occurred in the PFs, causing points of the attractor to become divided in two groups while the
relative position of the points in each group has not changed significantly. On the other hand,
while this separation of points did not appear in the AE attractor, the relative distance of all

points in this was changed by water injection.

Sample UTRPs of PFs and AE signals obtained at various water content of the bed are shown
in Fig. 3 for z =4 and m = 3. In the given UTRPs, the pixels of the plot are colored depending
on the magnitude of the distance, D;; where blue and green pixels represent states (micro-

states) that are close to each other in the reconstructed phase space, yellow pixels correspond
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to intermediate distances and red pixels represent states (macro-states) with larger distances.
In this analysis, micro-states refer to the particle-particle, particle-fluid and particle-wall
interactions while macro-states reflect bulk movement of solids and fluid-solid bulk
interactions. A first qualitative conclusion that can be drawn from Figs. 3a-c is that the
UTRPs of PFs and AE signals are more homogeneous (in color) for dry bed. As water is
sprayed into the bed, the color homogeneity of UTRPs is gradually lost and contribution of

yellow and red patches (colors correspond to larger distances) increase.

Fig. 4 demonstrates photos of the spouted bed for various amount of water sprayed into the
bed at U/Upys = 1.2. In these tests, the black ink was added to the spraying water for better
observation of the flow. As can be seen in Fig.4a, dry particles form a stable spout in the bed
with small oscillations in the fountain height. Particles are carried by the gas flow in the
center of the bed and move downward in the annulus region. The movement of particles is
smooth, while the spout and fountain is stable and non-pulsating. This stable spout generates
PFs and AE signals with homogenous UTRPs (Fig.3a). When water is sprayed into the bed,
some instabilities are observed. With the injection of water, the fountain height oscillates
more vigorously and the bed shows extreme pulsations (Figs.4c and d). The particles are
more likely to be carried in the spout as agglomerates than individually. These extreme
pulsations in the bed produce PFs and AE signals with relatively higher amplitude which
results in the appearance of yellow and red patches in the UTRPs. The adhesion tendency of
particles intensifies with further spraying of water and, eventually, the gas flow rate ceases to

be sufficient to keep a stable spouting regime leading to bed collapse.
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Another qualitative conclusion that can be drawn from Figs. 3a-c is that in contrast to UTRPs
of PFs, changes in the visual appearance of the UTRPs of AE signals are more obvious, even
without any quantification analysis. This reveals that large scale appearance and typology of
UTRPs of AE signals can be easily used to monitor the hydrodynamics of spouted beds.
Therefore, it can be concluded that although UTRPs of both PFs and AE signals are
responsive to hydrodynamic changes in the spouted bed, UTRPs of AE signals is
substantially more sensitive to these changes. In other words, detection of slight
hydrodynamic changes of the bed can be detected more accurately by UTRPs of the AE

signals.

More information can be drawn from UTRPs of PFs and AE signals by zooming on the sub-
regions of these plots. Figs. 5a-c show samples of magnified sub-regions of UTRPs of PFs
and AE signals. In case of PFs, there are many vertical and horizontal lines formed mainly by
blue points (smaller distances). The horizontal and vertical lines indicate the states that do not
change or change slowly. This demonstrates that laminar states are abundant in PFs of
spouted beds. On the other hand, contribution of diagonal lines and regular structures is
greater in UTRPs of AE signals. This indicates that AE signals of spouted bed are more
deterministic than PFs. The AE signal in a spouted bed mainly originates from particle-
particle and particle-wall collisions at the surface of annulus and the fountain region while
PFs mainly reflect single and bulk motion and gas-particle interactions, which are more
chaotic at the base of the spout than at the bed surface. Therefore, RP of AE signals contains
more diagonal lines compared to that of PFs. Moreover, variations in the colors of magnified

UTRPs of AE signals of the spouted bed with the increase in water content is more visible
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compared to the original AE-UTRPs (Figs. 3a-c) which suggest the high potential of such

monitoring method for the hydrodynamics of spouted beds.

As discussed above, the visual inspection of UTRP maps and their variations can be used for
monitoring the hydrodynamic changes of spouted beds during water injection. However,
precise monitoring of changes in the bed hydrodynamics needs quantitative analyses. In this
study, the TRPs were quantified by the RQA in terms of maximal length of diagonal line,
Lmax. For this purpose, the measured PFs and AE signals were partitioned into smaller
windows or epochs (4000 points for PFs and 4400 points for AE signal) and Lpax was
calculated for each window. Offset for adjacent windows was set to 4 seconds, meaning that
each window was shifted for 4 seconds over the main signal. It should be noted that in the
experiments, a gradual decrease of the fountain height was observed with the injection of
water. A point was then reached where a sudden collapse of the spout was observed, leading
to the complete cessation of spouting. The time it took for the complete cessation of spouting
from the beginning of water injection was 8.5 minutes at U/Uys=1.2. Fig. 6 illustrates
variations of Lma of PFs and AE signals during water injection process. In this figure, a 3™
degree polynomial trend line is drawn through each data set. As can be seen in Fig. 6, Lmax Of
PFs and AE signals were stable for dry bed (during the first 2 minutes, before start of water
injection) and increased during water spraying process (after the 2 minutes). As mentioned
previously, Lnax IS @ hint about the divergence rate of the trajectory segments. The increasing
trend of Lnyax indicates that the divergence rate of the reconstructed attractor trajectories of
PFs and AE signals reduces with the increase in the water content of the bed. These trends
show that signal pattern approaches to the characteristics of a periodic time series when water
is sprayed into the bed. In fact, it is thought that after spraying of enough water into the bed,
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the wet particles in contact with each other form liquid bridges that, after water evaporation,
consolidate into solid bridge, causing formation of particle agglomerates. Thus, the
contribution of bulk movement of particles and agglomerates to the associated signal
increases with an increase of water content. Therefore, it can be concluded that
hydrodynamic characteristics of bulk solids and agglomerates are more deterministic than the
movement of single particles. Results concerning Lmax show that maximum diagonal line
length of PFs and AE signals can be interpreted as a good and early enough indicator for

small changes in hydrodynamics of spouted bed when water is sprayed into the bed.

5. Conclusion

The pressure fluctuations (PFs) and acoustic emission (AE) signals of a bottom sprayed
conical spouted bed with sugar particles were obtained at an inlet gas velocity of 1.2Upn.
These measured time series were analyzed using non-linear phase space trajectories,
unthresholded and thresholded recurrence plots (RP) and recurrence quantification analysis
(RQA). The reconstructed phase space trajectories of both PFs and AE signals approach to a
slim and elongated pattern by injection of water into the bed. This trend was confirmed by
unthresholded recurrence plots (UTRPs) of PFs and AE signals obtained at various times of
agglomeration tests too, since at higher contents of water, the contribution of bulk movement
of particles and agglomerates to the associated signal increases. Moreover, examination of
maximum length of diagonal lines of thresholded RPs (TRPs) showed that PFs and AE
signals of the bed approach that of a periodic time series with the increase of the amount of
water. Therefore, it can be concluded that hydrodynamic behavior of bulk movement and

agglomerates is more deterministic than movement of single particles. The results of the
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presented work showed that RP and RQA is a powerful technique for monitoring of

hydrodynamic behavior of spouted beds.
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Nomenclature

D. column diameter (mm)

Dij elements of distance matrix

Di cone bottom diameter (mm)

D, gas inlet diameter (mm)

Hp static bed height (mm)

H. height of conical section (mm)
Lnax maximal length of diagonal line
m embedding dimension

N number of time series points

Rij recurrence plot matrix
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Greek letters

inlet gas velocity (m/s)

minimums spouting velocity, m/s

i-th point of state space trajectory

Heaviside function

cone angle

radius threshold

time delay vector
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Figure Captions

Fig. 1. Schematic of conical spouted bed.

Fig. 2. Reconstructed attractors of PFs (left) and AE (right) signals at (a) dry bed, (b) after
0.5 mL and (c) after 1.5 mL of water injection (m = 3, 7 = 4).

Fig. 3. UTRPs of PFs (left) and AE (right) signals at (a) dry bed, (b) after 0.5 mL and (c)
after 1.5 mL of water injection (m = 3, t = 4).

Fig. 4. Camera images of half bed during water (with black ink) injection, (a) dry bed, (b)
start of water injection, (c) and (d)unstable spouting

Fig. 5. Zoom of UTRPs of PFs (left) and AE (right) signals at (a) dry bed, (b) after 0.5 mL
and (c) after 1.5 mL of water injection (m = 3, z = 4).

Fig. 6. Maximal length of diagonal line of the TRPs with time for PFs and AE signals.
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Fig. 1. Schematic of conical spouted bed.
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Fig. 4. Camera images of half bed during water (with black ink) injection, (a) dry bed, (b)

start of water injection, (c) and (d)unstable spouting
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Highlights

Nonlinear phenomena of a liquid sprayed conical spouted bed were investigated.
Pressure fluctuations and acoustic emission signals were recorded and analyzed.
Recurrence plot and recurrence quantification analyses of signals were presented.
Lmax OF recurrence plots increases by injection of the water into the bed.
Hydrodynamic status of the bed becomes more deterministic with liquid injection.
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