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Resumen

Los lechos fluidizados se emplean en la industria debido a sus buenas propiedades
de transferencia de calor y de masa. Esto hace que tengan un amplio rango de
aplicaciones que comprende desde procesos de gasificación o combustión de
biomasa hasta procesos de recubrimiento de partículas y procesos de secado.
Todas estas aplicaciones tienen en común la importancia que tiene la zona
adyacente al distribuidor sobre la dinámica del proceso. De esta forma, un mal
mezclado entre las fases densa y gaseosa en esta zona induce la aparición de
problemas como la segregación de partículas, la formación de zonas muertas en
donde el mezclado es prácticamente inexistente, la mala distribución de tempe-
raturas en el interior del lecho y la formación de canales o caminos preferentes
a través de los cuales circula el gas de fluidización. Desde el punto de vista
operativo, estos fenómenos suelen producir la parada o defluidización del lecho,
con sus consecuentes costes económicos. Por ello, resulta necesario estudiar
la dinámica del proceso para que, en caso de que aparezcan estos problemas
operacionales, se pueda influir sobre la dinámica del lecho.

La presente tesis doctoral desarrolla los métodos para estudiar y contro-
lar la dinámica de un lecho que dispone de un distribuidor rotatorio como
herramienta para modificar el comportamiento del lecho. Estas herramientas
fueron desarrolladas utilizando una instalación de escala laboratorio equipada
con un motor eléctrico acoplado al plato distribuidor, lo que permite su giro en
el plano horizontal.

Las condiciones experimentales de mal mezclado y baja calidad en la fluidi-
zación reportadas en la literatura fueron estudiadas para comprobar el efecto
del giro del distribuidor sobre la dinámica del lecho. Estas condiciones de mala
fluidización se consiguieron mediante la inyección de agua a la superficie del
lecho cuando éste operaba en régimen de burbujeo. La inyección de líquido pro-
dujo la formación de aglomerados que, debido a su mayor densidad, tendieron
a posarse sobre el distribuidor. De esta forma, aparecieron zonas muertas y
canales produciendo la defluidización del lecho. La descripción de estos proce-
sos de defluidización y posterior recuperación del régimen de burbujeo se realizó
empleando las medidas de las fluctuaciones de presión en el gas fluidizante. Es-
tas señales fueron estudiadas utilizando métodos de análisis en el dominio del
tiempo, con la desviación típica, y en el dominio de la frecuencia mediante el
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vi Resumen

espectro de potencias de Welch, el espectro transitorio y la energía contenida
en las regiones frecuenciales. Para este estado de defluidización, se demostró
que el giro del distribuidor mejora el proceso de recuperación comparado con las
condiciones convencionales de distribuidor estático. Los resultados demostraron
que el giro rompe los aglomerados y canales que aparecen sobre el distribuidor,
imponiendo una estructura sobre la dinámica de la fluidización. Esta mejora en
el proceso de re-fluidización se comprobó para lechos profundos y poco profun-
dos. Respecto a los métodos de análisis de la señal, se relacionaron los procesos
de formación de canales con la codificación de la energía de la señal a altas
frecuencias.

El método inicialmente empleado para estimar la energía contenida en las
regiones frecuenciales utilizaba la inspección visual del espectro de potencias
para dividir el dominio de frecuencias. Este método para dividir el dominio
frecuencial está influenciado por el observador, lo que puede dar lugar a errores
significativos especialmente si la señal de presión tiene ruido. Por ello, se pro-
puso una metodología para dividir sistemáticamente el dominio de frecuencias.
El procedimiento aproxima la distribución acumulada de energía del espectro
de potencias a una distribución estadística. Después, el test de Kolmogorov-
Smirnov determina cuáles son las zonas de coincidencia entre la distribución
estadística y la distribución de energía acumulada de la señal. Usualmente la
zona de coincidencia está centrada en el incremento de energía, mientras que
las colas de la distribución quedan fuera de la aproximación. Para las condi-
ciones experimentales consideradas, la distribución t-Student fue empleada para
aproximar la distribución acumulada de energía. La fiabilidad del método fue
demostrada utilizando sensores de presión de alta y baja calidad, y modificando
la velocidad del gas y la relación de aspecto del lecho. Ensayos de defluidización
inducida por la inyección de agua a la superficie del lecho fueron realizados para
ilustrar el empleo de la energía contenida en las regiones frecuenciales como una
herramienta de monitorización. Los resultados permitieron comparar el método
de división visual con el método basado en la aproximación estadística. Se ob-
servó que la energía contenida en las regiones frecuenciales obtenidas de forma
visual no era capaz de detectar cambios en la relación de aspecto o el inicio del
giro del distribuidor. Por contra, la energía de las regiones frecuenciales de la
t-Student varía en función de las condiciones experimentales, lo que facilita la
identificación de procesos como la formación de canales o la defluidización del
lecho.

Para establecer si la dinámica del lecho ha cambiado es necesario definir una
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zona de control en la que se mantengan las condiciones de operación deseadas.
Por ello, se propuso una metodología para la monitorización continua del estado
del lecho. Esta metodología está basada en la teoría de control estadístico de
procesos y fue aplicada a distintas variables obtenidas tras el análisis de la señal
de presión para comprobar la aplicabilidad del método. Se obtuvo el tamaño de
ventana de cada variable y la distribución estadística utilizada para calcular los
límites de control. La buena sensibilidad mostrada por este esquema durante
la monitorización de un proceso de secado estimula su empleo para cualquier
tipo de variable.

Por último, una vez se demostró que el giro del distribuidor tiene un efecto
beneficioso en lechos con problemas de fluidización, y que se desarrollaron las
herramientas de análisis y control necesarias, se estudió una aplicación práctica
como es el secado de pastas, que están formadas por arena y agua. Siguiendo
el procedimiento experimental descrito en la literatura, los experimentos con-
sistieron en dejar caer la pasta a un lecho trabajando en régimen de burbujeo y
formado por partículas secas de arena. De esta forma, la pasta tiende a romperse
y dispersarse homogéneamente dentro del lecho, comenzando así el proceso de
secado. Este proceso fue caracterizado utilizando medidas de temperatura y
humedad del aire a la entrada y salida del lecho, junto con la medición de
las señales de presión. El análisis multi-resolución de las señales de presión
relacionó los periodos del secado con la dinámica del lecho. Por otro lado, el
empleo del esquema SPC permitió definir el tiempo necesario para recuperar
las condiciones de control tras el secado de la pasta. Este parámetro caracterís-
tico del proceso demostró que tanto el fin del secado como la recuperación de la
dinámica ocurren simultáneamente en lechos poco profundos, mientras que para
lechos profundos se recupera la dinámica antes de que finalice por completo el
secado operando con el distribuidor estático. Por contra, el giro del distribuidor
disminuye tanto el tiempo de secado como el necesario para la recuperación de
la dinámica, igualando además el comportamiento de lechos profundos y poco
profundos. Por tanto, se puede concluir que el giro del distribuidor mejora el
proceso de secado.





Abstract

Fluidized beds are used for a wide variety of processes due to its high rates of
heat and mass transfer. Due to that, fluidized beds are used for a variety of
applications ranging from the gasification or combustion of biomass, to coating
and drying processes. All these industrial applications show the main influ-
ence of the zone close to the distributor on the bed dynamics. In this way, a
non-homogeneous mixing in this zone between dense and gas phases leads to
fluidization problems such as segregation of particles, formation of dead zones,
heterogeneous distribution of temperatures inside the bed and appearance of
channels or preference paths for the flowing fluidization gas. These phenom-
ena usually cause the process stop or the bed defluidization, which increase
operational costs. Therefore, it is necessary to study the bed dynamics in or-
der to be able to detect these fluidization problems, and modify somehow the
hydrodynamic structure of the bed.

This PhD thesis develops the methods needed to study and control the
behaviour of a bed equipped with a rotating distributor as a tool to change the
bed dynamics. These approaches were developed using a lab-scale facility with
an electrical motor coupled to the distributor, capable of imposing its rotation
in the horizontal plane.

The experimental conditions of poor fluidization quality typically shown in
industrial applications are studied to assess the potential use of the rotating
distributor on the bed dynamics. Punctual injections of water over the bed
surface were carried out to replicate the experimental conditions reported in
literature. This water injection improved the development of dead zones over
the distributor plate, facilitating the bed defluidization. The defluidization and
re-fluidization processes were characterized using pressure fluctuation signals
recorded during the experiments. Methods of analysis in the time domain,
standard deviation, and in the frequency domain, Welch′s power spectrum,
transient spectrogram and wide band energy, were employed to describe the
defluidization and re-fluidization processes. By using the rotating distributor,
the fluidization quality was improved due to its breakage effect on the agglom-
erates and channels settled over of the distributor. Such an improvement was
shown for both shallow and deep beds. Therefore, the distributor rotation
introduces a dynamic structure into the gas-solid fluidized bed. Moreover, con-
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cerning the methods of signal analysis, the channels appearance is related to an
energy increase of the high frequencies within the pressure signal.

The approach initially employed for the computation of the wide band en-
ergy was based on the visual division of the frequency domain. However, the
results obtained using this method are influenced by the observer, specially if
the quality of the measured signal is low. Therefore, an unbiased methodology
is proposed for the systematic division of the frequency domain. The approach
is based on the statistic distribution fitting of the power spectrum cumulative
energy. Hence, the Kolmogorov-Smirnov test is used to compare the cumula-
tive energy with the statistic distribution. The differences that appear at the
distribution tails when comparing the cumulative energy with the statistic dis-
tribution discriminate the cut-off frequencies that separate the three frequency
regions of the frequency domain. For the operation conditions considered, the
Student′s t-distribution was used to fit the cumulative energy distribution. The
reliability of the method to divide the frequency domain was shown for different
fluidization velocities, changing the bed aspect ratio and using different pres-
sure probes. Water-induced defluidization tests were conducted to illustrate
the use of the wide band energy as a monitoring tool. Both visual and statisti-
cal approaches were compared. The results showed that the energy contained
within the frequency regions obtained by the visual method is not able to detect
changes in the bed aspect ratio or the beginning of the rotating distributor. On
the other hand, the sensitivity exhibited by the proposed frequency division
approach, for the range of fluidization conditions tested, encouraged the use
of the energy contained in these regions as a diagnostic tool in fluidized bed
processes.

In order to determine whether or not the bed behavior has changed, the
implementation of a monitoring system capable of ensuring the process opera-
tion at a certain level of efficiency is required. Therefore, an on-line monitoring
methodology is proposed. This approach is based on the Statistical Process
Control theory and it is applied to different variables, which were obtained
through the analysis of the measured pressure signals. The statistical treat-
ment of the variables allowed the definition of the control state through the
study of the sample size and its underlying distribution. The good results
showed by the different control variables encouraged the use of the proposed
control scheme to any monitoring variable.

Finally, once the high influence of the rotating distributor on the bed dynam-
ics was proved, and the analysis and monitoring tools needed were developed, a
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practical application is presented. The paste drying process with inert particles
as a support medium is analyzed recording humidity and temperature measure-
ments together with pressure fluctuation signals. The experiments consisted on
the paste-drop, which was composed of a mixture of silica sand and water, to
a bed of dry silica sand particles. In this way, the paste tends to be homo-
geneously dispersed throughout the bed, beginning the drying process. The
multi-resolution approach of the pressure fluctuation signals showed the effect
of the paste-drop, relating the drying periods to the bed dynamics. To compare
the results obtained from the humidity and temperature measurements with
those of the pressure signals, a Statistical Process Control approach is applied
to define the time needed to recover the bed dynamic. For the static distribu-
tor, similar values of the drying and recuperation times are obtained for shallow
beds, while for deeper beds more time is needed to complete the drying than to
recover the fluidization quality. For the rotating distributor, lower drying and
dynamic times are needed for shallow and deep beds.
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In this chapter, a brief introduction to gas-solid fluidized beds is presented,
focusing on the agglomeration problems typically shown in many industrial ap-
plications, such as paste drying. These phenomena affect the zone close to the
distributor, reducing the fluidization quality and leading to bed defluidization.
Measurements techniques to evaluate the fluidization quality, different methods
of signal analysis and strategies to fight against these problems are also pre-
sented. In this way, the use of a rotating-distributor fluidized bed arises as a
possible solution to overcome the bed defluidization.

1.1 Fluidization phenomena

Fluidization is the process by which a granular material is supported by a
vertical flow of fluid, changing the solid behavior of the particles to a fluid-like
state. The fluid employed to fluidize the solid particles may be a liquid or a
gas. Depending on the properties of the fluid and the particles, the bed exhibits
different regimes.

Initially, for low fluid velocities the fluid percolates through the void spaces
between the solid particles of the bed, in what is called a fixed bed. When the
upward fluid velocity is increased, the weight of the particles is counterbalanced
by the drag force caused by the fluid. At this stage, the bed is supported by
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the fluid, showing a fluid-like behavior, and the bed is said to be incipiently
fluidized or at minimum fluidization. For gas-solid fluidized beds, gas velocities
higher than the minimum fluidization velocity usually results in the appearance
of large instabilities and bubbles inside the bed, which causes a vigorous motion
of solids typically shown in bubbling fluidized beds. Turbulent motion of solids
and pneumatic transport of particles are observed when the gas velocity is
further increased.

The main advantages of gas-solid fluidized bed technology are a large contact
area between solids and gas, high thermal inertia of solids, good degree of solids
mixing, and high mass and heat transfer coefficients. Due to that, fluidized
beds are used for a variety of applications in a wide range of scales, from small
chemical reactors to large coal combustors. However, fluidized beds also present
disadvantages such as complex hydrodynamics, bypass of gas through bubbles,
erosion of pipes inside the bed reactor, high rates of solids entrainment, and
agglomeration of particles. Even though particle aggregation is desired in some
processes such as granulation or coating, the formation of large agglomerates
often produces serious problems leading to channeling and defluidization of the
bed. The onset of agglomeration differs for different processes, but the sticky
agglomerates usually tend to segregate and settle over the distributor, changing
the bed hydrodynamics and reducing the advantages of fluidized beds.

Geldart (1973) classified the behavior of solids fluidized by gases into four
groups characterized by the solids size and density. Molerus (1982) explained
the four groups based on the inter-particle forces that appear between particles.
For fine powders, these forces are mainly van der Waals and electrostatic forces.
Other sources of inter-particle forces not considered by Geldart can be caused
by the presence of a liquid phase or adhesive layer on the particle surface.
When this adhesive phase appears, the sticky particles grow towards larger
agglomerates due to the formation of permanent bonds upon collisions. If the
cohesive forces are of the same order of magnitude as the gravitational force
of the particle, the gas flow pattern may be changed and fluidization can be
deteriorated or even prevented.

The onset of agglomeration depends on each process, but it is often related
to the presence of a liquid phase that acts as a glue between particles (Bar-
tels et al., 2008). For high temperature applications, such as coal gasification,
combustion or gasification of biomass, or pyrolysis of plastic waste, the agglom-
eration process is caused by the generation of ash (Ergudenler & Ghaly, 1993;
Lin et al., 2003; Yan et al., 2003; Aguado et al., 2005). In these processes, ash
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is deposited on the surface of the bed material and, since it is usually formed
by low melting point materials, the bed particles grow in size via sinterization
(Mettanant et al., 2009). As a consequence, the mixing inside the bed is re-
duced, producing an uneven distribution of temperature in the bed. Due to
that, segregation will appear, producing the defluidization of the bed.

Other applications that usually present unwanted agglomeration problems
during normal operation are related to the drying of suspensions, sludges, or
paste-like materials. In these processes, the paste is usually dropped into a
bed formed by inert particles through a nozzle or a dropping device from the
bed surface (Lee & Kim, 1993; Adamiec, 2002; Freire et al., 2012). The inert
particles provide an auxiliary phase that sustains the fluidization. Due to the
intensive motion of these particles within the bed, the fluid is homogeneously
dispersed and rapidly dried. However, the coating layer, which is gradually
dried, is an adhesive phase that tends to widen the particle size distribution,
resulting in the segregation to the bottom of the bed (Kudra et al., 2002). At
this point, liquid bridges may cause the appearance of channels in the bed,
reducing the efficiency of the drying process (Tatemoto & Miyazawa, 2011).

Therefore, independently of the application, the formation of unwanted ag-
glomerates leads to a poor mixing within the bed, modifying the normal bubble
pattern. This causes bed segregation, which is reflected in the appearance of
dead zones over the distributor plate that facilitates the bed defluidization.
Furthermore, channels or preference paths are typically formed throughout the
bed near the cohesive regions. In this way, the use of a rotating distributor ap-
pears as a solution to overcome these problems. Thus, it is mandatory to detect
the onset of the agglomeration in order to be able to counteract its detrimental
effects on the fluidization quality.

1.2 Measurement techniques

Some industrial applications of fluidized beds, such as granulation, coating,
drying, combustion or gasification, involve the risk of agglomerates formation.
The rapid recognition of this phenomenon permits the prevention of its propa-
gation to partial or total defluidization of the bed. For a proper description of
the dynamics based on experiments, time-series data should be measured and
analyzed. Many measurement techniques has been developed to increase the
knowledge on the dynamic phenomena occurring in the bed (Werther, 1999).
A wide variety of experimental techniques have been employed by different au-
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thors, such as Electrical Capacitance and X-ray Computed Tomography used
for non-invasive visualization of the internal flow (Xie et al., 1992; Heindel,
2011), laser based measurements (Briongos & Soler, 2003), techniques based on
optic fiber probes (Amos et al., 1996) and measurements of acoustic emissions
created by the process itself (Herrera et al., 2002; de Martin et al., 2010). In
spite of this wide amount of measurements that can be used to describe the flu-
idization state, the most commonly used technique is the pressure fluctuations
measurements (van der Schaaf et al., 1998; Johnsson et al., 2000; van Ommen
et al., 2011). The main advantage of using pressure is that it is easily measured,
even under harsh, industrial conditions. Furthermore, the pressure based mea-
surement system is low-cost and the measurements are mainly related to bubble
formation and motion inside the bed. For this reason, this thesis characterizes
the bed state by local pressure fluctuations measurements.

A large variety of methods for the analysis of pressure time-series data is
available in the literature (Johnsson et al., 2000; van Ommen et al., 2011). These
methods can be grouped into three categories: (i) time domain methods, (ii)
frequency domain methods, and (iii) state space methods. Linear methods of
time and frequency domain have been used in this thesis to obtain information
about the hydrodynamic state of the fluidized bed. These methods were chosen
instead of state space analysis since, in the case of comparable performances,
linear methods are typically preferred over non-linear methods because of their
simplicity and generally lower computational demand (Bartels et al., 2009).

Furthermore, in spite of the high capability shown by the monitoring meth-
ods to reflect the bed state, a certain amount of inherent or natural variability
will always exist in the process. Dealing with this variability to design an on-
line monitoring strategy is still a difficult task because of the complex processes
that appear in a fluidized bed. In this sense, some efforts have been made
through the application of different control strategies, such as PI or PID con-
trollers, fuzzy logic, neural networks, and models based on experimental design
techniques (Chong et al., 1987; Croxford & Gilbertson, 2006; Barletta et al.,
2008; Silva et al., 2011). Similarly, other works deal with the design of an
on-line monitoring strategy for the description and identification of problems in
fluidized bed processes analyzing pressure signals in the time domain (Johnsson
et al., 2000; Briens & Briens, 2002), frequency domain (Kage et al., 2000) and
state space domain (Schouten & van den Bleek, 1998; van Ommen et al., 2000).
These works are focused on the development and analysis of a specific mon-
itoring tool, showing a high sensitivity to detect problems in the fluidization
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behavior.

1.3 Fight against defluidization phenomena

Many strategies have been reviewed by Bartels et al. (2008) regarding the fight
against defluidization phenomena, including operational actions, changes in the
fuel supply rate and use of alternative bed materials (Nordin et al., 1996; Lin
et al., 2003; Silvennoinen, 2003). Concerning the operational actions, the studies
can be described as attempts to modify the conventional gas-solid fluidized bed
dynamics by imposing a structure to the reactor environment.

Structuring a fluidized bed helps to overcome some of the problems and typ-
ical disadvantages of conventional fluidized beds. The advantages of structuring
include the limitation of the bubble size, reduction of erosion and improvement
of mass transfer. Also, structuring helps to fluidize powders that are difficult
to fluidize because of a high moisture content or a reduced particle size. Thus,
many investigators have proposed modifications of conventional fluidized bed
devices to solve specific problems of industrial processes, such as maldistribu-
tion of solids, channeling, elutriation and defluidization. On the other hand, it
should be noted that not all modified fluidized beds are necessarily better than
the conventional fluidized beds (Figure 1.1-a), since they typically increase the
manufacture and operational costs.

The structuring of gas-solid fluidized beds can be carried out by modifying
the gas supply or by interfering in the particle phase. In both cases, either the
dynamics can be changed or the geometry can be altered, yielding four different
approaches (van Ommen et al., 2007). The following classification describes the
main characteristics of each group:

- Manipulation of the gas supply.
Typically, fluidized bed reactors operate at a constant gas supply, changing

the gas velocity only after long periods of time (from minutes to hours) as
a function of the process performance. However, the modification of the gas
supply over short times (seconds) could influence the hydrodynamics of the bed
(van Ommen et al., 2007). The best choice is to impose a continuous periodic
variation on the gas flow rate, which is carried out in vibrated and pulsed
fluidized beds.

Vibrated fluidized beds (Figure 1.1-b) are often employed for spray drying
systems to produce instant agglomerated powder or act as a powder condition-
ing plant for special coating operations (Daud, 2008). Vibration is typically
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Figure 1.1: Common fluidized bed types: (a) conventional FB, (b) vibrated FB,
(c) spouted FB, (d) centrifugal FB, (e) agitated FB, (f) rotating distributor FB.

accomplished by vibrating the gas-distributor plate, where all the energy is
transmitted to the particles via the moving bottom plate. Vibration enables
the drying particles to fluidize smoothly, improving the heat and mass transfer
coefficients (Meili et al., 2010). Thus, a vibrating fluidized bed is useful for
drying materials that are fine, fragile, poorly fluidizable, have a broad particle
distribution and require relatively low fluidization velocities to prevent attrition.
Vibration is especially employed for fluidizing Geldart′s C particles. The bed
is usually shallow since the effect of vibration imposed on the gas distributor
decays with distance from the grid (Mujumdar, 2006).

In pulsed fluidized beds (Figure 1.1-c), the patterns imposed in the fluidizing
gas are propagated upwards via the rising gas flow, obtaining different patterns
from those observed in vibrated granular layers. By pulsating the gas flow,
either the whole bed or part of the bed is subjected to a variable fluidizing
gas velocity. This contributes to effective energy costs saving and enhanced
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the drying performance without affecting the fluidization quality and process
performance. In this way, this technology has been found to show improvements
in the drying rate of light particles that are prone to agglomerate, such as porous
pharmaceutical granules and paper sludge (Jose et al., 1994; Kudra et al., 2002;
Akhavan et al., 2009).

- Manipulation of the particle dynamics.
The particle dynamics can be manipulated by changing the forces acting on

the particles. In a fluidized bed, several forces act on a particle: buoyancy (usu-
ally neglected in gas-solid fluidization), drag, interparticle forces and gravity.
Gas velocity variations change the drag force, modifying the complete hydro-
dynamics of the bed. A different option is to act over the interparticle forces by
applying electric or magnetic fields. In this way, the interparticle forces can be
manipulated without changing the particle properties (Hristov, 2002; van Willi-
gen et al., 2004). A high power consumption is required for the application of
the magnetic field, and therefore, it is not viable for large-scale applications. In
contrast, smaller bubble sizes were obtained when an electric field is employed
over the whole bed (van Ommen et al., 2007).

Gravitational forces can be imposed by rotating the fluidization chamber in
a centrifugal fluidized bed (Figure 1.1-d). The centrifugal fluidized bed balances
the centrifugal force generated by the chamber rotation with the particle drag
force caused by the radial fluidization gas (Figure 1.1-d). This force is generated
by rapidly rotating the fluidization chamber to form an annular bed of particles
that is radially fluidized by gas injected through the porous or sintered outer
wall and removed via a central chimney (Daud, 2008). The centrifugal force
improves heat and mass transfer coefficients and prevents agglomeration and
entrainment of particles (Nakamura & Watano, 2008; Lim et al., 2010). This
design has been recently employed to fluidize nanoparticles (Quevedo et al.,
2006).

- Manipulation of the distributed particle properties.
As stated above, the particle properties have a strong influence on their

fluidization behavior. In this way, varying the properties of the distributed
particles, such as size, density and shape can modify the fluidization behav-
ior. Recent works showed that the addition of fines (particles with a diameter
smaller than 45 µm) improves the fluidization quality and leads to higher mass
transfer (van Ommen et al., 2007; Brouwer et al., 2012). However, further re-
search is needed for this structuring method to be implemented in large scale
reactors.
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- Manipulation of the geometry of the gas supply.
Other authors have tried to overcome the difficulties in mixing between

phases and between solids in the bed by modifying the geometry of gas supply.
Baffles or other internals can be installed to improve the solid mixing and
limit the bubble size (Figure 1.1-e). By agitation, a homogeneous fluidized
bed is formed, preventing the formation of channels or large bubbles. These
beds are useful for drying pastes or cakes consisting of fine particles since the
disintegration and dispersion of the pasty feed is improved (Watano et al., 1998;
Reyes et al., 2001; Adamiec, 2002).

The gas supply can be also homogeneously introduced over the height of the
bed, using a fractal design by introducing membrane tubes within the bed (Adris
& Grace, 1997; van Willigen et al., 2005). The fluidization quality can also be
improved by creating a swirling pattern introducing the gas horizontally or
using special distributor designs, i.e. changing the orifice inclination in the gas
distributor (Zhao et al., 2004; Liu et al., 2014) or using a rotating distributor.

Concerning the rotating distributor employed in this thesis, previous studies
of Sobrino et al. (2008, 2009) and Soria-Verdugo et al. (2011) have characterized
the dynamic behavior of this system. This device consists of an electric motor
coupled to the distributor plate, allowing the rotation of the distributor in the
horizontal plane (Figure 1.1-f). In this way, the bottom of the bed is influenced
by the swirl movement imposed with the rotation. The rotating velocity varies
from 0 (static distributor) to 100 rpm. A detailed revision of the influence of
the rotating distributor on the fluidization dynamics can be found in chapters
2 to 5. The main effects caused by the rotating distributor are:

• The minimum fluidization velocity decreases as the rotational speed of
the distributor increases, facilitating the fluidization.

• The rotation introduces a radial component to the predominant axial
component of the flow present in conventional fluidized beds.

• Similar fluidization quality (e.g. similar bubbles size and frequency) is
obtained for different rotational speeds keeping the same gas velocity.

• The influence of the distributor motion on the bed dynamics reaches up
to 11 cm above the distributor, permitting its use in very shallow beds.

• Smaller bubbles were found for the rotating distributor than for the static
distributor for similar gas velocities.
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• The rotation of the distributor breaks the layout of gas jets and stagnant
zones between the holes of the distributor, improving the radial and axial
mixing at the bottom of the bed.

1.4 Motivation of the thesis

As stated above, a non-homogeneous mixing in the zone close to the distributor
leads to problems in the fluidization quality. Agglomeration phenomena usually
cause such problems, which may produce the complete defluidization of the bed.
Therefore, it is necessary to study the bed dynamics to detect these processes,
and once the bed state is changing towards defluidization, modify somehow
the hydrodynamic structure of the bed. In this way, due to the fluidization
improvement produced by the distributor rotation, its potential use for coun-
teracting agglomeration and defluidization phenomena is studied. Therefore,
this PhD thesis develops the methods needed to study and control the behavior
of a bed that is equipped with a rotating distributor as a tool to change the
bed dynamics. The main objectives of the thesis are summarized below:

• Demonstration of the applicability of the rotating distributor for counter-
acting agglomeration and defluidization phenomena.

• Development of an analysis method of the pressure fluctuations to dis-
criminate the fluidization quality.

• Design of a control scheme capable of monitoring continuously the flu-
idization state of the process.

• Application of the rotating distributor to a paste drying process.

1.5 Structure of this thesis

This PhD thesis has been organized in six chapters. Chapters 2 to 5 have been
written as independent articles with their own abstract, introduction, notation
and bibliography.

In Chapter 2 the results previously reported by Sobrino et al. (2008, 2009)
and Soria-Verdugo et al. (2011) are employed to assess the use of the rotating
distributor as a counteracting method to defluidization phenomena. Special
attention is focused on the analysis methods of the pressure fluctuations signals.
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In Chapter 3 an unbiased methodology is proposed for the frequency do-
main division, in order to systematically study the energy contained within the
regions of the frequency domain (wide band energy). This chapter is based on
the findings shown in Chapter 2.

In Chapter 4 a control scheme based on the Statistical Process Control
theory is proposed for the continuous control of fluidized bed processes. The
control scheme is developed for analysis methods of the pressure signals in both
the time and frequency domains. Paste drying experiments with sand particles
as inert medium were carried out in order to analyze the performance of the
control scheme.

In Chapter 5 the drying characteristics of the rotating distributor are studied
for paste drying tests. The performance of the rotating distributor is compared
to the static distributor case by means of a classical drying analysis, and also,
employing the analysis tools of the pressure signals developed in Chapters 3
and 4.

Finally, Chapter 6 summarizes the conclusions of the thesis.
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2.1 Abstract

The fluidization conditions of a rotating distributor applied to a 3-D bubbling
fluidized bed were studied to assess its potential use for counteracting deflu-
idization phenomena. The performance of the fluidized bed operating under
nominal conditions was characterized for the rotating and the static distributor
configuration. Different methods of analysis in the time and frequency domains
were applied to establish the performance of the fluidized bed. The frequency
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domain analysis suggests some kind of local structuring of fluidized bed dy-
namics imposed by the distributor rotation. The punctual injection of water
over the surface of the bed leads to a high cohesive wet region that tends to
settle down over the distributor, encouraging the bed defluidization. The water-
induced defluidization tests reflect an improvement of the fluidization quality
with the distributor rotation.

2.2 Introduction

Fluidized beds are used for a variety of applications in a wide range of scales,
from small chemical reactors to large coal combustors. The injection of gas-
liquid jets or liquid jets into gas-solid fluidized beds is present in many chemical
processes such as fluid coking, fluid catalytic cracking, gas-phase polymeriza-
tion reactions, and production of pharmaceuticals. As a result, the particles
are covered by liquid layers that might lead to agglomeration phenomena. Al-
though, particle aggregation is desired in some processes such as granulation,
it often enhances serious problems leading to defluidization and channeling in
many petrochemical operations. In all cases, an uncontrolled liquid phase in a
fluidized bed tends to form sticky agglomerates that usually grow until deflu-
idization occurs. If this process is not recognized, it eventually propagates to
partial or total defluidization of the system (Ergudenler & Ghaly, 1993; Bartels
et al., 2008).

Many investigations are focused on the mechanisms of formation and distri-
bution of agglomerates inside fluidized beds. The presence of ash might act as
a homogeneous glue layer for the formation of agglomerates in the high temper-
ature zones (Ohman et al., 2000). In this way, according to Lin et al. (2003),
the coating layer may be present as a liquid phase during combustion. Sev-
eral researchers have studied the agglomeration or mixing processes after liquid
injection in a fluidized bed (Book et al., 2011). Bruhns & Werther (2005) sug-
gested that the liquid jet penetrates into the fluidized bed and wets the solids in
the vicinity of the nozzle exit, and then, these wet particles are transported into
the bed and form agglomerates, which can lead to improper fluidization con-
ditions. Consequently, such "incomplete" fluidization affects the heat and mass
transfer rate in fluidized beds, and might lead to local defluidization problems
(Silvennoinen, 2003; Visser et al., 2008; Mettanant et al., 2009). Namely, the
larger agglomerates tend to settle down over the distributor after being affected
by the bed hydrodynamics (Ariyapadi et al., 2003). These particles in the grid-
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zone are just slightly influenced by bubble motion and form the so-called "dead
zones" between the holes of the distributor (Horio et al., 1980; Agarwal et al.,
2011).

The fluidization problems caused by the presence of agglomerates in the
zone close to the distributor might be overcomed using a rotating-distributor
fluidized bed. The rotation of the distributor promotes an increase in the ra-
dial dispersion of particles, preventing temperature gradients by reducing high
particle concentration zones present within fluidized beds (Sobrino et al., 2008,
2009). Furthermore, there is some experimental evidence that the stagnant
zones just above the distributor could be broken by the rotating distributor,
improving the radial and axial mixing at the bottom of the bed (Soria-Verdugo
et al., 2011).

In this chapter the rotating distributor is presented as an attempt to re-
fluidize water-induced defluidized systems. Consequently, the rotation of the
distributor is expected to improve the breakage rate of wet agglomerates formed
during the defluidization process.

2.3 Experimental setup

The experiments were carried out in a lab-scale cylindrical Bubbling Fluidized
Bed, equipped with an electrical motor capable of imposing a rotation of the
distributor. The cylindrical vessel has an inner diameter, D, of 0.192 m, and
a height of 1 m. Two different bed heights, hb, were employed with values of
0.75D and 1.5D.

The distributor was a perforated plate with an open area of 3% and the
holes were organized in a triangular mesh with a pitch of 11 mm. During the
experiments, it can be discriminated between the rotational distributor case,
with an angular velocity of 100 rpm, and the static distributor case, without
rotation. A schematic of the mechanical device can be observed in Figure 2.1.

The bed material was silica sand particles, classified as Group B according to
Geldart′s classification (Geldart, 1973). The particle density was measured to
be 2645.5 kg/m3 with a standard deviation of 2.5 kg/m3, and a mean diameter of
683 µm. The fluidization air-flow had a range of 0-900 l/min and was measured
by a rotameter. The setup is equipped with an air pre-heater of 9,000 W capable
of maintaining a constant inlet temperature of 30 oC during all the experiments;
this inlet temperature was controlled by a PID regulator.

All the experiments were carried out in the same facility. The measurement
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Figure 2.1: Schematic diagram of the experimental fluidized bed.

system consists on 3 pressure local probes with 4 mm of internal diameter and
a length of 0.10 m; these dimensions guarantee an undisturbed transfer of the
signal (van Ommen et al., 1999). The pressure probes were located through the
wall bed and on the opposite side of the water injection; one probe was placed
in the plenum and the other two were placed above the distributor at a height
of 0.75D/2 and 0.75D.

Piezoelectric pressure sensors, Kistler type 7261, were connected to the
probes to measure the differential pressure fluctuations. The measurements
from the Kistler sensors were amplified using a Kistler amplifier type 50515,
which incorporates a low pass filter at 0.16 Hz, and a high pass filter at 200 Hz.
The signal was stored in a PC using a National Instruments data acquisition
system type 9234 with 4 analog input channels, 24-bit resolution, working at a
sampling frequency of 400 Hz.

2.3.1 Methodology

The relative fluidization velocity Ur = U/Umf,r was set to a value of Ur = 1.6
during the tests, and the fluidized bed was operated at a constant inlet temper-
ature of 30 oC. Those settings are referred as "nominal conditions" and define
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the steady state operation of the lab-scale fluidized bed; at those conditions no
agglomerates are present at the bed. The experiments were carried out for two
different aspect ratios, hb/D = 0.75 and hb/D = 1.5. The minimum fluidiza-
tion velocity was measured following the procedure described by (Wilkinson,
1995; Felipe & Rocha, 2007; Sobrino et al., 2008), being Umf,s = 0.23 m/s and
Umf,r = 0.22 m/s for the static and rotating distributor, respectively.

The water injection on the surface of the bed was carried out 1 m above
the distributor (perpendicular to it). The volume of water was instantaneously
injected using a test tube to spill the water. The same procedure was used for
all the water-induced defluidization tests, starting with the bed running under
nominal conditions. Then, water injection started to cause defluidization. Once
the bed was defluidized, different attempts to recover the fluidization quality
were carried out using the rotating distributor.

2.3.2 Water-induced defluidization mechanism

When a liquid is injected in a fluidized bed it may spread on the bed particles,
increasing their cohesiveness and reducing the bed fluidization quality. More-
over, choosing water as liquid and silica sand particles as bed material ensured
the occurrence of the agglomeration process (McDougall et al., 2005). After the
local injection of water on the surface of the fluidized bed, the liquid injection
penetrates into the bed forming a column of wet particles. This column can be
described as a large aggregate, with a size of the same order of magnitude as the
inner diameter of the cylindrical vessel. The wet agglomerate defines a sticky
region characterized by high cohesive forces which tends to settle down over
the distributor due to buoyancy effects, improving the growth of dead zones
over the distributor plate and facilitating the defluidization phenomena. The
interparticles forces characteristic of these regions are high enough to prevent
their breakage because of the bubbles motion, i.e. channels from the distributor
and through the dense phase might cross these regions with no fluidization of
wet solids.

2.4 Method of analysis

The performance of the fluidized bed operating under nominal conditions was
characterized for both the rotating and the static distributor. The analysis
includes both the time and the frequency domains.
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2.4.1 Time domain analysis

The standard deviation of the pressure signal was employed to analyze the be-
havior of the bed in the time domain. Despite the standard deviation is strongly
influenced by the superficial gas velocity (Puncochar et al., 1985), it can be used
to monitor the fluidized bed conditions (van Ommen et al., 2004). At least 5,000
samples of pressure fluctuations are required for an accurate characterization
of the standard deviation of pressure fluctuations (Wilkinson, 1995). Moreover,
the standard deviation of pressure fluctuations registered during the experi-
ment, σe, was normalized dividing by the standard deviation of the nominal
case, where no water was injected, σ0, Eq. (2.1). This normalized standard
deviation, σn, was employed to determine the quality of the fluidization.

σn = σe
σ0

(2.1)

2.4.2 Frequency domain analysis

Spectral analyses permit to identify the dominant frequencies characterizing
the measured pressure fluctuations time-series (Parise et al., 2011; van Om-
men et al., 2011). The power spectral density, PSD, of the input pressure
signal was estimated using the averaged modified periodogram method of the
spectral estimation. Welch′s method (Welch, 1967) was used for power spec-
tra estimation with a hamming window as window function, using the proce-
dure explained by Johnsson et al. (2000). The estimation of the PSD function
was conducted by averaging 20 sub-spectra with a frequency resolution rang-
ing between 0.098 Hz ≤ ∆f ≤ 0.195 Hz, as a function of the time series length
(Johnsson et al., 2000).

The transient power spectral density was also calculated. This is similar
to the power spectrum analysis, but the signal is divided into a number of
segments and the power spectral density is calculated for each of them. The
process results in a set of spectral densities as a function of time (van Ommen
et al., 2011). Using this estimation, changes on the frequency of the fluidized bed
could be identified and the fluidization regime was established. The parameters
used for this method were the same as for the estimation of the power spectral
density and the frequency range analyzed was 0-10 Hz (Johnsson et al., 2000).

A method proposed by van der Schaaf et al. (2002) was used to decompose
the PSD of pressure time-series into local and global components, correspond-
ing to the physical phenomena underlying the pressure time series. This tech-
nique provides the measurement of the coherent-output PSD, COP, and the
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incoherent-output, IOP, of the measured pressure signals, by comparing the
coherence of the pressure time series collected at the plenum with the pressure
signals measured at 0.75D/2. According to van der Schaaf et al. (2002) the
COP provides information of the global behavior of the fluidized bed, whereas
local phenomena, i.e. passing bubbles, are accounted by the IOP function. In
this work, this technique was used to study the rotating distributor effect in
the fluidized bed.

The change in energy obtained from the power spectrum reflects a change
in operational condition/regime (Johnsson et al., 2000). It is expected that the
water and sand mixture present in the experiments is capable of modifying the
dynamic response of the fluidized bed. This energy is estimated using different
regions and can be expressed as a function of the total energy of the power
spectrum. The ratio between the energy in a region and the total energy is
called wide band energy, defined as

EWB =

fcII∑
fcI

Pxx(f)

fN∑
f=∆f

Pxx(f)
(2.2)

where Pxx(f) is the energy of the PSD as a function of the frequency f , ∆f
is the lower spectral frequency, whereas fcI and fcII are the lower and upper
frequency limits of each region, and fN is the Nyquist frequency. In the system
considered here, three regions are found to divide the frequency domain.

2.5 Results

The results show the effect of the distributor rotation on the lab-scale bed
operated both under fluidization and defluidization conditions. First of all, the
performance of the rotating distributor with the aspect ratio of hb/D = 0.75
was analyzed in the frequency domain when the bed was operating at nominal
conditions. Later, water-induced defluidization experiments are presented for
both aspect ratios (hb/D = 0.75 and hb/D = 1.5) and compared with the
nominal conditions. The signal used to monitor the rotating distributor effect on
the fluidized bed was based on the pressure fluctuation measurements recorded
by the sensor located at the plenum (Felipe & Rocha, 2007; Parise et al., 2011).
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2.5.1 Nominal characterization

Figure 2.2 shows the power spectra of the bed operating under nominal con-
ditions with hb/D = 0.75. A quite similar behavior in the frequency domain
is shown for the static and rotating distributor. The dominant frequency of
the spectrum for the static distributor is located at fc,s = 2.78 Hz, while for
the rotating distributor is fc,r = 2.63 Hz. These dominant frequencies are very
similar to the natural frequency of the fluidized bed estimated according to
Baskakov et al. (1986), which is fn = 2.66 Hz. Baskakov showed that this
natural frequency is related to the gravitational oscillations of the fluidized bed
material which rely on pressure waves or fluctuations generated close to the
surface.
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Figure 2.2: Power spectra log-log scale for fluidized bed under nominal conditions
with hb/D= 0.75.

The transient spectral density analyses are presented in Figure 2.3 for the
static and the rotating distributor. The high energy frequencies are represented
by hot colors (red) and represent the frequency peak observed in the power
spectra, as was shown in Figure 2.2. In contrast, the low energy frequencies
are represented by cold colors (blue). These transient spectral density analyses
are characteristic of the multiple bubble regime (van Ommen et al., 2011). As
expected, the spectrograms were also very similar for both the static and the
rotating distributor operating under nominal conditions.

The energy of the power spectrum estimated over the entire frequency do-
main is a useful parameter to characterize the fluidized bed and can be used to
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Figure 2.3: Transient spectral density for fluidized bed under nominal conditions
with hb/D= 0.75. (a) Static distributor. (b) Rotating distributor.

describe different events during fluidization. Previous studies (vander Stappen,
1996; van der Schaaf et al., 1999; Johnsson et al., 2000) divided the frequency
domain by means of visual inspection of the PSD, analyzing the spectra fall-off
with frequency. In this work, the cumulative energy distribution of the PSD
was employed in order to reduce the influence of the frequency peaks, which
are typically shown in the PSD (Figure 2.2), on the frequency division. Figure
2.4 presents the cumulative energy, which was estimated using Eq. (2.2) for
the static and the rotating distributor, plotted in logarithmic axis. The visual
inspection of Fig. 2.4 leads to the division of the frequency domain in three
regions. In the first region (∆f ≤ f ≤ 1.3 Hz) the cumulative energy followed
a linear trend and counts on less than 0.2% of the total energy. The second re-
gion contains 90% of the signal energy and was determined between 1.3 Hz and
4.5 Hz. Finally, the third region covered from 4.5 Hz to the Nyquist frequency
(200 Hz), and contains almost 10% of the energy. According to this division,
no meaningful differences were found between the static and the rotating dis-
tributor.

In order to show the influence of the rotating distributor on the global and
the local phenomenon, COP and IOP functions were estimated. These results
are presented in Figure 2.5. According to that analysis, the power spectrum
of the plenum pressure signal was compared with the PSD of the pressure sig-
nal measured at 0.75D/2. The COP analysis, which is generated by global
phenomena (Figure 2.5-a), reflects the effect of the distributor rotation in the
entire bed. This power spectral density shows the higher peak at 2.53 Hz for the
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Figure 2.4: Cumulative energy of the fluidized bed under nominal conditions with
hb/D= 0.75.

rotating distributor, whereas the static distributor presents a lower COP with
a peak at 2.73 Hz. Such frequencies for the rotating and static distributor are
close to the corresponding central frequencies of the PSD spectrum, shown pre-
viously in Figure 2.2 (fc,r = 2.63 Hz and fc,s = 2.78 Hz). Since the frequency
content characteristic of the global behavior of the fluidized bed recorded at
the plenum and at 0.75D/2 position exhibits a high level of coherence, the
downwards compression waves were not affected by the distributor. Therefore,
the measurements collected at the plenum can be reliably used to monitor the
fluidized bed dynamics either with the static or the rotating distributor. Nev-
ertheless, the rotating distributor COP spectrum presents a higher amplitude
than the static distributor, showing some influence of the rotating distributor
on the global dynamics.

The local phenomena accounted by the IOP function exhibits both quali-
tative and quantitative differences for the rotating and the static distributor
(Figure 2.5-b). For the static distributor case, there is no peak frequency at
2.73 Hz and the corresponding PSD exhibits a uniform distribution of energy
among the frequencies. The IOP analysis of the distributor rotation shows three
main frequencies, the main peak centered at 1.6 Hz, which corresponds to the
rotating distributor frequency (100 rpm), a secondary peak centered at 2.73 Hz,
that matches the major frequency characterizing the COP function, and a third
frequency around 4 Hz which also appears in the COP function (Figure 2.5-a).
Therefore, there is a strong influence of the rotating distributor on the local



2.5. Results 27

phenomena (e.g. passing bubbles), besides the peak appearing at 1.6 Hz might
suggest some kind of local structuring of the fluidized bed dynamics imposed
by the distributor rotation at 100 rpm.
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Figure 2.5: Fluidized bed working under nominal conditions with hb/D= 0.75. (a)
COP. (b) IOP.

2.5.2 Punctual injection experiments with hb/D =0.75

A set of experiments was carried out with a punctual injection of water at the
initial time of the experiment, when the fluidized bed was operating under nom-
inal conditions and with the static distributor. Different water volumes were
injected on the surface of the bed. Figure 2.6 shows the normalized standard
deviation of pressure estimated with Eq. (2.1) for different runs. This graph
describes the water-induced defluidization process as well as the recovery of the
fluidization quality applying the rotating distributor. For all liquid injection
tests, the normalized standard deviation presents similar downward trends for
20-30 s after the water injection. This time between the liquid injection and
the defluidization of the bed is defined as the defluidization time. Visual ob-
servations confirmed that for the injections of 100 ml, 150 ml and 175 ml, the
bed was defluidized around 30 s after the water injection, which is also showed
by the normalized standard deviation in Figure 2.6. The visual observations
led to establish a minimum level value for the normalized standard deviation of
30%, for which defluidization was reached. In contrast, after the water injection
of 50 ml, visual observations showed that there was a deterioration of the flu-
idization condition with a decrease of the normalized standard deviation value
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Figure 2.6: Normalized standard deviation of pressure after punctual injections of
water with hb/D= 0.75.

up to roughly 60% of that corresponding to the nominal operation condition,
nevertheless the bed was not defluidized. According to that, a value of 50% was
established for the normalized standard deviation as a threshold to identify the
defluidization state.

According to Figure 2.6, approximately 120 s after the punctual injection of
water, the distributor rotation was started in order to counteract the defluidiza-
tion problem and recover the fluidization quality. In the case of 50 ml water
injection, the rotating distributor recovered the fluidization quality easily. After
the injection of 100 ml and 150 ml of water, channels were formed in the zone
close to the distributor. The distributor rotation broke these channels and dis-
persed the agglomerates within the bed, improving their drying and breakage.
For these tests, the recuperation time, tr, needed by the normalized standard
deviation to reach the value of σn = 50% after the water injection, is around
tr = 150 s for the injection of 100 ml, and tr = 200 s for the injection of 150 ml.
These recuperation times match up with visual observations. Thus, the rotation
of the distributor was then found to be an useful tool to increase the normalized
standard deviation over the threshold for the injections of 100 ml and 150 ml,
which indicates an improvement of the fluidization quality. However, for the
injection of 175 ml slight improvements were obtained.
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The runs shown in Figure 2.6, were also analyzed in the frequency domain
by means of the transient PSD. In Figure 2.7-a/b can be observed that after
the water injection of 50 ml and 175 ml, the characteristic frequencies of the
fluidized bed located around the central frequency value, fc,s, were gradually
losing energy during the defluidization process. Such an energy loss was dra-
matically increased when the agglomerates settled down over the distributor.

Focusing on the punctual injection of 50 ml, Figure 2.7-a confirmed the
results shown in Figure 2.6. Thus, as a consequence of the water injection, some
peak frequency dissipation occurred, however the main frequency characteristic
of the nominal operation conditions was still present in the spectrogram since
the bed was not defluidized. Consequently, even though the presence of the
agglomerates modified the dynamic transient response of the bed, the bubble
motion prevented the agglomerates to reach the distributor plate, hindering the
defluidization process.

The defluidization process was assumed to start at the moment when the
characteristic frequency of the fluidized bed begins to disappear. For the wa-
ter injection of 175 ml, Figure 2.7-b shows that the bed was defluidized after
30 s. Thus, the beginning of defluidization estimated with the transient PSD
of the pressure signal is in agreement with the previous threshold of σn = 50%
established by visual inspection for the normalized standard deviation. More-
over, once the agglomerates reached the distributor plate and the fluidized bed
became a more cohesive system, channels were observed in the bottom of the
bed. These channels were detected in Figure 2.7-b by the appearance of high
energies at frequency values around 8 Hz.

Once the bed was defluidized, the distributor rotation was switched on.
The bubbles were then more homogenously distributed as a consequence of the
local structuring of fluidized bed dynamics imposed by the distributor rotation
at 100 rpm, an thus, the dead zones between holes over the distributor were
subsequently broken improving the radial and axial mixing at the bottom of
the bed (Soria-Verdugo et al., 2011; Sobrino et al., 2008). Therefore, with
the rotating distributor the wet regions can be removed from the bottom of the
bed, facilitating the drying and breakage of the agglomerates. The recuperation
process presented in Figure 2.7-c shows that the re-fluidization time was around
tr = 200 s for the 150 ml injection, which is in agreement with the value
estimated previously using the time domain analysis. Moreover, as the bed was
dried up, the characteristic bed frequency fc,r gradually gained spectral energy.
Thus, the stages followed by the system, from defluidization between 0 s and
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Figure 2.7: Transient PSD with hb/D= 0.75. (a) Agglomeration after 50 ml punc-
tual injection. (b) Agglomeration after 175 ml punctual injection. (c) Recuperation
after defluidization (150 ml of water). (d) Recuperation after defluidization (175 ml
of water).

150 s, to gradual fluidization from 150 s to 200 s, are shown in Figure 2.7-c.
This spectrogram also detected the rotation frequency of 1.6 Hz from 0 s to
200 s, when the bed was defluidized, which corresponds to the rotation of the
distributor at 100 rpm. The spectrogram analysis is also capable of detecting
gradual changes in the dynamic of the fluidized bed during the re-fluidization
process. In this way, Figure 2.7-b shows the bed completely defluidized, from
30 s to 120 s, with the presence of channels.

Finally for the 175 ml injection, Figure 2.7-d shows that no re-fluidization
conditions were achieved and a high energy appeared at the rotation frequency
of 1.6 Hz. This result was confirmed with the normalized standard deviation
in Figure 2.6. Therefore, after defluidization by the water injection of 175 ml,
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the rotating effect was slight and the bed was vaguely re-fluidized during the
duration of the test.

Based on the results showed in the spectrograms of Figure 2.7, the changes
produced in the frequency domain clearly affect the energy distribution ac-
counted by the wide band energy method. Figure 2.8 presents the energy in
each of the regions of the PSD function defined previously in Figure 2.4 as a
function of the volume of water injected.

The fluidized bed operating at nominal conditions presented almost the same
energy distribution with the static and the rotating distributor, as explained
before in Figure 2.4. It can be observed in Figure 2.8-a that the punctual in-
jection of 50 ml modified the energy distribution by decreasing around 10% the
energy contained in Region II (EWB2) and transferred it to higher frequencies,
Region III (EWB3). This means that the increase of the bed material cohe-
siveness is reflected at high frequencies (Region III). This energy distribution
is similar to that presented after the injection of 100 ml, but in this case, the
defluidization was reached due to the greater amount of water injected. Follow-
ing this tendency, when the amount of water injected was increased, the energy
was further transferred from Region II to Region III. The energy contained at
low frequencies remained almost constant for the cases in which defluidization
was reached. This is explained as a consequence of the appearance of channels
in the region close to the distributor plate.

Based on the re-fluidization time showed in Figures 2.6-2.7, the recuperation
process was divided to set clearly the energy distribution on the recuperation
process, Figure 2.8-b/c. The signal was divided in two intervals in order to iden-
tify more clearly the events caused by the rotating distributor. The defluidized
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Figure 2.8: Wide band energy with hb/D = 0.75. (a) Punctual injection. (b)
Recuperation process with the rotating distributor (120 s - 300 s). (c) Recuperation
process with the rotating distributor (300 s - 470 s).
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system was considered during the first part, as can be seen in Figure 2.8-b, in
which the rate of drying was lower. On the second part, which is presented in
Figure 2.8-c, the bed was considered to be operated under nominal fluidization
conditions, for the 100 ml and 150 ml cases, or near the fluidization, for the 175
ml case.

After the injection of 50 ml of water, the bed was not defluidized and there-
fore, the cumulative energy was constant during the recuperation process with
the rotating distributor, Figure 2.8-b/c. Then, the energy distribution returned
to the values in which there was no liquid. That is, the rotating distributor mod-
ified the energy distribution as a consequence of the change in the structure of
the bed. As pointed out by Sobrino et al. (2008, 2009), a more vigorous fluidiza-
tion can be achieved applying the distributor rotation and also, it promotes an
increase of the radial dispersion of the particles, reducing the high water con-
centration zones present close to the injection area. These reasons justified the
similar energy distributions of the nominal case and the results for 50 ml water
injection.

However, in the cases in which defluidization was achieved, differences be-
tween the first and the second half of the recuperation process were found.
During the first part of the re-fluidization process, Figure 2.8-b the energy of
Region III decreased whereas the energy in Region I increased for the cases
of 100 ml, 150 ml and 175 ml as a consequence of the distributor rotation.
On the other hand, the second part of the recuperation process, Figure 2.8-c,
shows that the level of energy was recovered to values approaching the nom-
inal state, where re-fluidization occurred (100 ml and 150 ml). The effect of
the rotating distributor improved the fluidization conditions by the breakage of
agglomerates, even for the 175 ml case, which was still poorly fluidized.

2.5.3 Elimination of the defluidized state for deeper beds

In this section, the counteracting effect of the rotating distributor applied to
deep beds is studied. Following the methodology used before, water-induced
defluidization experiments for deep beds (hb/D = 1.5) are presented and com-
pared with the results obtained for shallow beds (hb/D = 0.75). Moreover,
in these tests for deep beds the volume of water was fixed to 150 ml since it
produced a deep defluidization, allowing the recuperation process to occur in a
reduced time.

First of all, the fluidization regime of the bed working with hb/D = 1.5 was
studied by means of the power spectral density. Figure 2.9 compares the PSD
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Figure 2.9: PSD for hb/D = 0.75 and hb/D = 1.5.

of the bed working under nominal conditions with and without the rotating
distributor for both aspect ratios. In the case of hb/D = 1.5, the dominant
frequency of the spectrum for the static distributor was fc,s = 1.93 Hz, while
for the rotating distributor was fc,r = 1.76 Hz. These dominant frequencies are
close to the Baskakov frequency (fn = 1.85 Hz), as for the case of hb/D = 0.75,
indicating that the increase of the aspect ratio maintained the single bubble
regime for both the static and rotating distributor cases.

Figure 2.10 shows the normalized standard deviation for the water-defluidiza-
tion and recuperation processes studied for hb/D = 0.75 and hb/D = 1.5. As
can be seen in Figure 2.10, the fluidization quality was recovered for both tests
by means of the rotating distributor. After the water injection, the defluidiza-
tion time was almost the same for both heights, around 30 s. Once the bed
was defluidized, the rotating distributor was switched on after 60 s of the wa-
ter injection in order to break the dead zones and channels. According to the
normalized standard deviation, the recovery time was around tr = 250 s for the
shallow bed, whereas for the deep bed it was around tr = 430 s. This increase
in the recuperation time for the deep bed indicate that, as a consequence of the
increase in the aspect ratio, the presence of slugs reduced the mixing degree in
the fluidized bed. Furthermore, this increase of the recuperation time, almost
the double comparing both heights, suggests that the mixing degree of the deep
bed is inversely proportional to the aspect ratio. In both cases, the local effect
of the rotating distributor broke the channels formed close to the distributor,
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Figure 2.10: PSD for hb/D = 0.75 and hb/D = 1.5.

improving the fluidization quality. In the case of the shallow bed, a smooth
decrease on the standard deviation occurred at t1 = 700 s after the water in-
jection, which was produced by the motion of the agglomerates. On the other
hand, the recuperation process of the deep bed, hb/D = 1.5, was gradual until
the bed was properly fluidized. Moreover, in this case from 550 s to the end
of the experiment, the significant fluctuations of the standard deviation reflect
the decrease of the mixing degree due to the plug flow regime.

Analyzing the frequency domain with the transient PSD, Figure 2.11, the
bed defluidization was also detected for deep beds. Due to the distributor rota-
tion, the channels were broken and not appeared in the high frequency region
for both recuperation processes. Therefore, similar recuperation times were
obtained using both the transient spectrogram and the normalized standard
deviation for deep beds.

The mass ratio between the water injected and the bed material was lower
for the deep bed than for the hb/D = 0.75 case, and thus, the agglomerates can
be distributed in a different way, slightly affecting the recuperation process.
Therefore, the wide band energy was estimated in Figure 2.12 as a function
of time in order to analyze whether or not the energy distribution during the
re-fluidization process for deep beds is similar to the hb/D = 0.75 case.
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Figure 2.11: Transient PSD. (a) hb/D = 0.75. (b) hb/D = 1.5.

As shown in Figure 2.9, the increase of the bed aspect ratio reduced the
central frequency of the bed. Thus, the frequency ranges that divide the cu-
mulative energy distribution of the fluidized bed working with hb/D = 1.5
under nominal conditions varied to new values, which were used to estimate
the wide band energy. For hb/D = 1.5, the first region was limited between
∆f ≤ f ≤ 0.8 Hz, the second region was determined from 0.8 Hz to 4 Hz, and
the third region covered from 4 Hz to the Nyquist frequency.

Figure 2.12 represents the wide band energy estimated each 100 s during the
whole test. In this test, 150 ml were injected and the recuperation process was
carried out with the static distributor. As can be observed in the figure, after the
water injection a decrease on the energy contained in Region II occurred, and
this energy was transferred to the Region III. This transference of energy was
caused by the channels formation near the distributor as a result of the presence
of agglomerates on the dead zones over the distributor. Such a behavior was
also shown in the hb/D = 0.75 case, Figure 2.8-a, but the energy transferred to
the Region III was almost 30% in that case, whereas for the hb/D = 1.5 case,
the energy transferred was just around 10%, Figure 2.12.

This difference between the energy values of Region III for hb/D = 0.75 and
hb/D = 1.5 tests was caused by the different distribution of the agglomerates
after the water injection. During the recuperation process with the static dis-
tributor presented in Figure 2.12, the bed with hb/D = 1.5 can be described
as a system having two fluidization zones, upper and bottom bed zones. In the
bottom zone, which was located close to the distributor, the channels appeared
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in the same way that for the hb/D = 0.75 case. Accordingly, the defluidization
process occurred and the gas flowed through the channels across that region.
However, due to the increase of the bed height, the upper zone apparently
suffered no defluidization phenomena and consequently the bed was partially
fluidized in that upper region, where no channels appeared. For this reason, the
pressure signal measured at the plenum were affected by the compression waves
travelling downwards as a consequence of the partial fluidization of the upper
region as well as by the channelling process. Therefore, the energy transferred
from Region II to Region III was limited to 10% for hb/D = 1.5. Finally, the
fluidization quality was recovered with the static distributor around tr = 900 s
after the water injection (Figure 2.12).

2.6 Conclusions

The water induced defluidization tests reflect an improvement of the fluidization
quality with the rotating distributor. During the fluidization with nominal
conditions, the fluidized bed with the rotating distributor operates near to the
Baskakov′s frequency. Therefore, the rotation of the distributor might be able
to introduce a dynamic structure into a gas-solid fluidized bed.

The punctual injection of water on the surface of the bed with the static
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distributor causes a gradual decrease of the bed fluidization quality. The rotat-
ing distributor was proved to be able to recover the nominal operational steady
state conditions for shallow, hb/D = 0.75, and deep, hb/D = 1.5, beds. The
rotating distributor improved the fluidization quality even when the bed was
not yet defluidized, under those conditions the aggregate cohesive zones can be
moved and subsequently broken during the drying process.

Finally, the proposed methodology of signal analysis used in this work was
proved to detect changes in the dynamic behavior of a fluidized bed. The
COP/IOP analyses proved the reliability of the plenum pressure signal. More-
over, the cumulative energy distribution showed the frequencies of interest dur-
ing the fluidization, which were used for the wide band energy tool. On the
other hand, the frequency domain analyses, such as transient PSD and wide
band energy, clearly showed the effect of defluidization after the water injection
and facilitate the determination of the quality of the fluidization. Furthermore,
both techniques demonstrate that, after water-induced defluidization, the ap-
pearance of channels produce a net transfer of energy to higher frequencies
within the measured pressure fluctuations signals.

Notation

D Inner diameter of the vessel [m]
E Energy [-]
EWB Wide band energy [-]
f Frequency [Hz]
fcI Lower frequency limit [Hz]
fcII Upper frequency limit [Hz]
fc,r Characteristic frequency with rotating distributor [Hz]
fc,s Characteristic frequency with static distributor [Hz]
fn Natural frequency [Hz]
fN Nyquist frequency [Hz]
hb Fixed bed height [m]
hb/D Bed aspect ratio [-]
Pxx Power [Pa2/Hz]
U Gas velocity [m/s]
Ur Relative gas velocity [-]
Umf,r Minimum fluidization velocity with rotating distributor [m/s]
Umf,s Minimum fluidization velocity with static distributor [m/s]
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t Time [s]
tr Recuperation time [s]

Greek symbols

∆f Frequency resolution [Hz]
σ0 Standard deviation under nominal conditions [Pa]
σe Standard deviation during the experiments [Pa]
σn Normalized standard deviation [-]

Abbreviattions

CE Cumulative energy [-]
COP Coherent-output PSD
IOP Incoherent-output PSD
PID Proportional-integral-derivative controller
PSD Power spectra density
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3.1 Abstract

A statistical method based on the approximation of the cumulative energy dis-
tribution by Student′s t-distribution is proposed for the unbiased frequency do-
main division. The methodology divided systematically the frequency domain
into three regions. This new methodology was compared with the traditional ap-
proach for the frequency domain division, which estimates the different regions
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using a visual inspection method. The reliability of the Student′s t-approach
to divide the frequency domain was shown for different fluidization velocities,
changing the bed aspect ratio and using different pressure probes. The energy
of the power spectrum contained within the frequency regions obtained by the
visual method is not able to detect changes in the bed aspect ratio or the begin-
ning of the rotating distributor. No meaningful differences could be observed
in the frequency regions using different quality pressure sensors because the
approach using Student′s t-distribution focuses on the sharp energy increase
produced by the primary frequencies of the power spectrum. Water-induced
defluidization tests were conducted to illustrate the use of the wide band en-
ergy as a monitoring tool. The sensitivity exhibited by the proposed frequency
division approach, for the range of fluidization conditions tested, improves the
use of the energy contained in these regions as a diagnostic tool in fluidized bed
processes.

3.2 Introduction

Pressure fluctuations are one of the most commonly measured parameters em-
ployed for the monitoring of fluidized beds (van der Schaaf et al., 1998). There
are several methods proposed in the literature to analyze such signals, which
can be grouped into three categories as a function of the domain type: (i) time,
(ii) frequency and (iii) state space (van Ommen et al., 2011). Focusing on
the frequency domain analysis, it is typically performed using power spectral
density (PSD) analysis (Brown & Brue, 2001).

The frequency analysis of pressure fluctuations is used to obtain information
about the fluidization dynamics and to diagnose the fluidization state (Kage
et al., 2000). Characteristic features of the power spectrum have been used for
the description of the fluidization regime. For example, the frequency peak and
the dominant frequency have been used to detect defluidization in coating and
drying processes (de Martin et al., 2011; Parise et al., 2011). The coherent stan-
dard deviation and the average frequency of pressure fluctuations have also been
used to estimate the bubble size and to detect the regime transitions in slurry
bubble columns (Chilekar et al., 2005; Ruthiya et al., 2005). Similarly, the type
of power spectrum fall-off with frequency has been used as a tool to distinguish
between deterministic or noise systems (vander Stappen, 1996; van der Schaaf
et al., 1999; Johnsson et al., 2000; van der Schaaf et al., 2004; van Ommen et al.,
2011). Another important parameter obtained from the frequency domain is
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the energy contained within the power spectrum. According to Johnsson et al.
(2000), the wide band energy reflects the change in operational regimes and can
be used to characterize the structure of a fluidized bed. In this way, Chapter
2 showed the capability of the wide band energy to detect the defluidization
phenomena.

The use of the wide band energy as a monitoring tool presents some advan-
tages in comparison to other parameters obtained from the frequency domain.
The easy and fast computation of the wide band energy provides a reliable view
of the dynamic behavior of the system, once the power spectrum is properly
divided into a set of frequency regions (van der Schaaf et al., 2002; Briongos
& Soler, 2003; van der Schaaf et al., 2004; Gómez-Hernández et al., 2012).
Traditionally, this type of frequency division has been conducted using visual
selection of the cut-off frequencies between the different spectral regions. In this
procedure, the observer visually identifies the frequency limits by studying the
behavior of the frequency domain either in the power spectrum (vander Stap-
pen, 1996; van der Schaaf et al., 1999; Johnsson et al., 2000) or as the cumulative
energy distribution (Chapter 2). In the previous chapter, the frequency limits
were visually fixed analyzing the changes in the slope of the cumulative energy
distribution of the power spectrum. The results shown for the monitoring of
water-induced defluidization tests led us to further study the frequency domain
division. In spite of the capability of the wide band energy to detect the chan-
nels appearance and the bed defluidization, the visual division of the frequency
domain has at least two major drawbacks: i) the cut-off frequencies obtained
through the visual inspection depend on the observer; and ii) the power spec-
trum fall-off is unavoidably affected by the quality of the measured signal, i.e.
the transducer type and the signal conditioning. Consequently, the division
of the frequency domain as a function of the power spectra or the cumulative
energy distribution is not always a reliable process. Therefore, to conduct a
reliable wide band energy computation, it is necessary to remove the influence
introduced by the observer and the signal quality.

In this study, a procedure for the systematic computation of the wide band
energy is developed. The proposed methodology is based on a Student′s t-
distribution fitting of the power spectrum cumulative energy (CE). The Kolmo-
gorov-Smirnov test is used to compare the cumulative energy with the Student′s
t-distribution. As a result, three frequency regions were found. The compari-
son between the CE and the Student′s t-distribution discriminates the cut-off
frequencies that define the three frequency regions.
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3.3 Experimental setup
Two cylindrical lab-scale bubbling fluidized beds were used for the experiments.
The first apparatus is a cylindrical poly methyl methacrylate vessel with 0.07
m in inner diameter, d, and 1 m in height. The air distributor consists of 7
tuyeres with eight holes of 0.5 mm diameter. The plenum was filled with a
metallic mesh to ensure homogeneous air distribution. The bed aspect ratio
was fixed at hb/d = 1 for all the experiments. The measurement system in this
facility consisted of one pressure probe placed at the plenum chamber with 4 mm
inner diameter and 0.10 m length. These dimensions guarantee an undisturbed
transfer of the signal (van Ommen et al., 1999). A Kistler sensor, type 7261,
was connected to this probe to measure the differential pressure fluctuations.

The second fluidized bed facility, shown in Figure 3.1, is equipped with an
electric motor to rotate the distributor, therefore, the facility can work in static
or rotating conditions. The cylindrical vessel has an inner diameter, D, of 0.192
m, and a height of 1 m. The rotating distributor consists of a perforated plate
with 275 orifices of 2 mm in diameter, arranged in a triangular configuration
with a pitch of 11 mm. Two types of experiments were conducted in this facility,
those with the distributor rotating at an angular velocity of 100 rpm and those
with a static distributor. The pressure fluctuations in the rotating distributor
bed were measured using 2 pressure probes, as can be observed in Figure 3.1.
The pressure probes were introduced through the bed wall; one probe was placed
at the plenum chamber and the other probe was located above the distributor
at a height of 0.75D/2. The probe dimensions for this facility are similar to
those of the smaller facility. Two Kistler and Honeywell (SPT type) pressure
sensors were connected to the plenum chamber. Also, another Kistler sensor
was placed at a height of 0.75D/2 above the distributor.

The bed material employed was silica sand particles for all the experiments,
classified as Group B according to Geldart′s classification (Geldart, 1973). The
particle density was measured to be 2645.5 kg/m3 with a standard deviation
of 2.5 kg/m3, and a mean diameter of 683 µm. Both beds were fluidized with
air at ambient conditions, and the airflow was measured with a rotameter.
The minimum fluidization velocity was measured to be Umf,s = 0.33 m/s and
Umf,r = 0.31 m/s for the static and rotating distributor, respectively (Sobrino
et al., 2008), and similar values were obtained for the smaller bed.

The measurements from the Kistler sensors were amplified using a Kistler
amplifier type 50515. The signals were stored in a PC using a National In-
struments data acquisition system type 9234 for the Kistler measurements and
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Figure 3.1: Schematic diagram of the experimental fluidized bed equipped with a
rotating distributor.

type 9205 for the Honeywell pressure signals, working in both cases at a sam-
pling frequency of 400 Hz. All signals were filtered through a low pass filter at
0.16 Hz and a high pass filter at 200 Hz.

3.4 Experimental procedure

Three types of tests were conducted to study the feasibility of the frequency
division method: (i) varying the relative fluidization velocity, Ur = U/Umf ,
(ii) changing the bed height, and (iii) studying the water-induced defluidization
process. A summary of the different experiments carried out can be found in
Table 3.1.

Experiments to analyze the effect of varying the relative fluidizaiton velocity
were conducted in the small fluidized bed (d = 0.07 m) by changing the relative
velocity, Ur, from 1.9 to 3.78 at a constant bed aspect ratio of hb/d = 1. The raw
pressure signal data recorded at the plenum chamber with the Kistler sensor
were used to determine the improvement of the proposed method compared
with the visual detection method.

The effect of the bed aspect ratio on the natural bed frequency was used
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Table 3.1: Summary of the experiments.

Facility Test hb/D Ur Distributor state
1.9

d = 0.07 m 1 1 2.84 -
3.78

0.75

D = 0.19 m

2 1.5 1.6 static
2

3 0.75 1.6
static

rotating

to test the reliability of the frequency division method (van der Schaaf et al.,
2004). By increasing the bed height in the fluidized bed equipped with the
rotating distributor (D = 0.19 m), slug type fluidization was induced. The
dynamic features of the fluidized bed were then modified by varying the bed
aspect ratio, hb/D = 0.75, 1.5 and 2. In these tests, the relative fluidization
velocity was constant at Ur = 1.6, where the bed was shown to be well-fluidized
(Chapter 2). The effect of the pressure probe location and the influence of the
pressure sensor type were also analyzed.

Water-induced defluidization experiments were carried out using the rotat-
ing distributor facility (D = 0.19 m) to illustrate the use of the wide band energy
as a monitoring tool. Applying the proposed frequency division methodology,
the frequency domain was divided into three regions, in which the energy of the
power spectrum was calculated. In these tests, the aspect ratio was fixed at
hb/D = 0.75, and the fluidization velocity was Ur = 1.6. According to Chapter
2, the tests started with the bed working without the presence of agglomer-
ates, i.e. under nominal conditions. Then, 150 ml of water was injected on
the surface of the bed, at a distance of 1 m perpendicular to the distributor,
causing the defluidization of the bed. The rotating distributor was then used
to counteract the defluidization phenomenon.

3.5 Frequency division method

As stated above, the estimation of the wide band energy requires the identifi-
cation of different frequency regions in the frequency domain. In this section,
an unbiased and systematic method is proposed to identify the frequencies that
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divide the power spectrum.
The method assumes that the high energy region of the cumulative energy

distribution can be approximated with a statistical distribution. The distribu-
tion fits the high energy region of the CE with high accuracy; this region is
usually centered on the dominant frequency region of the spectrum. However,
the CE distribution tails are not well-approximated by the statistical distri-
bution. This result was used in the proposed method to identify the spectral
boundary regions. The region of coincidence between the statistical and exper-
imental CE distributions was identified using the Kolmogorov-Smirnov test. In
this way, the CE frequency distribution can be divided into three regions: two
poorly matched regions (Regions t-I and t-III), which correspond to the tails of
the CE distribution, and a well-matched region (Region t-II), which corresponds
to the highest energy content of the distribution. Several statistic distributions
were analyzed to fit the cumulative energy distribution. The experimental con-
ditions in this study favored the use of the Student′s t-distribution as the most
suitable statistical distribution to fit the experimental data. The methodology
can be applied using any statistical distribution that appropriately fits the data.

The Student′s t-distribution is well-known in statistics and, in its non-
standardized form, is expressed as follows

p(x|µ, λ, ν) = Γ(ν + 1/2)
Γ(ν/2)

(
λ

πν

)1/2(
1 + λ(x− µ)2

ν

)−(ν+1)/2

(3.1)

where p(x) denotes the Student′s probability density function (PDF) of the vari-
able x with location parameter µ, scale parameter λ ≥ 0, and shape parameter
ν ≥ 0. These parameters are estimated according to the maximum-likelihood
estimation (MLE) method (Dempster, 1977).

The Kolmogorov-Smirnov test is a simple method to test whether an em-
pirical sample follows a specific distribution, which is the null hypothesis (H0),
against the alternative hypothesis (H1) that it follows a different distribution.
The test compares the empirical cumulative distribution function of the sample,
Sn(x) (i.e. the cumulative energy distribution), with the cumulative distribu-
tion function (CDF), which is the fitted statistic distribution

Dn = max|Sn − CDF (x)| (3.2)

where Dn is the distance between the cumulative distributions. The distance,
Dn, is used to obtain the modified statistic, D∗, as shown in Eq. (3.3), which is
compared with the critical values of the test for a certain level of significance,
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α (Stephens, 1970). The modified statistic, D∗, is a function of the sample size
(n), computed as a function of the size of both cumulative distributions (n1

and n2) by Eq. (3.4)

D∗ = Dn(
√
n+ 0.11 + 0.12/

√
n) (3.3)

n = n1n2

n1 + n2
(3.4)

The Kolmogorov-Smirnov test is constructed using the critical values of the
Kolmogorov distribution (Stephens, 1970). The null hypothesis is rejected at
level of significance α if D∗ ≥ Kα, where Kα is found from the Kolmogorov
distribution as follows

Pr(K ≤ Kα) = 1− α (3.5)

The procedure for processing the pressure signal is outlined in Figure 3.2
and can be summarized as follows:

• Determination of the power spectrum of the pressure signal using Welch′s
method, as shown in Figure 3.2-a for an example of a pressure signal
(Welch, 1967).

• Computation of the cumulative energy in the frequency domain. The
result for the example analyzed can be observed in Figure 3.2-b.

• Fitting of the cumulative energy function to the Student′s t-distribution.
The fitting was performed using the maximum-likelihood estimation me-
thod (MLE), assuming that the cumulative energy distribution is dis-
tributed as a Student′s t-distribution with unknown characteristic pa-
rameters µ, λ, ν (Fisher, 1925; Dempster, 1977).

• Determination of the goodness of fit between the cumulative energy and
the cumulative density function (CDF) of the Student′s t-distribution′s
using the standard error of the estimated parameters. The standard errors
of the location, scale and shape parameters were analyzed. When the
standard error values of the shape parameter were below σ̂ν = 0.07, the
cumulative energy distribution was found to be well-approximated by the
Student′s t-distribution.

• Division of the frequency regions at the points where the cumulative den-
sity function of the Student′s t-distribution ceased to satisfy the Kolmo-
gorov-Smirnov test. The test distinguished between the tails of the energy



3.5. Frequency division method 51

Power spectral density (PSD)(a)

Cumulative energy of the PSD(b)

 t-Student fitting
µ, λ, ν

Kolmogorov-Smirnov test (D)(c)

fcI fcII

Figure 3.2: Scheme of the frequency division method.
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distribution, which are not well-described by the Student′s t-distribution,
and the central frequency region which is well-approximated by the sta-
tistical distribution, as shown in Figure 3.2-c for the example analyzed.
The cut-off frequencies, fcI and fcII , divided the frequency domain into
three frequency regions (Regions t-I, t-II and t-III). The significance level
presented a low influence on the cut-off frequencies, and for that reason,
a typical value of α = 5% was used in the Kolmogorov-Smirnov tests
(Stephens, 1970).

To follow the procedure stated above, it is necessary to set some criteria for
the number of samples (Ns) needed for the computation of each sub-spectrum
using theWelch′s method. The procedure consists of the initial estimation of the
PSD usingNs = 1024 samples for the computation of each sub-spectrum. Then,
the CE is approximated by the Student′s t-distribution CDF. The goodness of
fit determines whether the frequency resolution is high enough to describe the
characteristic frequencies of the system. If it is not achieved, the number of
points considered is increased, and the procedure is restarted.

The effect of the number of samples on the standard error was investigated
through examination of the data. The standard error of the power spectrum
using Ns = 4096 was σ̂ν = 0.07. If the number of samples was increased to
Ns = 8192, the standard error decreased to σ̂ν = 0.049. However, the de-
crease of the standard error caused a reduction of the frequency range where
the Student′s t-distribution matched the cumulative energy distribution; conse-
quently, the central region of coincidence between both distributions decreased
drastically. This decrease changed the energy distribution, leading to a possi-
ble failure of the Kolmogorov-Smirnov test when identifying the corresponding
cut-off frequencies.

3.6 Results

The statistical frequency division method based on the Student′s t-distribution
approximation was applied to different measured pressure fluctuation signals
collected either by Kistler or Honeywell pressure transducers. Several tests
performed in the small bed facility (d = 0.07 m) varying the relative gas velocity
(1.8 < Ur < 3.78) were analyzed to understand the operational limits of this
method. The influence of the bed height on the Student′s t-distribution fit and
the measurement conditions was studied for the fluidized bed equipped with a
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rotating distributor (D = 0.19 m). Finally, water-induced defluidization tests
are presented to illustrate the performance of the method as a monitoring tool.

3.6.1 Dynamic aspects of the frequency division method:
the gas velocity effect

Tests were conducted in the small bed facility to study the influence of the gas
velocity on the frequency domain division. The proposed statistical method
and the visual approach were applied and compared for different fluidization
velocities, ranging from Ur = 1.9 to 3.78 with a constant bed aspect ratio of
hb/d = 1.

The results of applying the statistical method to the pressure fluctuation
signals are plotted in Figure 3.3. In this figure, the degree of matching between
the experimental results and the Student′s t-distribution approach applied to
both the power spectral density and the cumulative energy distribution are
shown. Comparing these graphs, it can be appreciated that the determination
of the goodness of fit between both distributions is easier using the cumulative
energy distributions. The change in the fluidization regime was detected by
both the power spectrum and the cumulative energy distribution. The results
show that when the gas velocity was increased, a wider distribution of high
energy frequencies was achieved, identifying the single bubble, multiple bub-
ble and slug-like regimes (Figure 3.2-a1/b1/c1, respectively). The Student′s
t-distribution CDF is close to the energy distribution in the range of frequen-
cies where the sharp increase of energy appeared. This well-fitted Student′s
t-distribution region defines Region t-II, between the cut-off frequencies of the
low (fcI) and high (fcII) frequency regions. According to these frequency lim-
its, the increase of the fluidization velocity produced a wider frequency range
for Region t-II, covering most of the main characteristic frequencies shown in
the spectrum, and therefore, showing a high sensitivity to bubbling dynamics.
This result is a consequence of the wider range of frequencies with high energies,
which can also be seen by comparing the Ur = 1.9 test (Figure 3.3-a2) and the
Ur = 2.84 − 3.78 tests (Figure 3.3-b2/c2). Since the frequency boundaries of
Region t-II are wider, the energy is mostly concentrated in Region t-II and the
energies of Regions t-I and t-III are relatively small. The values of the energy
contained in each frequency region can be found in Table 3.2.

The power spectra of the energy data for the three velocities are shown
in logarithmic form in Figure 3.4. According to this figure, the increase in gas
velocity influenced the total power of the PSD function but minimally influenced
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Figure 3.3: Probability mass function and cumulative mass function for different
fluidization velocities (d = 0.07 m and hb/d = 1): (a1) PSD and (a2) CE for Ur = 1.9,
(b1) PSD and (b2) CE for Ur = 2.84, (c1) PSD and (c2) CE for Ur = 3.78.

its shape (van der Schaaf et al., 2004). The logarithmic representation allowed
the visual identification of the frequency limits. Thus, applying the visual
division approach, Region 1 presents the cut-off frequency at fcI = 4 Hz for
Ur = 1.9 and fcI = 6 Hz for Ur = 2.84 − 3.78 tests. However, as these
frequency limits were visually chosen, other boundary values could be selected
in the 3.7 - 7 Hz frequency range with similar accuracy because it is not clear
where the power (or exponential) fall-off with frequency begins (Johnsson et al.,
2000). Similarly, it was difficult to find the upper frequency limit of Region 2
(fcII). This frequency limit was fixed to fcII = 23 Hz for the Ur = 1.9 and
fcII = 30 Hz for the Ur = 2.84−3.78 tests. The wide band energy values of the
visual frequency regions were primarily found in Region 1. Those energy values
were only slightly influenced by the lower frequency limit decrease, i.e. they
merely increased because of the total power increase. In contrast, the energy of
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Table 3.2: Effect of the velocity on the energy contained within the frequency
regions of both methodologies.

statistical approach visual method

Ur
Region t-I Region t-II Region t-III Region 1 Region 2 Region 3

(∆f < f < fcI) (fcI < f < fcII) (fcII < f < fN ) (∆f < f < fcI) (fcI < f < fcII) (fcII < f < fN )
1.90 10.10 60.33 29.57 83.22 16.68 0.10
2.84 13.04 63.23 23.73 88.80 11.12 0.08
3.78 6.65 70.97 22.38 89.45 10.22 0.33

Region 3 was almost negligible and independent of changes in the fluidization
velocity.

The comparison of these results obtained with the Student′s t-distribution
fitting and the visual inspection showed that both methods detected changes
in the fluidization velocity. However, in addition to the difficulties in selecting
the cut-off frequencies, Region 3 can be neglected because it is nearly indepen-
dent of changes in the fluidization velocity. In contrast, the three Student′s
t-distribution regions showed the effect of the gas velocity change.
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Figure 3.4: Power spectrum for different fluidization velocities (d = 0.07 m and
hb/d= 1).
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3.6.2 Dynamic aspects of the frequency division method:
the bed aspect ratio effect

It has been previously reported in the literature (Kage et al., 2000; van der
Schaaf et al., 2004) that increasing the fixed bed height at a constant gas veloc-
ity produces a decrease of the dominant frequency, while the power fall-off with
frequency remains unaffected. This behavior was used to analyze both the sensi-
tivity and reliability of the Student′s t-distribution frequency division approach.
The reliability was assessed by studying whether the proposed methodology can
be applied using the plenum and bed Kistler pressure signals to: (i) divide the
frequency domain, and (ii) detect changes in the bed aspect ratio. Then, the
results obtained with the Student′s t-distribution methodology were compared
with the visual frequency division approach. To that end, tests were performed
by changing the fixed bed height, using values of hb/D = 0.75, 1.5 and 2 at a
constant air velocity ratio, Ur = 1.6, in the larger fluidized bed with a static
distributor.

The power spectra density functions and the cumulative energy distributions
are shown in Figure 3.5 for both pressure sensors. The results of the statistical
methodology, i.e. the Student′s t-distribution fitting and cut-off frequencies,
are also plotted with the cumulative energy distributions (Figure 3.5-a2/b2).
Similar power spectra and cumulative energy distributions were found for both
pressure probes, as stated in Chaper 2. Focusing on the pressure measurements
in the plenum chamber presented in Figure 3.5-a1/a2, the transition from shal-
low to deeper beds was shown by a decrease of the dominant frequencies and
by the appearance of secondary frequency peaks.

The power spectra of Figure 3.5-a1 show that the dominant frequencies de-
crease from fc = 2.7 Hz for the shallow bed to fc = 1.85 and 1.41 Hz for
hb/D = 1.5 and 2, respectively. These characteristic frequencies are in accor-
dance with those calculated with the equations proposed by Baskakov et al.
(1986). The bed aspect ratio increase produced the appearance of some sec-
ondary peaks at approximately 2-4 Hz in the cases of hb/D = 1.5 and 2, illus-
trating the slug regime for the deepest bed. The bed height variations can also
be detected using the cumulative energy distributions by the displacement of
the abrupt energy increase to lower frequencies, as can be observed in Figure
3.5-a2. The secondary peaks shown in the PSD shown in Figure 3.5-a1 were
also detected by the cumulative energy distribution (Figure 3.5-a2) as a change
in the slope at approximately 2-4 Hz. These secondary peaks shown in both
the PSD and CE suggest the use of a bimodal distribution to describe the two
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Figure 3.5: The PSD and CE functions of a time series pressure signal varying bed
heights (D = 0.19 m and Ur = 1.6). (a1) PSD of the plenum sensor, (a2) CE of the
plenum sensor, (b1) PSD of the bed sensor, (b2) CE of the bed sensor.

modes shown in Figure 3.5-a1 for the hb/D = 2 test. This result indicates
that the statistical distribution that fits the frequency domain depends on the
experimental conditions. Nevertheless, the Student′s t-distribution fitting of
the hb/D = 2 test also offered valuable results, and for this reason, only the
approximation of that statistic distribution to the experimental results will be
considered in this work. Similar results were obtained for the cut-off frequencies
and energy content of the frequency regions using the pressure probe inside the
bed, considering each aspect ratio separately. The results are shown in Table
3.3. Only slight differences between the frequency limits of the plenum and bed
pressure probe for the hb/D = 0.75 case were shown. Thus, as these differences
are negligible, the discussion will be focused on the analysis of the pressure
signals recorded at the plenum chamber.

Comparing the energy values of the beds with different bed aspect ratios,
the results show that the energy contained in each region varies with the bed
height change, as shown in Table 3.3. The frequency peaks obtained at higher
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Table 3.3: Frequency division results from the Student′s t-distribution approach for
the bed equipped with a rotating distributor for different bed heights, Kistler sensors
(D = 0.19 m and Ur = 1.6).

cut-off frequencies [Hz] mean energy content [%]

hb/D
pressure
location

fcI fcII
Region t-I Region t-II Region t-III

(∆f < f < fcI) (fcI < f < fcII) (fcII < f < fN )

0.75
plenum 2.54 3.32 7.35 58.32 34.33
h=7 cm 2.05 3.51 9.00 65.66 25.34

1.5
plenum 1.76 2.15 30.33 22.87 48.80
h=7 cm 1.76 2.15 35.78 26.01 38.20

2
plenum 1.95 2.25 56.58 8.91 34.51
h=7 cm 1.95 2.15 58.71 5.64 35.65

frequencies than the dominant frequency of deep beds changed the slope of the
cumulative energy distribution; thus, the region of approximation between the
Student′s t-distribution and the cumulative energy distribution was different.
Therefore, as the frequency limits change, the dynamic features and the physical
meanings attributed to the different frequency regions also change with the bed
aspect ratio. Similar to the results obtained from Figure 3.4, for hb/D = 0.75
and Figure 3.5 for hb/D = 1.5, Region t-II is related to the bulk dynamics
because it contains the dominant frequency of the bed, whereas Regions t-I
and t-III represent the slow and the fast fluidization phenomena, respectively.
However, the energy increase of the secondary frequency peaks shown in Figure
3.5-a2 for the deepest bed (hb/D = 2) caused the Student′s t-distribution proper
fit (which is not included in the figure for clarity reasons) to the cumulative
energy distribution at higher frequencies, focusing Region t-II on the secondary
peaks shown in the PSD (Figure 3.5-a1). Therefore, Region t-I includes in this
case the main frequency of the bed, whereas Region t-II identifies the slug-like
regime and Region t-III the fast fluidization phenomena. Hence, as the bed
height is increased, the energy of Region t-II diminishes, transferring a large
portion of its energy to Region t-I, whereas the energy contained in the high
frequency region (Region t-III) remains nearly constant.

Once the capability of the Student′s t-distribution methodology to detect
changes in the bed aspect ratio was verified, its performance was studied by
comparing the results with the visual frequency division method. As stated by
vander Stappen (1996); van der Schaaf et al. (1999); Johnsson et al. (2000), the
cut-off frequencies were visually fixed according to the changes in the power
fall-off with frequency. The frequency limits and the energy contained in each
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Table 3.4: Frequency division results from the visual inspection method for the bed
equipped with a rotating distributor for different bed heights, Kistler sensor placed
at the plenum (D = 0.19 m and Ur = 1.6).

cut-off frequencies [Hz] mean energy content [%]

hb/D fcI fcII
Region 1 Region 2 Region 3

(∆f < f < fcI) (fcI < f < fcII) (fcII < f < fN )
0.75 5 25 89.3 10.67 0.03
1.5 4 20 91.11 8.88 0.01
2 3 20 85.91 14.08 0.01

region is shown in Table 3.4. These results show that the frequency limits of
Regions 1 and 2 (fcI) decreased as the bed height was increased, because the
major frequency content of the pressure fluctuations moved to lower frequen-
cies (Kage et al., 2000). This frequency decrease was not found for the cut-off
frequencies in Regions 2 and 3 (fcII). The energy computation within these
frequency regions confirms that Region 3 is influenced neither by the fluidiza-
tion nor by the bed height increase. The energy of all frequency regions remains
nearly constant with the bed height increase, because Region 1 always contains
nearly 90% of the spectral energy. Therefore, regardless of the successful previ-
ous application of the visual inspection method for the characterization of the
power spectrum (vander Stappen, 1996; van der Schaaf et al., 1999; Johnsson
et al., 2000), the corresponding wide band energy distribution detected a neg-
ligible effect of the bed aspect ratio. Consequently, the subsequent monitoring
performance would be less sensitive than that obtained by the wide band energy
measured using the Student′s t-distribution approach. As shown in Table 3.3,
the proposed Student′s t-distribution approach is capable of detecting the bed
height variations.

3.6.3 Pressure sensors rating effect

One of the primary drawbacks of the visual frequency division method is the
bias caused by the observer when selecting the frequency limits. The measured
pressure signal can be affected by noise, which hinders the detailed description of
the high frequency spectral region. Moreover, pressure sensor rating and signal
conditioning can affect the signal quality and therefore, the frequency limit
identification. For instance, the power spectrum fall-off, which is critical for
using the visual inspection method, can be significantly different if an industrial
or laboratory pressure sensor is used.
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Therefore, the possible effect of the pressure sensor rating for both the visual
and unbiased Student′s t-distribution approaches was investigated. Pressure
fluctuations recorded at the plenum chamber with both the Kistler and the
Honeywell transducers were analyzed using both methods. The experimental
runs were conducted in the 19 cm inner diameter fluidized bed facility operating
with the static distributor at Ur = 1.6 for 4 min. The Honeywell transducers,
similar to those used in industrial applications, are characterized by a high
level of noise in the raw pressure fluctuation signal; thus, the signal must be
filtered. The spurious crossings in the raw Honeywell data produced aliasing
problems leading to incorrect power spectrum estimation at high frequencies.
Honeywell pressure-time signals were filtered using a moving average filter. A
finite impulse filter (FIR) attenuates the high frequencies while retaining a sharp
step response. The averaging window length of the filter was set according to the
average cycle time of the unfiltered pressure signal (vander Stappen, 1996). In
contrast to the Honeywell measurements, the high quality of the Kistler pressure
signals ensured correct power spectrum estimation from the raw pressure data.

Figure 3.6 shows the frequency regions obtained from the Kistler and Hon-
eywell pressure signals using both methods. The corresponding power spectra
(Figure 3.6-a1/b1) and cumulative energy distributions (Figure 3.6-a2/b2) were
estimated for the measured Kistler signals (raw data) and for the filtered Hon-
eywell data. The results from the visual inspection method (Region 1, 2 and 3)
are presented in Figure 3.6-a1/a2, and the Student′s t-distribution frequency
regions (Region t-I, t-II and t-III) are shown in Figure 3.6-b1/b2.

The visual frequency division starts with the power spectrum estimation
and the evaluation of the power decay with frequency. The results for the
Kistler PSD (Figure 3.6-a1) show a sharp frequency peak at fc = 2.734 Hz in
the power spectrum, which is followed by two different power fall-off regions
with frequency that can be fitted with similar accuracy either to exponential,
Pxx ∼ exp(−f/µ), or power functions, Pxx ∼ f−α (van der Schaaf et al., 1999;
Johnsson et al., 2000). The visual inspection of Figure 3.6-a1 suggests that
the frequency domain can be divided into three regions because the power fall-
off with frequency changes at approximately 3 to 6 Hz and 20 to 30 Hz. The
cut-off frequency between Regions 1 and 2 was located at fcI = 5 Hz, and the
frequency limit between Regions 2 and 3 is visually selected to be fcII = 25
Hz. Similar results are shown for the Honeywell pressure signal up to fcII = 25
Hz. At 25 Hz, the Honeywell power spectrum shows a high level of noise, which
prevents the development of the power-law fitting of Region 3 and the rigorous
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Figure 3.6: Frequency regions from the PSD of the Kistler and Honeywell pres-
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Ur = 1.6): (a1) power spectra and (a2) cumulative energy distributions of the visual
inspection approach, (b1) power spectra and (b2) cumulative energy distributions of
the Student′s t-distribution approach.

application of the visual inspection method.
In spite of the differences at the higher frequencies of the spectra (Region

3), both the Kistler and Honeywell spectral domains can be visually divided
with the same frequency limits; consequently, the frequency regions represent
identical fluidization processes. These frequency regions are also plotted in
energy terms with the cumulative energy distributions for both pressure sen-
sors in Figure 3.6-a2. The results in this figure show no significant differences
between the two cumulative energy distributions because most of the charac-
teristic frequencies of the bed are contained in Region 1 and Region 2, where
the signal noise is negligible. Regarding the spectral regions resulting from the
Student′s t-distribution approach, no meaningful differences can be observed
either in the PSD (Figure 3.6-b1) or in the cumulative energy distribution (Fig-
ure 3.6-b2) between the Kistler and Honeywell data. Therefore, from the point
of view of the pressure sensor rating, both the visual inspection method and
the Student′s t-distribution approach are unaffected since the influence of the
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noise is restricted to Region t-III.

However, the sizes of the resulting regions were different depending on the
method used to find the boundaries of the three regions. Therefore, the charac-
teristic frequencies were likely to produce a different sensitivity in the wide-band
energy calculated from the visual inspection and the Student′s t-distribution
methods. Their dynamic responses were compared, to understand the response
of the wide band energy to dynamic changes in the fluidized bed.

Concerning the visual inspection method, Region 1 represents the macro-
structure of the flow because it contains most of the characteristic frequencies of
the bed dynamics (van der Schaaf et al., 1999; Johnsson et al., 2000). However,
only limited information about the nature of the macro-structure dynamics in
the fluidized bed has been reported in the literature. Therefore, it is difficult to
assign relative weights to the different bed dynamic scales in Region 1 for the
fluidization conditions caused by the multiscale features of the bed dynamics.
Nevertheless, the description serves to explain the wide band energy behavior
from a monitoring point of view. As a result of the presence of high power
frequency peaks within Region 1 (Figure 3.6-a1), 89% of the spectral energy
is concentrated in that region. Region 2 represents nearly 10% of the spectral
energy and includes the inflection points that appeared in the cumulative energy
distributions as a result of the abrupt energy change following the dominant
frequency. Typically, Region 2 has been related to the finer structures of the
bed (fast dynamic processes) (van der Schaaf et al., 1999; Johnsson et al., 2000).
Finally, the high frequency region involves less than 1% of the energy, proving
that Region 3 has no clear dependence on the fluidization regime (Johnsson
et al., 2000; Briongos & Soler, 2003).

Different frequency regions were obtained applying the Student′s t-distribu-
tion approach, illustrated by comparing Figure 3.6-a1/a2 and Figure 3.6-b1/b2.
The proposed statistical method disregards the previous physical interpretation
of the spectrum and centers the division of the frequency domain on the mean
frequency value. According to this approach, the region of coincidence between
the Student′s t-distribution and the cumulative energy distribution defines Re-
gion t-II. Figure 3.6-b2 shows the results of applying this method to the cumula-
tive energy distributions obtained with the Kistler and Honeywell sensors. The
frequency limits were found to be at fcI = 2.5 Hz and fcII = 3.1 Hz dividing the
frequency domain into the lower (Region t-I) and upper (Region t-III) tails of
the cumulative energy distribution that were a worse approximation of the data
by the Student′s t-distribution function. As shown in Figure 3.6-b1, for this
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case, the frequency limits divided the frequency spectra around the dominant
frequency of the bed. The energy is primarily focused in Region t-II (around
59%), whereas 7% and 34% of the energy are distributed in Regions t-I and t-
III, respectively. Because of the difference in the cut-off frequencies and in the
region size, the energy values and the dynamic processes related to each region
are also different. Nevertheless, similar to the visual inspection method, the
physical phenomena that characterize the spectra of Figure 3.6-b1/b2, which
correspond to the Student′s t-distribution approach, can be identified in terms
of the time scale dynamics as follows:

• Region t-I (∆f < f < 2.5 Hz) represents the larger structures of the
bed which govern the low frequency dynamics and consequently drive the
long-term dynamics of the bed.

• Region t-II (2.5 Hz < f < 3.1 Hz) contains the dominant/mean frequency
of the bed, suggesting that it is related to the bulk dynamics of the bed.

• Region t-III (3.1 Hz < f < fN ) includes the high frequency region of the
spectrum and is related to the fast fluidization phenomena.

The results showed in Figure 3.6 prove that the different energy contents
resulting from the visual inspection and Student′s t-distribution method are
caused by different distributions of the characteristic frequencies. In the case
of the visual frequency division, there is a region that contains almost all the
characteristic frequencies (Region 1) and high frequency regions that repre-
sent the fast fluidization phenomena (Region 2 and 3). However, for the
Student′s t-distribution approach, the location of the cut-off frequencies around
the dominant frequency allowed the division of the macro-structure of the flow,
and consequently, the division of the previous Region 1 into several sections.
This division can be illustrated by comparing the frequency limits of Region
1 (∆f < f < 5 Hz), Region 2 (5 Hz < f < 25 Hz) and Region 3 (25 Hz
< f < fN ), with the cut-off frequencies of Regions t-I (∆f < f < 2.5 Hz),
t-II (2.5 Hz < f < 3.1 Hz) and Region t-III (3.1 Hz < f < fN ). Due to that,
the Student′s t-distribution approach of the bed frequencies provides a higher
sensitivity of the wide band energy parameter for describing bubbling dynamics.
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3.6.4 Application to detection of the defluidization phe-
nomena

Water-induced agglomeration tests were performed to illustrate the use of the
wide band energy as a monitoring tool. These tests were conducted to reduce
the fluidization quality through the defluidization of the bed and the subsequent
recuperation processes, as shown in Chapter 2. Thus, the wide band energy was
estimated using the frequency regions obtained with the Student′s t-distribution
and visual inspection methods. The cut-off frequencies were previously detailed
in Figure 3.6-b1/b2, for the Student′s t-distribution, and in Figure 3.6-a1/a2,
for the visual method. The wide band energy for the pressure signals was
estimated every 50 s throughout the entire test.

The agglomeration tests were conducted in the fluidized bed equipped with
a rotating distributor (D = 0.19 m) analyzing the Kistler signals recorded at
the plenum chamber. The runs started with the bed working at Ur = 1.6 and
hb/D = 0.75 using the static distributor; these conditions are referred to as
nominal conditions. After 6 min, 150 ml of water was injected onto the bed
surface, causing the defluidization of the bed. Then, two different attempts to
recover the fluidization quality were performed: (i) with the static distributor
and (ii) with the rotating distributor.

The wide band energy values obtained using the Student′s t-distribution
frequency regions are shown in Figure 3.7. The water injection and the start
of the distributor rotation are pointed by an arrow in this figure. The three
control charts shown in this figure correspond to the three frequency regions
into which the frequency domain was divided. On each chart, the wide band
energy values are shown with a black curve for the rotating distributor, and
with a gray curve for the static distributor recuperation. The mean value of
the wide band energy at nominal conditions is shown as a reference value.

The water injection formed sticky agglomerates on the bed surface that
tended to settle over the distributor. This growth of dead zones over the dis-
tributor caused the defluidization of the bed and the appearance of channels
near the injection zone, which modified the air distribution in the bed. This bed
defluidization was detected by the wide band energy of Regions t-II and t-III,
which can be observed in Figure 3.7-a/b. As shown in Figure 3.7, the punctual
injection of water produced a substantial energy transfer of 20% from Region t-
II (Figure 3.7-b) to the higher frequencies in Region t-III (Figure 3.7-a), caused
by the appearance of channels around the injection zone. This energy transfer
to the higher frequencies confirms that Region t-III is related to the fast flu-
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idization phenomena. Furthermore, the energy loss in Region t-II indicates that
the bulk motion of the bed was hindered by the agglomerates formation, sug-
gesting the defluidization of the bed. On the other hand, the energy of Region
t-I is not affected by the water injection, as shown during the static distributor
recuperation process in Figure 3.7-c, suggesting that the larger structures of the
flow field, such as the bubble pattern, remain unaffected during the agglomer-
ates formation. Visual observation of the tests showed that the agglomerates
were not homogeneously distributed within the bed, allowing the presence of a
bubbling zone opposite to the injection zone. This phenomenon explains why
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the wide-band energy of Region t-I was not affected by the water injection:
a bubbling zone was maintained within the bed and preserved the long term
behavior of the pressure measurements.

The recuperation process with the static distributor was only affected by
the air flow; consequently, the agglomerates breakage was a slow phenomenon,
requiring tr,s = 19 min to return to the nominal conditions, as shown for Re-
gions t-II and t-III in Figure 3.7-a/b. Because of the slow rate of agglomerates
destruction, there were channels during most of the recuperation process with
the static distributor. Nevertheless, the rotating distributor reached nominal
conditions for the mean wide band energy values tr,r = 10 min after the water
injection. The beginning of the distributor rotation produced an effect on the
entire frequency domain, according to the Student′s t-distribution frequency
regions (Figure 3.7). The homogeneous bubble distribution caused by the dis-
tributor rotation at 100 rpm imposed a local structure on the bed dynamics,
as proved in Chapter 2. Moreover, the rotating effect broke the dead zones
between holes of the distributor, where the agglomerates were settled, and thus
improved the channel destruction. The data for Region t-III in Figure 3.7-a
show that 1 min after the beginning of the distributor rotation, almost all the
channels had disappeared. This effect was detected immediately after switching
on the distribution rotation, when the three energy regions suddenly changed
their energy values, transferring almost 30% of the energy from Region t-III to
Region t-I, as shown in Figure 3.7-a/c. However, the agglomerates detached
from the water injection zone were distributed throughout the fluidized bed as
a consequence of the distributor rotation, reducing the fluidization quality for a
short time. That process was reflected by the energy transfer from Region t-II
to Region t-I showed in Figure 3.7-b/c, pointing out that there was a change in
the bed structure after the start of the distributor rotation.

Figure 3.8 shows the wide band energy results using the visual frequency
regions. As stated above, the frequency regions obtained with the visual ap-
proach are related to different phenomena than the Student′s t-distribution
regions. In the case of the visual inspection method, Region 1 contains all
the high frequency peaks and it is related to the macro-structure of the flow,
whereas Regions 2 and 3 represent the finer structures. Therefore, the wide
band energy of these frequency regions shown in Figure 3.8 proves that the
energy is primarily focused in Regions 1 (EWB1 = 90%) and 2 (EWB2 = 10%),
whereas the energy value of Region 3 is negligible in comparison to the Student′s
t-distribution results shown in Figure 3.7. The data shown in Figure 3.8-b/c
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Kistler sensor. (a) Region 3 (25 Hz < f < fN ). (b) Region 2 (5 Hz < f < 25 Hz). (c)
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show that the water injection is detected by a 10% energy transference from
Region 1 to Region 2. The energy increase of the high frequencies (Region 2)
highlights the channel formation. However, Region 3 is barely affected by the
water injection, as can be observed in Figure 3.8-a. In spite of that, according
to Regions 1 and 2 (Figure 3.8-b/c), tr,s = 19 min were needed to recover the
fluidization quality with the static distributor test, which is close to the time
obtained by the Student′s t-distribution frequency regions (Figure 3.8).

The effect of starting the distributor rotation was shown by the energy
transferred from the higher (Region 2) to the lower (Region 1) frequencies due



68 Frequency division method

to the destruction of the channels (Figure 3.8-b/c). Figure 3.8 shows that the
rotation of the distributor needed just tr,r = 5 min to recover the fluidization
state and return the bed to the nominal conditions. Nevertheless, the visual
inspection during the test and the previous results shown in Figure 3.7 stated
that the recuperation process required at least tr,r = 10 min to recover the initial
fluidization quality. The false alarm can be explained by the wide frequency
limits of Region 1, since Region 1 contains all the frequencies up to fcI = 4 Hz.
Thus, the energy increase produced by the beginning of the rotating distributor
shown in Region t-I (∆f < f < 2.54 Hz) directly supports the wide band energy
of Region 1 (∆f < f < 4 Hz). The appearance of a false alarm proves that the
frequency limits of Region 1 are too wide to discriminate between the larger
structures and the macro-structure of the flow field. Therefore, in spite of the
detection of the channel destruction from the start of the distributor rotation
shown in Region 2 (Figure 3.8-b), the frequency regions obtained through the
visual approach were not able to detect the defluidization problems associated
to the agglomerates formation in the bed.

3.7 Conclusions

A methodology for the unbiased and systematical frequency domain division
using the Student′s t-distribution approximation of the cumulative energy dis-
tribution is proposed. The method improves the sensitivity of the traditional
wide band energy analysis by visual inspection. The reliability of the method
to divide the frequency domain was shown for different fluidization velocities,
changing the bed aspect ratio and using different pressure probes.

The comparison between the visual frequency division approach and the
proposed methodology showed significant differences in the cut-off frequencies.
The estimated wide band energy in the frequency regions obtained using the
visual method was not able to detect changes in the bed aspect ratio or the
beginning of the rotating distributor. Nevertheless, the sensitivity shown by
the statistical frequency division approach would enable wide band energy to
be used as a diagnostic tool in fluidized bed processes.

The application of the proposed methodology showed that the frequency
limits vary as a function of the fluidization conditions. The fluidization con-
ditions can also change the physical meaning of the frequency regions. The
description of the physical meaning can be related to the time scales, and thus
the different fluidization phenomena can be related to the wide band energy
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regions. This feature showed the capability of unbiased frequency regions to be
used as a monitoring tool for water-induced defluidization tests, allowing the de-
tection of some dynamic phenomena, such as channel formation, defluidization
of the bed, or the beginning of the distributor rotation.

Notation

d Inner diameter of small fluidized bed vessel [m]
D Inner diameter of big fluidized bed vessel [m]
Dn Distance between cumulative distributions [-]
D∗ Modified statistic of the Kolmogorov-Smirnov test
E Normalized energy [-]
EWB Wide band energy [-]
f Frequency [Hz]
fc Central frequency [Hz]
fcI Lower cut-off frequency [Hz]
fcII Upper cut-off frequency [Hz]
fN Nyquist frequency [Hz]
hb Fixed bed height [m]
H0 Null hypothesis
H1 Alternative hypothesis
Kα Kolmogorov threshold value
n Sample size [-]
Ns Number of samples [-]
P (x) Probability of x [-]
Pxx Power of the spectrum [Pa2/Hz]
Sn(x) Empirical cumulative distribution of x [-]
tr Recuperation time [s]
U Gas velocity [m/s]
Ur Relative gas velocity [-]
Umf,r Minimum fluidization velocity with rotating distributor [m/s]
Umf,s Minimum fluidization velocity with static distributor [m/s]

Greek symbols

α Significance level [-]
∆f Frequency resolution [Hz]
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λ Scale parameter
µ Location parameter
ν Shape parameter
σ̂ Standard error

Abbreviattions

CDF Cumulative density function
CE Cumulative energy
MLE Maximum-Likelihood estimation method
pdf Probability density function
PSD Power spectra density
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4.1 Abstract

A novel approach based on the Statistical Process Control theory is proposed to
design a continuous control scheme for fluidized bed processes. The proposed
method provides the properties of the moving mean control charts, such as the
window size and the samples distribution, to study the processes. The optimal
conditions found for the control chart development are the window sizes of 25 s,
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35 s and 50 s, for the standard deviation, average cycle time and frequency
domain respectively, and the use of the normal distribution to determine the
control limits. In order to illustrate the use of the methodology, paste drying
tests with sand particles as inert medium were carried out. The control scheme
applied to the time and frequency domains analyses of the pressure fluctuations
series, which were recorded during the drying runs, facilitated the detection of
small deviations from the control state. The results showed by the different
control variables encouraged the use of the proposed control scheme to any
monitoring variable. Humidity and temperature measurements confirmed the
reliability of the developed control scheme. The rotating distributor employed
during the drying tests increased the drying rate of the process compared to a
static distributor configuration.

4.2 Introduction

The main objective of any monitoring system is the elimination of variability
in the process to obtain a high reproducibility. However, regardless of the qual-
ity of the design or maintenance of the industrial process, a certain amount of
inherent or natural variability will always exist. Dealing with this variability is
still a difficult task for coating, granulation and drying fluidized bed processes
(Faure et al., 2001). Furthermore, as the mechanisms involved in processes such
as layer coating, agglomerate formation, drying and attrition, are quite complex
and appear simultaneously, the development of on-line monitoring strategies is
still a difficult task (Silva et al., 2011; Freire et al., 2012). Therefore, the mon-
itoring system should quickly detect the process deviations, and their analysis
may identify the causes of variation. In spite of the wide amount of measure-
ments and signal analysis techniques available for the description of a fluidized
bed process, it is still difficult to find a general procedure to set up an on-line
monitoring system capable of defining a control state for a fluidized bed (van
Ommen et al., 2011). Some efforts have been made through the application of
different control strategies, such as the PI or PID controllers, fuzzy logic, neu-
ral networks, and models based on experimental design techniques (Mcfarlane
et al., 1983; Chong et al., 1987; Atthajariyakul & Leephakpreeda, 2006; Crox-
ford & Gilbertson, 2006; Barletta et al., 2008; Silva et al., 2011). Similarly, other
works dealt with the design of an on-line monitoring strategy for the descrip-
tion and identification of problems in fluidized bed processes analyzing pressure
signals in the time (Johnsson et al., 2000; Briens & Briens, 2002), frequency
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(Kage et al., 2000) and state space domain (Schouten & van den Bleek, 1998;
van Ommen et al., 2000; Bartels et al., 2009). These works are focused on the
development and performance analysis of a specific monitoring tool, showing
its high sensitivity to detect problems in the fluidization behavior. Neverthe-
less, in this work a straightforward control scheme that could be applied to any
monitoring tool is presented. To do that, the present study proposes the use
of the Statistical Process Control (SPC) method for the detection of process
deviations in fluidized beds (Shewhart, 1930).

The Statistical Process Control theory has been widely applied to improve
the quality of many industrial processes. This theory is based on the central
limit theorem. This theory allows the definition of the control state limits, fa-
cilitating to find the causes of variation and to bring the process back to the
control state (Montgomery, 1997). Nowadays, this method has been applied to
the control of fluidized beds together with multivariate analysis and external
control loop (Kano et al., 2004; Burggraeve et al., 2011). The definition of
a control zone based on the analysis techniques of the pressure signals is not
straightforward due to the chaotic and complex nature of the pressure fluctu-
ations. In order to ensure the validity of the proposed control scheme, several
analysis techniques in the time and the frequency domains were considered.

In this chapter, a procedure for the design of a continuous control scheme for
fluidized bed processes based on the SPC theory is developed. The statistical
treatment of the variables allowed the definition of the control state through
the study of the sample size and their underlying distribution. To analyze the
performance of the control scheme, paste drying experiments with sand particles
as inert medium were carried out (Nakagawa et al., 1992; Freire et al., 2012).
This drying process was analyzed measuring humidity and temperature of the
air flow to assess the reliability of the control scheme (Kannan et al., 1995;
Akhavan et al., 2009; Wormsbecker et al., 2009; Briens & Bojarra, 2010). The
results show the capability of the control scheme to detect deviations from the
control state.

4.3 Experimental setup

The tests were conducted in a lab-scale cylindrical bubbling fluidized bed equi-
pped with an electrical motor in order to produce the rotation of the distributor.
The cylindrical vessel has an inner diameter, D, of 0.192 m, and a height of 1
m. The fixed bed height, hb, was 0.75D for all the experiments.
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The rotating distributor was a perforated plate with an open area of 3%,
with the holes distributed in a triangular mesh with a pitch of 11 mm. The
distributor could rotate in the horizontal plane since it was coupled to the shaft
of an electric motor by a conical gear. Two types of experiments were carried
out in this facility, those with the rotating distributor using an angular velocity
of 100 rpm, and those with a static distributor. A scheme of the mechanical
device is shown in Figure 4.1.

P: Pressure
RH: relative humidity
T: Temperature

Figure 4.1: 3D sectional diagram of the experimental fluidized bed with a rotating
distributor.

The bed material was silica sand particles, classified as Group B according
to Geldart′s classification (Geldart, 1973). The particle density was measured
to be 2645 kg/m3 with a standard deviation of 2.5 kg/m3, and the mean particle
diameter was 683 µm. The bed was fluidized with air at ambient conditions,
measuring the flow rate with a rotameter. The minimum fluidization velocity
was measured to be Umf,s = 0.33 m/s and Umf,r = 0.31 m/s for the static and
rotating distributor respectively.

The measurement system consists of a local pressure probe with 4 mm of
internal diameter and a length of 0.10 m, which guaranteed an undisturbed
transfer of the signal (van Ommen et al., 1999), connected to a Kistler sensor.
The pressure probe was placed through the bed wall at the plenum chamber.
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The measurements from the Kistler 5015 sensor were amplified using a Kistler
amplifier type 50515, which incorporates a low pass filter at 0.16 Hz, and a
high pass filter at 200 Hz. The signal was stored in a PC using a National
Instruments data acquisition system type 9234 with 4 analog input channels,
24-bit resolution, working at a sampling frequency of fs = 400 Hz.

Temperature and humidity data were obtained using two transmitters E+E
Electronik Model 33PFT-JX. The humidity/temperature transmitters were pla-
ced at the plenum chamber and at the freeboard (1 m above the distributor).
The accuracy of the temperature transmitter was ε = ±0.1 oC, while the humid-
ity sensor presents a value of ε = ±1.3%. The inlet temperature and humidity
were just monitored, but not controlled. The temperature and humidity of the
air at the plenum chamber were measured to be Tin = 15oC and RHin = 6.5%,
respectively, for all the experiments.

4.4 Experimental procedure

Two type of experiments were conducted: (i) maintaining a controlled operation
state at the relative fluidization velocity of Ur = U/Umf,r = 1.6, and (ii)
studying paste drying tests by means of the proposed moving average control
charts. In the former case, the control state was defined for the bed working
with the static distributor at Ur = 1.6. The pressure fluctuations were measured
during 30 min to characterize the control state. This pressure signal was used
to determine the properties of the control charts, such as the window size and
the underlying distribution used to compute the control limits.

Once the monitoring system was designed, the reliability of this strategy
was studied for paste drying tests with sand particles as inert medium. Drying
of sludge or paste-like materials in fluidized beds is an appealing process to
produce granules or reduce the moisture content that is typically controlled by
temperature and humidity sensors (Freire et al., 2012). As the moisture was
removed, these agglomerates became fragile and were disintegrated due to the
attrition of the bed particles. However, the main drawback for ensuring a good
process performance is maintaining the adequate fluid dynamic conditions (Lee
& Kim, 1993; Shin et al., 2000; Kudra et al., 2002). To deal with this difficulty,
the measured pressure signals were studied employing the proposed control
scheme. Furthermore, to check the performance of the control system, both
temperature and humidity measurements were analyzed. The tests started
with the bed working with the static distributor in the control state. Then,
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a substantial change in the fluidization conditions was produced by adding
150 ml of water at the bed surface. The subsequent agglomerates formation
reduced the fluidization quality due to the channels appearance (Freire et al.,
2012; Gómez-Hernández et al., 2012). Once the dynamic behaviour of the bed
was deteriorated, different attempts to improve the performance of the drying
process were carried out using the static and the rotating distributor.

4.5 Methods of analysis

The pressure fluctuation signals were studied in the time domain with the stan-
dard deviation and the average cycle time of the pressure fluctuations, and in
the frequency domain using the wide band energy analysis. Furthermore, as the
control state of the fluidized bed dynamics was disturbed by the agglomerates
formation, the recovery of the fluidization quality can be analyzed as a batch-
drying process (Kannan et al., 1995). Thus, the humidity and temperature
measurements were used to check the reliability of the control scheme.

4.5.1 Time domain analysis: standard deviation and av-
erage cycle time

The standard deviation of the pressure fluctuations, σ, has been widely ap-
plied to analyze the fluidization quality. It has been employed for the on-line
monitoring of fluidized-bed hydrodynamics as well as for the analysis of the re-
cuperation process of a defluidized bed (Chong et al., 1987; van Ommen et al.,
2004; Davies et al., 2008; Gómez-Hernández et al., 2012).

The average cycle time, tav, was also calculated for the characterization of
the fluidized bed behavior in the time domain. The average cycle time can be
defined as twice the total measurement time divided by the number of crossings
with the average value (vander Stappen, 1996). Previous works showed that
this variable is virtually independent of the gas velocity but strongly affected by
the particle agglomeration in the bed (vander Stappen, 1996; Briens & Briens,
2002; Bartels et al., 2009).

4.5.2 Frequency domain analysis: wide band energy

The variables used for the design of the control scheme were obtained directly
from the raw pressure signal recorded at the plenum chamber. The wide band
energy, EWB , was obtained computing the energy contained within the power
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spectral density (PSD). This variable is defined as the ratio between the energy
in a frequency region and the energy of the whole frequency domain and can be
used to detect changes in the fluidization behavior (Johnsson et al., 2000). In
Chapter 3, both the visual and the Student′s t-distribution methods for the fre-
quency division were analyzed. The visual frequency division approach showed
that the frequency regions obtained were able to detect neither the change in
the bed aspect ratio nor the beginning of the rotating distributor, preventing its
use to compute the wide band energy. Therefore, in this chapter the Student′s
t-approximation of the cumulative energy distribution (CE) of the PSD was
employed to divide the frequency spectra. As a result, the CE frequency dis-
tribution can be divided in three regions: two regions of poor matching that
correspond to the tails of the CE distribution, and a region of good matching
corresponding to the highest energy content of the distribution. According to
this approach, the frequency limits that defined the three frequency regions
were found to be fcI = 2.54 Hz and fcII = 2.93 Hz for the fluidization con-
ditions used in this work. Regarding the physical meaning of the frequency
regions in which the wide band energy was calculated, the low frequencies codi-
fied within EWB1 identify the long-term behavior of the bed, detecting changes
in the macro-structure of the flow. EWB2 contains the dominant frequencies in-
fluenced by the bulk dynamics of the bed, while EWB3 is usually related to the
fast fluidization phenomena, informing about the channels appearance since it
computes the energy codified at the higher frequencies of the power spectrum.

4.5.3 Drying analysis

The amount of water dried during the experiments was estimated continuously
to assess the control scheme results. The percentage of water removed after the
water addition, ∆m, was calculated using the relative humidity and tempera-
ture measurements at the inlet and outlet of the fluidized bed facility. Thus,
∆m is defined as a ratio between the amount of water removed and the total
mass of water introduced in the bed, and it can be obtained from a mass balance
in the bed

dm

dt
= AtUMv

R

(
pv,s(Tout)RHout

Tout
− pv,s(Tin)RHin

Tin

)
(4.1)

where At is the cross sectional area of the bed, U the air velocity, Mv is the
molecular weight of water vapor, R is the universal gas constant, T the mea-
sured temperature, RH the measured relative humidity and pv,s the saturated
vapor pressure of water, which was estimated by Clasius-Clapeyron relation.
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Figure 4.2: Control chart scheme.

Integrating Eq. (4.1) between the beginning and the end of the experiment, the
percentage of water dried ∆m was obtained.

4.6 SPC scheme design

A process whose fluctuations are produced only by random or common causes
is said to be under statistical control. However, other processes may present
sources of variability that are not part of the chance cause pattern, such as ag-
glomeration or defluidization of fluidized beds, and might produce the deviation
from the control state (Shewhart, 1925; Montgomery, 1997). The SPC method
uses control charts to statistically describe the control state of the process. A
typical control chart, Figure 4.2, contains a center line representing the aver-
age value in the control state of the monitored variable (Montgomery, 1997).
There are also two external horizontal lines, called Upper Action Limit (UAL)
and Lower Action Limit (LAL), which define a range of controlled operation of
the process. Another two horizontal inner lines, named Upper Warning Limit
(UWL) and Lower Warning Limit (LWL), are often employed to establish a
warning zone in order to promote the sensitivity of the chart. This tool checks
if the current sample mean is between the control limits, which is the null hy-
pothesis H0; or if it exceeds any of the control limits, which is the alternative
hypothesis H1.

The control limits are computed as a multiple of the standard deviation
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when the samples present a normal distribution. These limits, usually known
as 3 − σ limits, establish a probability of P (x) = 0.00135 for exceeding the
action limits in one direction (Montgomery, 1997)

LAL = X̄ − 3σ (4.2)

UAL = X̄ + 3σ (4.3)

where X̄ is the mean value and σ is the standard deviation of the variable in
the control state. These 3 − σ limits are widely used in industry even when
the variable follows a non-normal distribution (Montgomery, 1997). This as-
sumption of normality implies that the control limits will be symmetrical about
the center line of the chart. The validity of this assumption is based on the
skewness and kurtosis values of the sample distribution as well as the sample
size in which the average is based. Figure 4.3 illustrates the effect of estimating
the action limits at ±3σ when the underlying distribution of the variable is
non-normal, for instance a Γ(2, 2) distribution. The action limits of the gamma
distribution were computed at a probability of 0.001 of a point exceeding the
control limits

P (x < LAL) = 0.001 (4.4)

P (x > UAL) = 0.001 (4.5)

According to Figure 4.3, the action limits of the gamma distribution would
fall far from the 3 − σ limits of the normal distribution. In these cases, the
use of the 3 − σ limits means that the risk of detecting false alarms would be
increased for positive variations, while the risk of detecting a deviation from the
control state would be significantly reduced for negative variations. The result
would be an increase in the risk of a chance variation beyond the control limits.
Some authors have studied the effect of the non-normality of the sample distri-
bution (Yourstone & Zimmer, 1992; Polansky, 2005). Different procedures have
been employed, such as the use of a control chart based on the median rather
than the mean or a nonparametric approach (Janacek & Meikle, 1997; Vermaat
et al., 2003). In this work, when the sample distribution is non-normal, a gener-
alized distribution, such as the Generalized Extreme Value (GEV) or the Burr
distributions, is proposed to fit the measured data (Yourstone & Zimmer, 1992;
Haynes et al., 2008). The parameters of this family of statistical distributions
are estimated as a function of the kurtosis and skewness values of the sample
distribution, facilitating the fitting, and thus, reducing the risk of false alarms.
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The Kolmogorov-Smirnov test is proposed as a tool to determine the under-
lying distribution for a sample distribution once the normality assumption is
rejected.
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Figure 4.3: Differences between the control limits estimated using the Normal and
Gamma distributions.

The Kolmogorov-Smirnov test is a simple method to test if an empirical
sample follows a specific distribution, which is the null hypothesis H0, against
the alternative hypothesis H1 that it follows a different distribution. The test
compares the cumulative distribution function of the sample Sn(x) (i.e. the
cumulative energy distribution), with the statistic cumulative distribution func-
tion CDF, which is the fitted statistic distribution. The comparison is based on
the distance between the cumulative distributions, Dn, defined as the maximum
difference between the two distributions

Dn = max|Sn(x)− CDF (x)| (4.6)

The distance between the cumulative distributions is used to obtain the
modified statistic D∗, which is compared with the critical values of this test for
a certain level of significance α, Eq. (4.7) (Shewhart, 1925). This value varies
as a function of the sample size n, which is computed as a function of the size
of both cumulative distributions n1 and n2, Eq. (4.8).

D∗ = Dn

(√
n+ 0.11 + 0.12/

√
n
)

(4.7)

n = n1n2

n1 + n2
(4.8)
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The Kolmogorov-Smirnov test is constructed by using the critical values of
the Kolmogorov distribution (Stephens, 1970). The null hypothesis is rejected
at level of significance α if D∗ ≥ Kα, where Kα is found from the Kolmogorov
distribution as follows

P (K ≤ Kα) = 1− α (4.9)

The control charts employed in this work were obtained using a moving mean
approach. In this scheme, the experimental data is continuously computed in
sample sizes of length Wt. The procedure for establishing the SPC scheme can
be summarized as follows:

1. Determination of the moving window size (Wt).

• Measurement of the control state with a long time signal (30 min).

• Definition and computation of the control state for the variables.

• Determination of the number of measurements needed to obtain a
similar value to the control state. In the frequency domain, the
Kolmogorov-Smirnov test with a significance level α = 5% was used
to compare between the cumulative energy distribution of Wt and
the cumulative energy distribution of the reference state (Stephens,
1970).

• Selection of the median value of the Wt distribution as the sample
size.

2. Study of the underlying distribution.

• Analysis of the control signal using theWt in a moving mean scheme.

• Checking the normality of the sample distribution using the nor-
mality plots, the kurtosis and skewness values and the maximum
likelihood estimation method, MLE (Dempster, 1977). The MLE
provides the characteristic parameters of the statistic distribution
with 95% confidence intervals. Thus, when the characteristic pa-
rameters of the normal distribution (mean and standard deviation),
which are calculated using the theoretical statistic equations, are in-
side the MLE′s confidence intervals, the normal distribution could
describe the sample distribution.

• Otherwise, when the sample distribution shows a non-normal behav-
ior, the underlying distribution can be determined by the minimiza-
tion of the test statistic Dn, which is computed using Eq. (4.6).
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The fitted statistic distribution that shows the minimum distance
between the cumulative form of the sample distribution and its cu-
mulative distribution function is used to describe the data.

3. Estimate the control limits using the 3 − σ limits when the variable can
be described by a normal, or for a probability of 0.001 when the variable
is described by a different distribution.

4.7 Results

The implementation of the moving mean control chart methodology was per-
formed through the analysis of: (i) a 30 min signal with the bed operating under
control state in order to determine the moving window size, (ii) the underlying
distribution that described each monitored variable in the control state, and,
once the control charts were designed, (iii) several drying tests.

4.7.1 Moving window size

For a basic design of a moving mean control chart, the sample size or window
length, Wt, of the moving window used to estimate the monitored variables
must be specified. Wt should be large enough to obtain representative re-
sults of the pressure fluctuation signals. In order to determine this number
of measurements, Wilkinson (1995) compared the standard deviation values of
pressure signals characteristic of the control state, which were estimated using
a long signal length, with the pressure standard deviation values calculated for
different Wt. Following the approach of Wilkinson (1995), these results were
computed from the beginning of the signal to successive increments of the num-
ber of measurements considered until these values were inside an acceptable
range. This acceptable range is defined as a variation of ±5% over the standard
deviation value of the control state, which is estimated using the whole pressure
signal. Nevertheless, this approach might be influenced by the initial point of
the signal at which the variable values are estimated, and thus, theWt obtained
could not be representative of the entire signal. Thus, it is mandatory to avoid
the influence of the initial point used on the estimation of Wt. To do that, the
approach developed by Wilkinson (1995) was repeated using different initial
points of the pressure signal to calculate the value of the standard deviation
for each Wt. In this way, a distribution of the Wt values that are inside the
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acceptable range is obtained. This approach was also used to calculate Wt for
the average cycle time.

For the time domain variables, a variation of ±5% was accounted as the
acceptable limit (Wilkinson, 1995), whereas the reference values were obtained
considering a 30 min signal length. The distribution of Wt that are inside the
acceptable range for the time domain variables are represented in the relative
histograms of Figure 4.4, showing an asymmetric distribution of the sample
sizes. This encouraged the use of the median to estimate Wt as the most
representative value of the distribution. Therefore, the window length was
fixed to Wt = 25 s and Wt = 35 s for the standard deviation and the average
cycle time, respectively.
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Figure 4.4: Histogram of the window sizes, Wt, for: (a) standard deviation and (b)
average cycle time.

Furthermore, as the wide band energy was computed through the power
spectrum of the pressure fluctuations, some spectral features must be taken
into account. As stated by Brown & Brue (2001), an accurate PSD estima-
tion requires the average of several periodograms. This averaged nature of the
frequency results complicates the selection of the parameters used to compare
between the reference state and the Wt results. Therefore, the degree of ap-
proximation between the reference and the Wt results was studied comparing
the shape of both cumulative energy distributions of the PSD. Such a compari-
son was conducted by means of the Kolmogorov-Smirnov test (Stephens, 1970).
The null hypothesis, H0, assumed that the cumulative energy distribution of
the entire signal and the cumulative energy distribution obtained for each Wt

are similar, against the alternative hypothesis, H1, that they are different. A
significance level of α = 5% was used to compute the Kolmogov-Smirnov test.
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Following the considerations about the starting point and considering the
characteristics of EWB ,Wt was estimated as follows: (i) from the initial point of
the reference signal, the window size was increased until its cumulative energy
distribution was similar to the cumulative energy distribution of the reference
state, and (ii) once the Kolmogorov-Smirnov test did not reject the null hypoth-
esis, the previous step was repeated changing the initial point of Wt. Following
this procedure, a wide distribution of Wt values was obtained. The procedure
was applied to the control state signal through the moving mean scheme. Sim-
ilarly to the time domain results shown in Figure 4.4, the window length of the
frequency domain showed an asymmetric distribution, as can be observed in
Figure 4.5. A window length of Wt = 50 s was employed for the computation
of the wide band energy.
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Figure 4.5: Histogram of the window sizes, Wt, for the wide band energy.

4.7.2 Underlying distribution

The determination of the statistical distribution that better describes the sam-
ple distribution of each variable is necessary in order to estimate the control
limits. The 30 min control signal was analyzed using the time and frequency
variables with the window sizes determined previously.

First of all, the capability of the normal distribution to describe the sample
distribution was checked. Figure 4.6 checks the normality assumption while Ta-
ble 4.1 presents the values of the parameters of the sample distributions. Figure
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Table 4.1: Parameters of the sample distributions.

classical estimation MLE estimation
kurtosis skewness mean standard mean standard deviation

(k) (s) (µ) (σ) X̄ ± interval σ̄ ± interval
σ 2.95 -0.15 261.71 11.31 261.71 ± 0.02 11.31 ± 0.02
tav 3.17 -0.15 0.2683 0.013 0.2683 ± 0.0001 0.0130 ± 0.0001

EWB3 2.93 -0.02 0.3775 0.0386 0.3775 ± 0.0001 0.0386 ± 0.0001
EWB2 3.13 -0.38 0.4827 0.0423 0.4827 ± 0.0001 0.0423 ± 0.0001
EWB1 2.70 0.03 0.1398 0.0227 0.1398 ± 0.0001 0.0227 ± 0.0001

4.6 shows the normal probability plots used to test the normality of the vari-
ables. In these figures, the data are plotted together with a theoretical normal
distribution (dash-dot line). As can be seen for the standard deviation, average
cycle time, EWB1 and EWB3 in Figure 4.6-a/b/c/e, the data showed a nearly
linear trend with only small discrepancies at the tails of the distributions. Only
EWB2, showed in Figure 4.6-d, presents a higher deviation from the straight
line typical of the normal distribution, which can be explained due to its greater
skewness value, Table 4.1.

The maximum likelihood estimation method was used to test the use of
the normal distribution to describe the three variables. This method estimates
the unknown parameters of the normal distribution, which are the mean, X̄,
and the standard deviation, σ̄, by the maximization of the sample likelihood
with a certain confidence interval. Such an estimation can be compared to the
mean and standard values, µ and σ, calculated using the theoretical expressions
reported by Johnson & Kotz (1970). Therefore, it can be employed to determine
whether the theoretical distribution fits properly the sample distribution or not.
When the parameters µ and σ are inside the confidence intervals obtained for
X̄ and σ̄, the theoretical approximation can describe the sample distribution.
However, when the parameters estimated with the classical approach are out
of the MLE results, the statistical distribution cannot fit properly the data. As
can be seen in Table 4.1, the mean, µ, and standard deviation, σ, of all the
variables were inside the confidence limits obtained by the MLE. Therefore,
the normal distribution was used to describe all the variables and estimate the
control limits.

It is worth to point out that, when the sample distribution cannot be de-
scribed by a normal distribution, GEV or the Burr distributions can be used
as an alternative (Yourstone & Zimmer, 1992; Haynes et al., 2008). Thus, the
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Figure 4.6: Normality plots for the experimental data of (a) standard deviation,
(b) average cycle time, (c) EW B1, (d) EW B2 and (e) EW B3; dash-dot line represents
the values of the Normal distribution.

sample distribution should be fitted to the proposed statistical distribution.
Then, the maximum distance between the theoretical distribution and the ex-
perimental result, Dn, which is obtained from Eq. (4.6), would be used as a
comparison parameter. The theoretical distribution that minimizes Eq. (4.6)
should be the underlying distribution used to compute the control limits.

4.7.3 SPC applied to agglomeration phenomena

The SPC scheme was applied to monitor paste drying tests in order to illustrate
the use of the control charts. The sticky zone formed after the water addition
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prevented the homogeneous distribution and formation of bubbles. Due to
the cohesive behavior of these agglomerates, channels appeared throughout the
defluidized bed. Two different attempts for this drying process were carried
out: (i) with the static distributor, and (ii) with the rotating distributor.
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Figure 4.7: Monitoring of the agglomeration tests for the static distributor (gray
line) and the rotating distributor (black line): (a) relative humidity of the outlet air,
control charts: (b) standard deviation and (c) average cycle time.

The results for the static and the rotating distributor tests are presented in
Figure 4.7 in gray and black color lines respectively. In Figure 4.7-a, the left
axis describes the evolution of the relative humidity of the exhaust air, whereas
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Table 4.2: Time needed to recover the control state.

variable
Recuperation time [min]

Static distributor [tr,s] Rotating distributor [tr,r]
∆m 26 21
σ 26 21
tav 26 21

EWB3 25 21
EWB2 25 21
EWB1 - 26

the right axis shows the percentage of water dried, estimated integrating Eq.
(4.1). The control charts of the time domain variables are also included in
Figure 4.7. These charts were plotted with the same horizontal axis, the time
of the test. A vertical line points out the water addition (solid line) and the
start and end of the distributor rotation (dash-dot line) for all the plots. As
stated previously, the control charts were obtained withWt = 25 s andWt = 35
s for the standard deviation and average cycle time, respectively, and using the
normal distribution to estimate the control limits for all the variables. In the
moving average control charts, presented in Figure 4.7-b/c, the upper and lower
action limits are plotted in red-solid line for the static distributor test, and in
blue-dash line for the rotating distributor test. In all the plots, the arrows
inform about the instant when the variable returns to the control state. These
values are summarized in Table 4.2.

Focusing on the drying process showed in Figure 4.7-a, the water addition
was instantaneously detected by the humidity sensor located at the freeboard.
This sensor measured higher humidity values using the rotating distributor,
suggesting a faster drying process than for the static distributor test. This
drying improvement was also shown by a higher percentage of water dried,
∆m. However, only 90% of the 150 ml of water added was dried in both
tests. This result could be caused by the water absorption of the silica sand
particles or the pneumatic transport of some water droplets at the beginning
of the test. In any case, when ∆m is near to the stationary value of 90%,
the relative humidity started to decrease, diminishing the drying rate (Kannan
et al., 1995; Akhavan et al., 2009). Significant differences can be observed in
Figure 4.7-a at t = 22 min for the static and rotating tests. While the humidity
of the rotating distributor test decreased drastically to the control state, the
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static distributor test showed a smoother humidity falling rate with some peaks.
A non homogeneous drying explains the humidity peaks shown in the static
distributor test. In this test, some agglomerates might be located at the dead
zones between the holes of the distributor and attached to the bed wall. Due
to the high cohesiveness of these agglomerates, they were barely affected by the
air flow. Thus, when the sticky defluidized zone is partially dried, some of these
agglomerates were broken and moved into the bubbling zone, starting then to
dry, and thus, causing the humidity peaks.

Concerning the control charts, the control limits were estimated using the
30 min signal as reference state. No false alarms were detected during the first
4 min, while the bed was working with the static distributor and with no ag-
glomerates. The paste formation produced the deviation from the control state
for all the variables, as shown in Figures 4.7-4.8. The low values of the standard
deviation presented in Figure 4.7-b, and the average cycle time shown in Figure
4.7-c identified the bed defluidization. During this period, some channels were
visually observed near the distributor. As the sticky agglomerates started to
dry, the standard deviation and the average cycle time increased towards the
control state. A similar trend was observed for both variables in Figure 4.7-b/c
for the static and the rotating distributor tests. However, due to the rotating
distributor, the attrition and disintegration of the agglomerates was improved,
obtaining a lower time to recover the control state, as can be observed in Table
4.2. Also, when the distributor rotation was stopped, both variables returned to
the static control limits. This effect showed the sensitivity of the control scheme
to detect small fluidization changes such as the rotation of the distributor.

The wide band energy results shown in Figure 4.8 can be explained in terms
of the energy contained on each frequency region. Thus, the paste formation
caused a high energy transfer from EWB2 (Figure 4.8-b) to EWB3 and EWB1

(Figure 4.8-a/c) in both tests. The energy transfer from EWB2 to the other
frequency regions informed about the defluidization of the bed since the bulk
motion was prevented. Thus, channels were formed increasing the energy con-
tent of the higher frequencies, EWB3, and the larger structures of the flow were
changed, EWB1.

Focusing on the static distributor test presented in Figure 4.8-a, the chan-
nels were maintained during most of the recuperation process due to the non
homogeneous distribution of the airflow through the bed. Thus, only the ag-
glomerates that were located next to the channels were dried fast. This rela-
tion between the drying mechanism and the channels explains the similar trend
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Figure 4.8: Monitoring of the agglomeration tests for the static distributor (gray
line) and rotating distributor (black line), control charts: (a) EW B3, (b) EW B2 and
(c) EW B1.

shown by the decrease of the humidity measurements, which is presented in
Figure 4.7-a, and EWB3, shown in Figure 4.8-a.

The energy lost in EWB3 and EWB1 was transferred to EWB2 until the
control state was reached. During this recuperation process, at t = 10 min
it was visually observed that the main channels were suddenly blocked due to
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the motion of the agglomerates that formed those channels. This phenomenon
produced the energy decrease of EWB3 to the control state, as shown in Figure
4.8-a. However, in spite of these control values, the bed was deviated from the
control state since the values of EWB2 and EWB1 were still out of the control
limits, as can be seen in Figure 4.8-b/c. Similar recuperation times were ob-
tained for EWB3 and EWB2, while the values obtained for EWB1 fluctuated
around the UAL during the entire experiment in the static distributor test.
These values out of the control zone for EWB1 might be produced by the pres-
ence of agglomerates between the holes of the distribution, capable of changing
the larger structures of the fluid flow.

The beginning of the distributor rotation promoted the radial dispersion
of particles and the reduction of the dead zones over the distributor (Sobrino
et al., 2008). Therefore, the agglomerates settled over the distributor were bro-
ken by the distributor rotation. These effects enhanced the channels breakage,
producing the energy transfer from EWB3 to EWB2. The agglomerates located
close to the water addition zone were distributed within the fluidized bed, lead-
ing to a faster recuperation of the control state for the rotating distributor test,
obtaining lower recuperation times in this case (Table 4.2).

4.8 Conclusions

The statistical approach proposed to define the properties of the moving mean
control charts facilitates the development of the control scheme for the con-
tinuous monitoring of fluidized bed processes. A new procedure was proposed
to compute the minimum number of measurements, Wt, guarantying reliable
results for variables in both the time and frequency domains. The analysis
of the normality assumption for the sample distribution reveals the influence
of the underlying distribution on the value of the control limits. A different
statistic distribution should be used when the variables cannot be described by
a normal distribution in order to avoid the appearance of false alarms during
the fluidization tests.

The results shown by the different control variables encouraged the use of
the proposed control scheme to any monitoring variable. The definition of
the control state also improved the sensitivity of the variables, detecting small
deviations from the reference state. Humidity and temperature measurements
of the drying tests confirmed the reliability of the control scheme.

Moreover, the analysis of the control charts demonstrated the improvement
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of the rotating distributor to recover the control state. The distributor rotation
broke the channels and agglomerates, which enhanced the attrition and sub-
sequent reduction in size of the agglomerates, and thus, improved the drying
rate of the process. A different fluidized behavior was shown with the static
distributor because of the presence of agglomerates at the dead zones over the
distributor.

Notation

At Cross sectional area of the bed [m2]
D Inner diameter of big fluidized bed vessel [m]
Dn Distance between cumulative distributions [-]
D∗ Modified statistic of the Kolmogorov-Smirnov test [-]
EWB Wide band energy [-]
f Frequency [Hz]
fc Central frequency [Hz]
fcI Lower cut-off frequency [Hz]
fcII Upper cut-off frequency [Hz]
fN Nyquist frequency [Hz]
fs Sampling frequency [Hz]
hb Fixed bed height [m]
H0 Null hypothesis
H1 Alternative hypothesis
k Kurtosis
Mv Molecular weight of water vapour [g/mol]
m Mass of water [kg]
n Sample size of the distribution [-]
pv,s Saturated vapour pressure of water [Pa]
P (x) Probability of x [-]
R Universal gas constant [J/(molK)]
RH Relative humidity [%]
s Skewness
Sn(x) Empirical cumulative distribution of x [-]
t Time [s]
tav Average cycle time [s]
tr,r Recuperation time with the rotating distributor [s]
tr,s Recuperation time with the static distributor [s]
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T Temperature [K]
U Gas velocity [m/s]
Ur Relative gas velocity [-]
Umf,r Minimum fluidization velocity with rotating distributor [m/s]
Umf,s Minimum fluidization velocity with static distributor [m/s]
X̄ Process mean value
Wt Window length [s]

Greek symbols

α Significance level [-]
Kα Kolmogorov threshold value [-]
∆m Percentage of dried water [%]
ε Accuracy
Γ Gamma distribution
µ Mean
σ Standard deviation
σ̄ Standard deviation of the MLE result
3− σ Probability limits

Abbreviattions

CDF Cumulative density function
CE Cumulative energy
GEV Generalized Extreme Value distribution
LAL Lower action limit
LWL Lower warning limit
MLE Maximum-likelihood estimation method
PI Proportional-integral controller
PID Proportional-integral-derivative controller
PSD Power spectra density
UAL Upper action limit
UWL Upper warning limit
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5.1 Abstract

Humidity and temperature measurements together with pressure fluctuation
signals were employed to analyze the paste drying process in a fluidized bed
equipped with a rotating distributor using inert particles as support medium.
The measurement of humidity and temperature of the airflow allowed the iden-
tification of four drying periods as a function of the drying operational condi-
tions. The multi-resolution approach of the pressure fluctuation signals showed
the effect of the paste drop over the bed surface on the fluidization conditions,
relating the drying periods with the bed dynamics. The drying process can af-
fect the low and high frequency details of the pressure signal when the bed state
changes towards defluidization, or just the high frequency detail if the bed was
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at the maldistributed state. To compare between drying and pressure analyses,
a statistical monitoring approach was applied to define the recuperation time
when the fluidization quality is recovered. For the static distributor, both the
drying and the recuperation times showed similar values for shallow beds, while
for deeper beds larger times were needed to complete the drying process than
for recovering the fluidization quality. For the rotating distributor, lower drying
and dynamic times were needed due to its improvement effect for shallow and
deep beds.

5.2 Introduction

Many industrial applications employ fluidized beds for drying granular solids
such as grains, fertilizers, chemicals, and minerals to facilitate their further pro-
cessing or handling. The main advantages of fluidized bed technology for drying
applications are large contact surface between solids and gas, high thermal iner-
tia of solids, high degree of solids mixing, and rapid heat and moisture transfer
between solids and gas, reducing the drying time considerably without damag-
ing heat sensitive materials. As a result, drying rates are normally higher in
fluidized bed dryers than in other types of dryers. However, any change in the
fluidization state, such as agglomeration, channeling or maldistribution of the
drying material inside the bed can affect the heat and mass transfer coefficients
and the drying performance.

Liquid bridge forces between particles cause changes in the fluidization be-
havior. As moisture evaporates, the liquid bridge forces diminish and the flu-
idization condition changes from a cohesive to a non-cohesive state. This pro-
cess can be characterized by measuring the drying rate, which is defined as
the moisture loss per unit of time. When the solid is wet enough, the surface
contains free moisture and the drying rate is constant. At this stage, the par-
ticle surface is saturated with water and in equilibrium with the surrounding
air (Mujumdar, 2006). Hence, the drying rate is controlled by the vaporization
rate of moisture at the particle surface. Once the free moisture of the surface
is evaporated, moisture needs to be transported from the interior of the solid
to the surface by capillary forces (Kannan et al., 1994). The process at this
stage is called falling rate period, and changes from a heat-transfer-limited phe-
nomenon to a mass-transfer-limited one (Akhavan et al., 2009). This drying
description is characteristic for drying of granular solids (Watano et al., 1998;
Wang & Chen, 2000; Daud, 2008). The constant-rate period in a fluidized bed
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might be too short to be observable, except under very mild drying conditions
(Reay & Baker, 1985; Shin et al., 2000). Other applications, such as drying of
fine powders, pastes, slurries, suspensions and pulp, show just the falling rate
period.

Many studies have analyzed the hydrodynamics of fluidized beds during
drying of granular particles, trying to relate the process performance with the
bed dynamics. These works found that the amount of water contained within
the granules is related to the transition from channeling to uniform fluidiza-
tion regimes. Bed-pressure drop, pressure standard deviation and dominant
frequency of pressure signals have shown their potential use to evaluate the
fluidization quality (Zhao et al., 2004; Wormsbecker et al., 2009a,b; Akhavan
et al., 2009; Briens & Bojarra, 2010; Dong et al., 2013). In this line, Chaplin
et al. (2004) performed a detailed comparison between the drying process of
pharmaceutical placebo granules and the response of pressure fluctuations in
time, frequency and state-space domains. Similarly, de Martin et al. (2011)
showed the capability of the narrow-band standard deviation of pressure fluc-
tuations to provide a relation between the granule moisture content and the
pressure fluctuation signal for drying of granules.

Regarding the paste drying processes, a few studies explore the bed hydro-
dynamics. Measurements of bed pressure drop have been employed to study
the effect of bed height and gas velocity on this drying process (Reyes et al.,
2001; Kudra et al., 2002; Pan et al., 2001). However, the available literature
is mainly focused on analyzing the influence of paste composition, liquid load-
ing, bed type and operating conditions on the process performance (Watano
et al., 1998; Adamiec, 2002; Tatemoto & Miyazawa, 2011; Freire et al., 2012).
In spite of the valuable information provided by these works, a detailed analy-
sis of the hydrodynamics of the paste drying process in a fluidized bed is still
required. In order to get some insights into the bed dynamics during drying, a
multi-resolution analysis of the pressure signals is carried out in this work.

In this chapter, the effect of the paste drying process on the bed dynamics
is studied by means of humidity and temperature measurements (RH-T), as
well as through time and frequency analyses of pressure fluctuation signals.
Wavelet transform is used to further analyze the different scales present in
the pressure signals. Silica sand particles were used both for the paste and
as the inert medium due to their non-hygroscopic nature and their common
use in fluidization, which will lead to more general results (D’Amore et al.,
1979). The batch drying curves obtained from the RH-T analysis identify four
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different drying periods as a function of the drying operational conditions. The
subsequent multi-resolution analysis of the corresponding pressure fluctuation
signals reveals a strong relationship between dynamics and drying kinetics. The
effects of the fixed bed height and the possible improvement in the process due
to the rotation of the distributor are also investigated.

5.3 Materials and methods

Silica sand particles mixed with water were dried in a fluidized bed, varying
the bed aspect ratio, hb/D, the weight of the paste and its water content.
The experimental conditions are given in Table 5.1. The paste was fed to the
fluidized bed as a batch over the bed surface. Due to the intensive motion of
inert particles, the fluid is rapidly dispersed within the bed. Both the paste and
the inert bed particles employed were silica sand particles classified as Group B
according to Geldart′s classification (Geldart, 1973). The particle density was
measured to be 2645.5 kg/m3 and its mean diameter was 683 µm.

Table 5.1: Ranges of experimental variables.

variable operating range
Ur = U/Umf, r [-] 1.6

hb/D [-] 0.5, 1, 1.5
Paste-sand weight [kg] 0.1, 0.2, 0.35, 0.67

Rws = mass of water/paste-sand weight [-] 0.1, 0.15, 0.20, 0.25
Distributor state static, rotating

The outline of the experimental apparatus is shown in Figure 5.1. The dry-
ing chamber was a cylindrical tube, made of poly methyl methacrylate, with an
inner diameter of 192 mm. The air distributor consisted of a perforated plate
with 275 orifices of 2 mm in diameter, arranged in a triangular configuration
with a pitch of 11 mm. The distributor plate was equipped with an electric mo-
tor that allowed its rotation on the horizontal plane. Two types of experiments
were carried out: (i) using the rotating distributor with an angular velocity of
100 rpm, and (ii) with static, or conventional, distributor case without rotation.

The fluidization gas was air at ambient conditions and the airflow was mea-
sured by a rotameter. The minimum fluidization velocity was measured to be
Umf,s = 0.33 m/s and Umf,r = 0.31 m/s for the static and rotating distributor,
respectively. Humidity and temperature of the inlet and exhaust gas flow were
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Figure 5.1: Scheme of the experimental setup.

measured but not controlled.
Pressure fluctuations were also measured in the bed. Piezoelectric transduc-

ers manufactured by Kistler were placed at the plenum and at hb/2 above the
distributor. The dimensions of the pressure probes were 4 mm for the internal
diameter and 0.10 m for the length (van Ommen et al., 1999), guarantying an
undisturbed transfer of the signal. Multifunctional humidity and temperature
transmitters E+E Electronik (model 33PFT-J) were used to characterize the
airflow. These transducers were mounted at the plenum chamber and 0.75 m
above the distributor. A sampling frequency of fs = 400 Hz was employed to
collect the data with a data acquisition system.

5.3.1 Drying mechanism

When paste material is dropped to the inert medium of a fluidized bed, the liq-
uid is dispersed to the neighbouring inert particles due to the mixing promoted
by the bubbles. The non-hygroscopic nature of the bed particles enhances the
evaporation of the liquid film placed at the surface of the particles (D’Amore
et al., 1979). Typically this process, which is dominated by the evaporation
mechanism, is defined as the constant-rate period. During the constant-rate
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period, the particle surface is saturated with water and in equilibrium with the
air adjacent to the particle surface. However, as Reay & Baker (1985) suggested,
the constant drying rate period could be rapid enough not to be observed. The
interparticle forces that appear on the surface of the wet particles tend to form
a coating layer of dry particles around the sticky particles, hindering the vapor-
ization of water from the particle surface (Lee & Kim, 1993). Thus, the rapid
mixing of the liquid and the non-hygroscopic nature of the bed particles pre-
vent the appearance of the constant-rate period (Shin et al., 2000). For these
reasons, when the constant-rate period is not shown, it is characterized by the
maximum drying rate (Rd), which is equal to the drying rate of the constant
drying rate period.

The constant-rate period is followed by the falling-rate period. Diffusion
of water from the interior to the surface of the agglomerates determines the
drying rate at this stage. Thus, the drying rate is determined by the size and the
diffusion coefficient of the agglomerates. As the coating layer is gradually dried,
the agglomerate becomes fragile and friable, reducing the agglomerate size and
improving the fluid dynamic conditions of the bed. For the overall drying
process, temperature and humidity data can be used for an on-line estimation
of the amount of water removed during the tests (∆m). This variable is related
to the total mass of water dried. The moisture balance for the solids can be
written as

dm

dt
= AtUMv

R

(
pv,s(Tout)RHout

Tout
− pv,s(Tin)RHin

Tin

)
(5.1)

where At is the cross sectional area of the bed, U the air velocity,Mv the molec-
ular weight of water, R the universal gas constant, T the measured temperature,
RH the measured relative humidity and pv,s the saturated vapor pressure of
water, which was estimated by the Clasius-Clapeyron relation. By using this
variable, the drying time (t95%) can be defined as the time needed to remove
95% of moisture from the paste.

5.3.2 Pressure analysis

Wavelet analysis allows to transform a signal in the time domain to the time-
frequency domain (Kulkarni et al., 2001; Yang & Leu, 2008). Thus, wavelet
analysis is similar to the windowed Fourier transform (Zhao & Yang, 2003;
Sasic et al., 2006). The main difference with the Fourier analysis is the narrow
band at higher frequencies and broad band at low frequencies of the wavelet
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basis function. Wavelets are generated by the dilation and the translation of
the orthogonal father wavelet function φ and the mother wavelet function ψ as
follows:

φj,k(t) = 2−j/2φ
(
t− 2jk

2j

)
, j, kεI (5.2)

ψj,k(t) = 2−j/2ψ
(
t− 2jk

2j

)
, j, kεI (5.3)

with time shift k = 1, 2,..., N/2j and level j = 1, 2,..., J . The transform in a
discrete signal can be carried out by the discrete wavelet transform. Basically,
the procedure consists of decomposing the discrete signal, x(t), into an ordered
set of orthogonal approximation and detail functions, Sj,k(t) and Dj,k(t) re-
spectively. Thus, the wavelet transform of x(t) can be obtained by:

sj,k(t) =
∫
x(t)φj,k(t)dt (5.4)

dj,k(t) =
∫
x(t)ψj,k(t)dt (5.5)

where sj,k and dj,k are called the approximation and detail coefficients respec-
tively. Roughly speaking, sj,k mainly represents the smooth behaviour at the
coarser scale and dj,k represents the details at the finer scales. Consequently,
the original signal can be expressed as the summation of the approximations
and the details in a multi-step manner as follows:

x(t) ≈ SJ(t) +DJ(t) +DJ−1(t) + ...+D1(t) (5.6)

The energy of signals SJ(t) and DJ(t) are defined as:

ESJ =
N∑
t=1
|SJ(t)|2 (5.7)

EDJ =
N∑
t=1
|DJ(t)|2 (5.8)

Based on the orthogonality and the energy conservation of wavelet trans-
form, the total energy of x(t) can be calculated using Eq. (5.9). In this study,
second-order Daubechies′ wavelet (Daublet2) was used as wavelet function to
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perform a multi-resolution analysis on the pressure fluctuation signals. The
normalized energy of the individual approximation, eSJ , and detail sub-signals,
eDJ , can be calculated dividing by the energy of x(t)

E =
∑
t

|x(t)|2 = ESJ +
J∑
j=1

EDj (5.9)

eSJ = ESJ
E

(5.10)

eDJ = EDJ
E

(5.11)

In order to compare the drying time obtained using both the humidity and
the pressure signal analyses, it is necessary to (i) set the monitoring tools that
describe the fluidization quality, and (ii) define a control state for these vari-
ables. For the former, pressure fluctuation signals were analyzed in both the
time and frequency domains. Time domain measurements are commonly em-
ployed in many applications due to their easy computation. In this way, the
standard deviation, σ, and the average cycle time, tav, of the pressure signals
were computed. These variables have shown their capability of detecting phe-
nomena that can affect the fluidization quality, i.e. segregation, channelling or
bed defluidization (Briens & Briens, 2002; Gómez-Hernández et al., 2012; van
Ommen et al., 2004; Stappen, 1996).

The energy contained within the power spectra of the pressure signals was
employed to describe the frequency domain (Johnsson et al., 2000). The cumu-
lative energy function of the power spectrum density (PSD) was approached to
the Student′s t-distribution function to obtain the three frequency regions in
which the frequency domain was divided. The region of coincidence between
the theoretical and the experimental cumulative energy distributions fixed the
cut-off frequencies between the regions. The procedure to compute the energy
of the frequency regions is described in detail in Chapter 3, and the results
obtained employing this approach are summarized in Table 5.2. The energy
contained in each region is related to different phenomena. EWB1 represents
the larger structures of the bed, EWB2 is related to the bulk dynamics of the
bed, and EWB3 includes the high frequency phenomena such as the formation
of channels .

Depending on the experimental conditions, the paste drying process may
change the fluidization dynamics. The definition of a control zone for the
monitoring tools employed is needed to establish whether the drying process
influenced the fluidization behaviour or not. The Statistical Process Control
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Table 5.2: Computational settings for the frequency division method.

PSD Fitting Standard
error σ̂e [-]

Bed aspect
ratio [-]

Cut-off frequen-
cies [Hz]
fcI fcII

Welch
method
Ns = 4096

Student′s
t-distribution

0.07
0.5 2.94 3.42
1 2.35 2.73
1.5 1.76 2.15

Table 5.3: Settings for the SPC implementation.

Reference time
series length [s]

Variable Moving
window sizes [s]

Statistic
distribution

UAL LAL

240

σ 25

Normal X̄ + 3σ X̄ − 3σ
tav 35

EWB1

50EWB2

EWB3

(SPC) theory was applied to all the monitoring tools considered in this chap-
ter. The followed procedure was described in Chapter 4. A control zone was
established between the upper and lower action limits, UAL and LAL, for the
standard deviation, average cycle time and wide band energy of the frequency
regions t-I, t-II and t-III. The time length of the reference signal, the window
size to compute each variable and the statistic distribution used to estimate the
control charts are described in Table 5.3.

5.4 Results and discussion

The drying tests started with the bed working with the static distributor or with
the rotating distributor. The operating conditions were previously described in
Table 5.1. During the tests, the paste was dropped over the bed surface and
temperature, humidity and pressure fluctuation signals were measured until the
drying process finished. Different methodologies were employed to analyze the
paste drying tests. First of all, the visual observation of the experiments led
to establish three fluidization states: fluidized, maldistributed and defluidized.
These states determined the effect of the paste drop-off in the fluidization qual-
ity during a short time after the beginning of the drying process. The visual
classification of the tests was related to the humidity and temperature measure-
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ments. Thus, these measurements were analyzed using Eq. (5.1) to estimate
the drying rate and the amount of moisture removed during the drying.

Furthermore, the results obtained with the drying analysis were studied
performing a multi-resolution approach of the pressure signals. In this way, the
effect of the drying process on the bed dynamics is studied. The wavelet results
were employed to implement a SPC monitoring system to determine whether or
not it is possible to describe the drying process using the pressure fluctuation
signals.

5.4.1 Drying process analysis

The influence of the paste drop-off on the bed dynamics was studied by the
visual inspection of the tests. A scheme of this effect is presented in Figure
5.2. Previously to the paste drop-off, the bed was working either with the
static or the rotating distributor without agglomerates, as shown in Figure 5.2-
a. Depending on the drying conditions, the paste drop-off may change the
fluidization quality to:

- Fluidized state: the paste was homogeneously distributed and formed small
agglomerates that could be fluidized, as sketched in Figure 5.2-b, and thus,
negligible changes of the fluidization dynamics were observed.

- Maldistributed state: greater agglomerates were produced, which caused
the bed segregation and the formation of small channels over the distributor
plate, as described in Figure 5.2-c.

- Defluidized state: stable channels were formed throughout the whole bed,
as described in Figure 5.2-d, preventing the bed fluidization.

This classification of the experiments was related to the temperature and
humidity measurements using the drying analysis explained above. In this way,
Figure 5.3 shows the changes in the drying rate, Rw, and the percentage of
water dried, ∆m, with time for the three fluidization states observed during
the experiments. Also, this figure shows a comparison of both the static and
rotating distributor tests for hb/D = 1.5.

Focusing on the analysis of the drying rate and the amount of water removed,
the changes in slope of Rw reveal the existence of common drying periods as a
function of the bed state. These periods are a characteristic of the experiments
included in each state, and they are defined by:

- Period 1: Constant-rate
During the initial period of drying, the sample was dispersed within the

inert bed particles. As discussed above, the constant-rate period was too short



5.4. Results and discussion 111

Figure 5.2: Scheme of the fluidization states: (a) Nominal fluidization. (b) Flu-
idized state. (c) Maldistributed state. (d) Defluidized state.

to be observed, and due to that, this zone is characterized by the maximum
drying rate, Rd. The proper mixing between the paste and the inert particles
caused the removal of a large amount of water during a short period of time,
typically around 20-30 s. This water was mainly dried by the vaporization of
liquid from the surface of the particles.

This period was detected in the three fluidization states (Figure 5.3-a/b/c),
but depending on the type of liquid absorption by the inert medium the bed
dynamics could remain fluidized or change towards to a maldistributed state or
even to the complete bed defluidization. The transition to one of these regimes
depends on a change in the slope of Rd.

- Period 2: Transition
The dispersed wet particles were covered by a layer of inert particles form-

ing agglomerates of different sizes. Two opposite effects appeared at this stage.
On the one hand, the agglomerates tended to settle over the distributor at the
dead zones between the holes, reducing the mixing rate and promoting the ap-
pearance of channels. On the other hand, as these agglomerates were dried, the
cohesive forces were less intensive and the agglomerates become fragile. The
particle collisions during fluidization could reduce the size of these agglomerates
and thus, the drying time. In any case, the diffusion from inside the agglom-
erates was the governing drying mechanism. This period typically lasts from
1 to 5 min, and typically appears when the bed of inert particles cannot sup-
port the sample to dry. The maldistributed state is shown in Figure 5.3-b by a
linear reduction of the drying rate, whereas when the bed is defluidized, some
fluctuations caused by big channels can be seen in Figure 5.3-c.
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Figure 5.3: Drying rate (Rd), on the left axis, and percentage of water dried
(∆m), on the right axis, for static and rotating tests for the: (a) Fluidized state. (b)
Maldistributed state. (c) Defluidized state.

- Period 3: Defluidized
This period was shown only when the bed was completely defluidized. Big

channels appeared close to the vessel wall with some bubbles at the bed surface.
Most of the air flowed through the channels, and the diffusion of water was lower
than in the previous zone. When the agglomerates located over the distributor
plate were sufficiently wet to contain free moisture, the drying rate showed
constant values as presented in Figure 5.3-c. Large drying times and low drying
rates characterize this period.

- Period 4: Falling-rate
Once 80-90% of water was removed, the bed reached the fluidization quality

previous to the beginning of the drying process. No channelling or dead zones
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were observed although small agglomerates were still present inside the bed. At
this stage, the drying time, t95%, is defined as the time needed to remove 95%
of water from the paste. This period was observed in Figure 5.3-a/b/c for the
three fluidization states and ranges from 2 to 5 min.

Concerning the effect of the distributor rotation, higher maximum drying
rates were obtained for all the fluidized states except at the end of the drying
process, which is the Period 4. Higher Rd values point to a better mixing of
the paste within the bed, which means that the rotating distributor enhances
the evaporation rates at the beginning of the drying process. Moreover, the
shape of the drying rate for the rotating distributor changed faster (and without
fluctuations) than for the static distributor when the bed was maldistributed or
defluidized, as shown in Figure 5.3-b/c. This effect is explained by the breakage
of the agglomerates located over the distributor, which also results in a greater
percentage of water dried, and thus, the drying time needed is reduced when
employing the rotating distributor.

The experiments considered in Table 5.1 are classified according to the three
fluidization states found after the drying analysis. Following the results of the
visual classification sketched in Figure 5.2, Figure 5.4 shows the classification of
the experiments in the three fluidization states as a function of the mass ratio
water-sand present in the bed. These results were obtained for Ur = 1.6 varying
the bed aspect ratio hb/D = 0.5, 1 and 1.5. Furthermore, the maximum drying
rate Rd and the drying time t95% are also studied.

The visual classification of the tests led to establish vertical limits in Figure
5.4-a1/a2/a3 for the bed aspect ratios considered. The value of the limits
decreased with the increase of the bed aspect ratio, as shown comparing Figure
5.4-a1 with Figure 5.4-a2 or Figure 5.4-a3. These limits were also plotted in
Figure 5.4-b1/b2/b3 for the maximum drying rate and in Figure 5.4-c1/c2/c3
for the drying time to determine if similar results to the visual classification can
be obtained using these three variables.

Regarding the maximum drying rate, high Rd values were obtained for the
fluidized state, which were followed by lower values when the bed was mald-
istributed and minimum values for the defluidized state. As shown in Figure
5.4-b1/b2/b3, Rd values of the maldistributed state were similar to the val-
ues of the defluidized state. Therefore, it is difficult to differentiate between
maldistributed and defluidized states using the Rd results. Nevertheless, it was
possible to identify the fluidized state by the high Rd values.

The drying time, t95%, obtained using the RH-T analysis is presented in
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Figure 5.5: Comparison between static and rotating distributor tests for hb/D =
1.5. (a) Maximum drying rate (Rd). (b) Drying time (t95%)

Figure 5.4-c1/c2/c3. In this case, a discrimination between the three states was
not possible since the drying time represents a global measurement of the entire
process. Thus, the drying time includes all the transition periods described in
Figure 5.3, while Rd only reflects the influence of the paste drying on Period 1.
On the other hand, it is worth to note the wide range of t95% obtained for the
static distributor tests for all the bed heights considered.

The effect of the rotating distributor on the visual classification of the runs is
not clear as shown in Figure 5.4-a1/a2/a3. In contrast, improvements in Rd and
t95% are observed in Figure 5.4 when the distributor is rotating. Higher values of
Rd are shown for shallow beds when the bed remains in the fluidized state, due
to the mixing improvement caused by the distributor rotation, in agreement
with Sobrino et al. (2009). Also, lower and more homogeneous drying times
were obtained for all bed heights and fluidization states.

A further analysis of the rotating distributor influence for hb/D = 1.5 is pre-
sented in Figure 5.5. Figure 5.5-a shows Rd for both the static and the rotating
distributor tests in the vertical and horizontal axes, respectively. Furthermore,
the data points are plotted in different colors as a function of the water-sand
mass ratio in the bed. A similar comparison is shown in Figure 5.5-b employing
the drying time, t95%, obtained in both cases.

Concerning Rd, most of the values obtained are similar for both the static
and the rotating distributors, as shown in Figure 5.5-a. Thus, no significant
influence is shown for deep beds when the distributor is rotating. This confirms
the results showed in Figure 5.4, where the rotating distributor effect on Rd



116 Paste drying with inert particles

decreased for larger bed heights. On the other hand, the classification of the
fluidization states based on Rd can be also detected in Figure 5.5-a, showing
lower Rd values at high water-sand mass ratios, corresponding to the defluidized
state, and higher Rd values for low water-sand mass ratios at the fluidized state.

Clear differences between both the static and the rotating distributor tests
were obtained for the drying time, as can be seen in Figure 5.5-b. As the water-
sand mass ratio was increased, higher drying times were needed using the static
distributor. The time reduction produced by the rotating distributor is caused
by the breakage of channels and agglomerates located over the distributor.
Thus, since this region is of great importance in the drying process (Mujumdar,
2006), the drying performance is substantially improved even for deep beds
when the distributor rotates.

5.4.2 Multi-resolution analysis

The wavelet transform was applied to the pressure fluctuation signals in order
to further understand the characteristics of each drying period. The decompo-
sition level was studied in Figure 5.6. This figure shows the scalogram of the
percentage of energy for each wavelet coefficient with the time. As the coef-
ficient level is increased, the energy changes up to around level 10, remaining
constant above this value. Therefore, the decomposition level was set to 10 and
each pressure fluctuation signal was decomposed into 11 sub-signals. Thus, ten
detail sub-signals (D1-D10) and one approximation sub-signal (S10) were ob-
tained for the different bed aspect ratios studied. Figure 5.7 shows the original
pressure signal and the sub-signals in which it was decomposed. Each sub-signal
was plotted with the same scale. Slight differences between hb/D = 0.5 and
hb/D = 1.5 cases were found at sub-signal D7 (Figure 5.7-a/c). Since the cen-
tral frequency of each sub-signal is described by fs/2J+1, the central frequency
of D7 corresponds to 3.1 Hz which is close to the bubbling frequency of the bed,
which changes when the bed aspect ratio is increased (Baskakov et al., 1986).

The relative energy of each sub-signal was calculated using Eq. (5.11) to
qualitatively investigate the effect of the drying process on the pressure fluctua-
tions. Figure 5.8 shows the energy distribution of the detail sub-signals for the
nominal state (prior to starting the drying process) and for the three fluidization
states described above. Also, these fluidization states are presented according
to the zones obtained in the drying analysis in order to decide whether or not
they present common features in their hydrodynamic behavior.

For the nominal state, the energy is mainly distributed between D6 and D8
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since these sub-signals cover the main frequencies of interest in a fluidized bed
(van Ommen et al., 2011). Thus, the comparison for each period to the nominal
state leads to:

- Period 1 (Figure 5.8-a):
The energy of the details for the three regimes focuses mainly on D6-D8

while low and high frequencies remain similar to the nominal state, almost
unaffected by the paste drop-off. The short length of this period (around 30
s) made it difficult to identify the formation of agglomerates or channels that
can change the energy distribution. Thus, this short period presents a similar
dynamic behavior for all the regimes, since the paste was distributed within the
fluidized bed.

- Period 2 (Figure 5.8-b):
This period is present only in the maldistributed and defluidized operating

conditions. Comparing to the energy distribution of the nominal case, there
is a substantial energy transfer to higher frequencies (D6 and D5) while the
characteristic energy of D7 decreases for both the maldistributed and the de-
fluidized states. This energy transference to higher frequencies reveals that
the agglomerates formed were settled over the distributor, forming channels,
as stated in Chapters 2 and 3. However, some differences appear between the
maldistributed and the defluidized energy distributions. For the maldistributed
state, there is an energy transfer around 10% mainly to D6 and to a lesser ex-
tent to D5. Nevertheless, for the defluidized state, the energy loss by D7 is
rather transferred to the higher frequencies of D5. Moreover, the channels also
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Figure 5.7: Multi-resolution analysis of pressure fluctuations for different bed aspect
ratios. (a) hb/D = 0.5. (b) hb/D = 1. (c) hb/D = 1.5.

caused a significant rise in the energy of the low frequencies (D9).
- Period 3 (Figure 5.8-c):
Period 3 only appeared in the defluidized state. Compared to the nominal

state, it can be observed that the frequency details D5 and D6 present higher
energies due to the presence of channels. Moreover, as a result of such a different
energy distribution, the long term behavior of the bed was influenced, and thus,
the drying performance was reduced.

- Period 4 (Figure 5.8-d):
According to the energy distribution shown during the falling rate period,
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Figure 5.8: Energy of wavelet sub-signals in the drying periods for different flu-
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the three regimes are similar to the nominal state. Thus, the bed was properly
fluidized with the presence of a small amount of agglomerates.

As a result of the multi-resolution analysis, the bed dynamics were proved to
be affected by the drying process. The transference of energy between the dif-
ferent scales of the bed dynamics for the maldistributed and defluidized states
identified the channels appearance, and the modification of the long-term struc-
tures of the bed (i.e. the bubble pattern).

5.4.3 Dynamics of pressure fluctuations

The study of the pressure fluctuation signals through the multi-resolution anal-
ysis permitted the study of the drying process as a function of the four drying
periods found previously. Thus, it is possible to elucidate the bed dynamics
by monitoring the drying performance using the RH-T analysis. In this sense,
a question arises about whether or not the characteristic parameters of the
drying process (i.e. the drying time) can be obtained from the bed dynamics.
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The comparison of the wavelet results with the drying time obtained using the
RH-T analysis is not straightforward. To deal with this difficulty, a SPC mon-
itoring scheme was applied to the pressure signals. In this way, a control zone
was defined for all the employed variables, which allows the definition of the
dynamic time (td) as the time elapsed between the loss and the recuperation of
the control state.

The standard deviation, σ, average cycle time, tav, and wide band energy
of Region t-III, EWB3, Region t-II, EWB2, and Region t-I, EWB1, were used
to study the pressure signals. The experiments presented in Figure 5.3 for the
static distributor case are analyzed. Furthermore, pressure measurements in
the plenum and at hb/2 were studied to analyze the effect of the pressure probe
location. Finally, the dynamic time was compared to the RH-T results.

First of all, the experiments with low water-sand mass ratio, classified in the
fluidized state, were studied. Figure 5.9 shows σ, tav, EWB3, EWB2 and EWB1

for the fluidized regime described in Figure 5.3-a. These monitoring tools are
plotted in control charts, where two horizontal lines establish the bed control
state, UAL and LAL. Furthermore, the drying time t95% was also plotted in
Figure 5.9. In this test, neither the plenum nor the hb/2 results detected the
start of the drying process. Only EWB3 showed values around the UAL, but
with a delay after finishing the drying process. Therefore, no useful information
for the estimation of the drying time can be obtained from the control charts.
The high mixing degree of the bed homogeneously dispersed the sample, and
due to that, the bed dynamics were not affected.

The variation of the monitoring tools when the bed is at the maldistributed
regime was plotted in Figure 5.10. The beginning and end of the drying pro-
cess can be clearly detected with the standard deviation of both the plenum
and the hb/2 pressure signals, as shown in Figure 5.10-a1/a2. The decrease of
the standard deviation values points to a reduction of the fluidization quality,
making possible to measure the recuperation time, tr. Significant differences
were found for tav, EWB3 and EWB2 comparing the plenum and the hb/2 re-
sults. The average cycle time and frequency monitoring tools of the plenum
transducer present lower amplitudes in Figure 5.10-b1/c1/d1 than those of the
hb/2 sensor, shown in Figure 5.10-b2/c2/d2, which results in a poor estimation
of the recuperation time. In this way, negligible fluctuations around the action
limits were detected by the plenum probe after the beginning of the drying pro-
cess. In contrast to the plenum data, the signal at hb/2 identified the presence
of channels inside the bed by the out of the control state (Figure 5.9-b2/c2/d2)
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facilitating the estimation of the recuperation time.
Finally, the defluidized regime was successfully detected by both pressure

transducers, as can be observed in Figure 5.11. In this test, which corresponds
to the static distributor experiment, shown in Figure 5.3-c, the bed was com-
pletely defluidized after the paste drop-off. Large channels through the bed
were visually observed.
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The bed defluidization was detected by a low plateau of the standard devi-
ation and the average cycle time of both pressure transducers signals. EWB3

and EWB2 values were also out of the control state as shown in Figure 5.11.
In the defluidized state, as for the maldistributed case, all the variables can be
used to characterize the drying process by the recuperation time.

As shown in Figures 5.10 and 5.11, the most sensible variables were the
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standard deviation, average cycle time and wide band energy of Region t-III.
Thus, these variables together with the SPC scheme were employed to obtain
the time needed to recover the fluidization quality, tr. In this way, Figure 5.12
compares the times obtained using both the RH-T analysis, t95%, and the study
of the pressure signals, tr.

For the shallow bed with the static distributor presented in Figure 5.12-a, a
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high correlation is shown for the times estimated with the RH-T analysis and
the SPC approach of σ, tav, and EWB3. By comparing the rotating and static
distributor tests shown in Figure 5.12-a/b, lower drying times are shown due
to the rotating effect on the region next to the distributor. Deeper beds with
the static distributor, which are presented in Figure 5.12-c/d, need more time
to finish the drying process than to recover the bed dynamics defined by the
control state. Furthermore, it is worth to point out the different recuperation
times obtained depending on the variable used for the static distributor tests.
This informs of a heterogeneous recuperation process. On the other hand,
similar drying and dynamic times were obtained for the rotating distributor
runs.

0 10 20 30
0

5

10

15

20

25

30

35

tr [min]

t 95
%

  [
m

in
]

0 10 20 30
0

5

10

15

20

25

30

35

tr [min]

t 95
%

  [
m

in
]

0 10 20 30
0

5

10

15

20

25

30

35

tr [min]

t 95
%

  [
m

in
]

0 10 20 30
0

5

10

15

20

25

30

35

tr [min]

t 95
%

  [
m

in
]

 

 

 tav Ewb3

(a) (b)

(c) (d)

Figure 5.12: Comparison between the drying times estimated with RH-T and the
recuperation times estimated with the SPC approach. (a) Static distributor (hb/D =
0.5). (b) Rotating distributor (hb/D = 0.5). (c) Static distributor (hb/D = 1.5). (d)
Rotating distributor (hb/D = 1.5).
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5.5 Conclusions

Paste drying tests with inert particles as inert medium were studied in a bed
equipped with a rotating distributor. The process performance is analyzed us-
ing humidity and temperature measurements and pressure fluctuation signals.
The paste drying tests can be grouped into: i) fluidized: with negligible changes
of the bed dynamics, ii) maldistributed: showing small channels over the dis-
tributor plate and iii) defluidized: producing stable channels throughout the
bed.

From the drying analysis of the humidity and temperature measurements,
the visual classification of the paste drying tests can be also done studying the
Rd values. Four characteristic periods are identified for paste drying. Depend-
ing on the water-sand mass ratio, the paste can be homogeneously dispersed
within the bed particles showing a smooth decay of the drying rate or can form
dead zones over the distributor that maintained a constant drying rate. In any
case, the diffusion mechanism from inside small agglomerates or big dead zones
is the governing drying mechanism.

From the multi-resolution results it can be concluded that the paste drying
can affect the low and high frequency details (D9 and D5, respectively) of the
pressure signal when the bed state changes towards defluidization, or only the
high frequency detail (D5) if the bed is at the maldistributed state. Neverthe-
less, as tests of the fluidize state barely influences the bed dynamics, the use of
the pressure signals to control the drying process is not recommended.

Moreover, the SPC approach allowed the comparison of the humidity and
temperature analysis with the bed dynamics by defining the recuperation time.
Similar recuperation and drying times are obtained for shallow beds. However,
as the bed height is increased, more time is needed to finish the drying process
than to recover the fluidization quality for the static distributor tests.

A comparison between the static and the rotating distributor tests showed
clear benefits for the operation with the rotating distributor: it increases the
values of Rd, reduces the drying time and homogenizes the recuperation of the
bed dynamics for all the bed aspect ratios considered. This is caused by the
structuring effect of the rotating distributor on the bed dynamics and by the
improvement of the breakage of agglomerates and channels located near the
distributor plate.
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Notation

At Cross sectional area of the bed [m2]
dj,k Detail coefficient [-]
D Inner diameter of big fluidized bed vessel [m]
Dj,k Detail function
eDJ Normalized energy of the detail sub-signal [-]
eSJ Normalized energy of the approximation sub-signal [-]
EDJ Energy of the detail sub-signal
ESJ Energy of the approximation sub-signal
EWB Wide band energy [-]
f Frequency [Hz]
fc Central frequency [Hz]
fcI Lower cut-off frequency [Hz]
fcII Upper cut-off frequency [Hz]
fs Sampling frequency [Hz]
hb Fixed bed height [m]
J Decomposition level [-]
H1 Alternative hypothesis
Mv Molecular weight of water vapour [g/mol]
m Mass of water [kg]
Ns Number of samples [-]
pv,s Saturated vapour pressure of water [Pa]
R Universal gas constant [J/(molK)]
Rd Maximum drying rate [ml H2O/g-agglomerate/min]
Rw Drying rate [ml H2O/g-agglomerate/min]
Rws Water-sand mass ratio [-]
RH Relative humidity [%]
sj,k Approximation coefficient [-]
Sj,k Approximation function
t Time [s]
tav Average cycle time [s]
tr Recuperation time of the bed dynamics [s]
t95% Time needed to remove 95% of moisture [s]
T Temperature [K]
U Gas velocity [m/s]
Ur Relative gas velocity [-]
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Umf,r Minimum fluidization velocity with rotating distributor [m/s]
Umf,s Minimum fluidization velocity with static distributor [m/s]
x(t) Signal
X̄ Process mean value

Greek symbols

∆m Percentage of dried water [%]
φ Father wavelet function
ψ Mother wavelet function
σ Standard deviation
σ̂ Standard error
3− σ Probability limits

Abbreviattions

LAL Lower action limit
PSD Power spectra density
SPC Statistical Process Control
UAL Upper action limit
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CHAPTER

SIX

Conclusions

This PhD thesis presents the development and application of the tools needed
to characterize a fluidized bed equipped with a rotating distributor for drying
applications. These tools are focused on analysis of the pressure time-series
and in the design of a monitoring scheme to control the drying tests. Thus,
the results are related, on the one hand, with the development of diagnosis
and control tools for the study of the operational conditions in a fluidized bed,
and, on the other hand, with the improvements found using the rotating dis-
tributor in processes with defluidization problems caused by the formation of
agglomerates.

Regarding the tools developed, a new methodology for the unbiased and
systematical frequency division was proposed in Chapter 3. The reliability of
the method was verified for different fluidization velocities, changing the bed
aspect ratio and using different pressure probes. The results showed that the
frequency limits varied as a function of the fluidization conditions, changing
the physical meaning of the frequency regions. The computation of the wide
band energy in these frequency regions demonstrated the capability of the new
approach to be used as a monitoring tool for agglomeration processes, since it
permitted the detection of channel formation and the bed defluidization. The
control of the fluidization behavior was carried out by means of the Statistical
Process Control theory using variables obtained in both the time and frequency
domains. This control scheme presented in Chapter 4 is proposed for the con-
tinuous control of a fluidized bed. Methods for determining the window length
and the underlying distribution used to compute the control limits were estab-
lished. The results verified that the definition of the control state improved the
detection of slight deviations from the control state.

The rotating distributor introduced a dynamic structure on the fluidized
bed. As shown in Chapter 2, the effect of the rotating distributor improves the
breakage of the agglomerates located in the region close to the distributor. This

133



134 Conclusions

influence difficults the appearance of channels, and thus, reduces the risk of the
bed defluidization. Following this result, Chapter 5 presented the application
of the rotating distributor to a paste drying process, which was analyzed using
the tools developed in Chapters 3 and 4. A comparison between the static
and the rotating distributor tests showed clear benefits for the operation with
the rotating distributor both for shallow and deep beds: the maximum drying
rate was increased, the drying time was reduced and the recuperation of the
fluidization quality for all the bed aspect ratios tested was more homogeneous.
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