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Abstract

As part of the production of certain solid-dosage pharmaceuticals, granulated
ingredients are dried in a batch fluidized bed dryer. Currently, the determination of the
completion of the drying process is accomplished through measurements of product or
outlet air temperatures. No quantitative measurement of hydrodynamic behaviour is
employed. Changes in bed hydrodynamics caused by variations in fluidization velocity
may lead to increased particle attrition. In addition, excessive desiccation of the granules
caused by inaccurate determination of the drying endpoint may lead to an increase in the
thermal and mechanical stresses within the granules. The activity of future high-potency
or peptide based drug products may be influenced by these effects. Therefore, the
quantification of hydrodynamic changes may be a key factor in the tighter control of
both fluidization velocity and product moisture, which are critical for maintaining

product quality.

High-frequency measurements of pressure fluctuations in a batch fluidized bed
dryer containing pharmaceutical granulate have been used to provide a global, non-
intrusive indication of the hydrodynamic changes occurring throughout the drying
process. A chaotic attractor comparison statistical test known as the S-statistic, has been
applied to quantify these changes in drying and a related unit operation, fluidized bed
granulation. The S-statistic showed a sensitivity to moisture which is not seen with
frequency and amplitude analysis. In addition, the S-statistic has been shown to be
useful in identifying an undesirable bed state associated with the onset of entrainment in

a bed instrumented for the collection of both pressure fluctuation and entrainment data.
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Thus, the use of the S-statistic analysis of pressure fluctuations may be utilized as a low-
cost method for determining product moisture or changes hydrodynamic state during

fluidized bed drying.

Electrical capacitance tomography (ECT) has also been applied in this study to
image the flow structure within a batch fluidized bed used for the drying of
pharmaceutical granulate. This represents the first time that ECT has been applied to a
bed of wet granulate material. This was accomplished through the use of a novel
dynamic correction technique which accounts for the significant reduction in electrical
permittivity occurring as moisture is lost during the drying process. The correction has

been independently verified using x-ray tomography.

Investigation of the ECT images taken in the drying bed indicates centralized
bubbling behaviour for approximately the first 5 minutes of drying. This behaviour is a
result of the high liquid loading of the particles at high moisture. Between moisture
contents of 18-wt% and 10-wt%, the tomograms show an annular pattern of bubbling
behaviour with a gradual decrease in the cross-sectional area involved in bubbling
behaviour. The dynamic analysis of this voidage data with the S-statistic showed that a
statistically significant change occurs during this period near the walls of the vessel,
while the centre exhibits less variation in dynamic behaviour. The changes identified by
the S-statistic analysis of voidage fluctuations near the wall were similar to those seen in
the pressure fluctuation measurements. This indicates that the source of the changes
identified by both these measurement techniques is a result of the reduction in the
fraction of the bed cross-section involved in bubbling behaviour. At bed moisture

contents below 5-wt%, rapid divergence was seen in the S-statistic applied to both ECT
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and pressure fluctuation measurements. This indicates that a rapid change in dynamics
occurs near the end of the drying process. This is possibly caused by the entrainment of

fines at this time, or the build-up of electrostatic charge.

The use of the complimentary pressure fluctuation and ECT measurement
techniques have identified changes occurring as a result of the reduction of moisture
during the drying process. Both the localized changes in the voidage fluctuations
provided by the ECT imaging and the global changes shown by the pressure fluctuation
measurements indicate significant changes in the dynamic behaviour caused by the
reduction of moisture during the drying process. These measurement techniques could
be utilized to provide an on-line indication of changes in hydrodynamic regime. This
information may be invaluable for the future optimization of the batch drying process

and accurate determination of the drying endpoint.
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Chapter 1

Chapter 1 - Introduction

1.1 Project Motivation

The production of certain solid-dosage pharmaceuticals requires the combination
of a number of dry powder chemical ingredients, including fillers, binders, and
disintegrants with the drug product in a granulation process. The granulation process not
only achieves the mixing of these components but also increases the particle size
distribution of the powder. This enhances the flowability of the powder in processing
equipment such as tableting machines. One method for producing pharmaceutical
granules is wet granulation. In this process, dry ingredients are mixed while they are
contacted with liquid causing the growth of granules. Mixing of the dry ingredients can
be accomplished through the action of an impeller in a high or low-shear granulator or a
fluidized bed granulator. Before tableting, granules must be dried. Drying of the wet
pharmaceutical granulate can be accomplished in a batch fluidized bed dryer. Ideally,
there should be minimal batch-to-batch variation in the particle size distribution and

physical properties of the granules.

A number of factors affect product quality in the fluidized bed drying of
pharmaceutical granule including granule attrition and the entrainment of fines. Attrition
may be related to the selection of an appropriate fluidization regime since increased

superficial gas velocity leads to an increase in the number and intensity of interparticle
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and wall collisions. Elevated superficial gas velocity also leads to an increase in the
entrainment of fine particles from the bed surface. Entrained particles are returned to the
bed through the shaking of bag filters installed at the air outlet from the unit. Since a
certain percentage of the particles are trapped on the surface of these bags, entrainment
is an undesirable effect because it represents a potential loss of drug product. The
existence of temperature and moisture gradients within the bed also influences drug
activity. Again, the operation of the bed in an optimum hydrodynamic regime is
essential in order to maintain the excellent mixing characteristics of a fluidized bed.
Therefore, a quantitative monitoring method for the determination of hydrodynamic
changes in the fluidized bed drying process is essential for the optimization of this

process.

1.2 The Drying Process

When any moist solid material is exposed to an air stream at a constant
temperature and humidity, moisture is transferred to the drying air. This transfer occurs
as long as the material’s moisture content is in excess of its equilibrium moisture at the
temperature and humidity of the drying air stream. Loss of moisture from the material is
relative to the driving force for mass transfer. This driving force is proportional to both
the temperature and humidity of the drying air stream and the internal resistance to mass
transfer provided by the material. A schematic representation of the typical drying curve
is given in Figure 1.1. In this plot, we see two distinct regions denoted as the constant
rate period and the falling rate period. In the constant rate period, a continuous film of
water exists at the surface of the particle. As long as this moisture is supplied to the

surface at the same rate it is removed from the surface through evaporation, the material



Chapter 1

dries at a constant rate. Once the drying process reduces the moisture content of the
material to the critical moisture, surface moisture is no longer present and diffusion or
capillary resistances within the material become significant. This causes the rate of
moisture loss to be reduced and the total moisture decreases asymptotically towards the
equilibrium moisture. In a batch fluidized bed dryer operated under a constant inlet air
flow rate, the average moisture content of the particulates will follow a similar profile to

that given in Figure 1.1.

A Constant Rate Falling Rate
Period Period

B LTTTTIITCITIILITTIITTTTIIL eI, — B CEEERETETERTED

ainision

Time

Figure 1.1 Typical drying curve for a porous material (Kunii and Levenspiel [1])

In the fluidized bed drying process, the loss of humidity is controlled by the rate
of evaporation from the particles. During the constant rate period, the inlet air increases
in humidity as it passes through the bed and exits the dryer as a saturated liquid. Since
the dryer can be thought of as essentially adiabatic, this increase in humidity
corresponds to a decrease in temperature of the air stream. The typical behaviour of the

outlet temperature is given in Figure 1.2. Bed temperature follows a similar profile. It
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may be noted that, at the critical moisture content, the temperature of the outlet air
begins to increase above a constant temperature. This constant temperature ideally
corresponds to the adiabatic saturation conditions of the incoming air stream. At
moisture below the critical moisture, surface moisture is no longer present and the inlet
air stream can no longer attain a saturated condition as it passes through the bed.
Consequently, the heat taken up in the evaporation of the surface moisture is now

transferred to the particles, causing their temperature to increase.

A Inlet Air Temperature

(@]
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Time >

Figure 1.2 Typical behaviour of the outlet air temperature in a batch fluidized bed drying process
(Kunii and Levenspiel [1]).

At fixed inlet conditions, outlet or bed temperature can be used as a control
parameter to detect the endpoint of drying. Since bed temperature may be related to
average bed moisture content, the attainment of a specific bed or outlet temperature can
be used as the indication that drying is complete. This method of control is currently
employed in the pharmaceutical industry and results in drug products of an acceptable

quality. However, it provides no indication of changes in hydrodynamic regime. These
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changes not only include transitions in hydrodynamic regime but also more subtle
changes such those associated with variation in particle size distribution (PSD) or the
distribution of the fluidizing gas. Effects detrimental to product quality associated with
changes in fluidized regime may be a critical factor in the processing of future protein-
or peptide-based and high-potency pharmaceuticals. Thermal stresses on the active
ingredient and attrition of the granules are both effects encountered in the drying of
material in a fluidized bed. Both of these effects lead to a reduction in product yield and
are a concern for the production of future drug products. A monitoring technique which
quantifies the hydrodynamic changes occurring in the fluidized bed is required in order

to identify and minimize these effects.

1.2.1 Characterization of Fluidization Behaviour

When a group of particles is described as being fluidized, it is said that they are
suspended through the drag caused by the upward flow of a fluid. As the upward flow of
fluid in a packed bed of solids is increased, the pressure drop increases proportionally.
At a certain velocity, the force of drag on the particles is sufficient to counteract the
force of gravity. Beyond this velocity, the resistance to the flow is a maximum and bed
pressure drop becomes constant with increasing flow. This velocity is denoted as the
minimum fluidization velocity and is a fundamental parameter used to characterize

fluidization behaviour.

Once fluidized, the hydrodynamic behaviour of a system is based on a number of
factors. Two of the most important are the particle physical properties and the superficial

velocity. The particle physical characteristics are a function of the granule preparation as
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well as the moisture content. Bed behaviour is also a function of the residence time of
the granules in the dryer. These factors all influence the hydrodynamic behaviour of the
system. While particle properties depend on the initial condition of the bed and the bed
moisture content, superficial gas velocity may be manipulated throughout the drying
process. This control parameter can be selected in order to maintain the optimum flow
patterns within the dryer, helping to alleviate the effects detrimental to product quality

described above as well as minimizing drying time.

1.2.2 Classification of powders
The classification of particles based on their flow behaviour has been described
by Geldart [2]. In this classification, particles are divided into four groups based on

particle density and diameter. This is presented graphically in Figure 1.3.

1000 [

Particle Density (kg/m°%)

100 1 1 1 1 1l 1 1 1 1 i1 11
1E-5 1E-4 1E-3

Particle Diameter (m)

Figure 1.3 The Geldart chart for the classification of powders (Kunii and Levenspiel [1]).
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To the extreme left of this diagram are the group C powders. These powders are
difficult to fluidize because the cohesive forces between particles are large in
comparison to the force exerted by the fluidizing air. This leads to significant
channelling effects. The boundary between the group C and group A powders is shaded
because of the variations in interparticle forces caused by differences in particle physical
properties. Group A powders are described as aeratable. As superficial gas velocity is
increased beyond the minimum fluidization velocity, a bed of Geldart A powders
expands without the presence of bubbles as a smoothly fluidized bed. Bubbling only
commences once a superficial gas velocity larger than the minimum fluidizing velocity,
denoted as the minimum bubbling velocity, is reached. In contrast, the larger group B or
sandlike particles exhibit minimal bed expansion and bubbling commences as soon as
superficial velocities in excess of minimum fluidization are achieved. The final group is
the large diameter, high density group D particles. These particles are generally fluidized

in a spouting fluidized bed.

Geldart’s classification was developed for powders having a monodisperse
particle size distribution. In a polydisperse powder, variations in the particle size
distribution may influence the fluidization behaviour of the bed. The behaviour of the
dry pharmaceutical powders utilized in the current study was examined by Tanfara et al.
[3]. In that study, it was stated that this pharmaceutical granulate belongs to the group B
classification of powders, based on mean particle size of 220 um and a density of
1100 kg/m3. However, the influence of coarse particles on the fluidization behaviour
was found to be significant. Clearly, the use of Geldart’s classification alone is not

sufficient to describe the fluidization behaviour of this polydisperse powder.
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In a drying bed, a further complication to Geldart’s classification is introduced.
Variation in interparticle forces will have a significant influence on bed hydrodynamic
behaviour throughout the drying process. As drying progresses, the strength of the liquid
bridging forces will weaken as the liquid loading is decreased. Furthermore, toward the
end of drying, the effect of electrostatic forces may begin to influence the dynamic
behaviour. McLaughlin and Rhodes [4] have examined the effect that the introduction of
non-volatile oil into a fluidized system has on bed hydrodynamic behaviour. They
showed that the bed Geldart behaviour can be manipulated by the addition of liquid. A
group B Geldart powder was shown to exhibit group A and then C behaviour with
increasing liquid loading. In the drying process, the decreasing liquid loading caused by
the reduction of moisture will induce an opposite change in the hydrodynamic behaviour

of the bed.
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1.2.3 Fluidization Regimes

As mentioned above, the transition from a packed bed of particles to a fluidized
system occurs at the minimum fluidization velocity. Above this velocity, a gas-solid
fluidized bed exhibits a number of distinct hydrodynamic regimes with increasing
superficial velocity. In Lim et al. [5] six distinct regimes are identified for gas-solids
fluidization. These regimes are depicted in Figure 1.4 based on increasing superficial gas

velocity.
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Figure 1.4 The regimes of fluidization (after Lim et al. [5])

At a superficial velocity in sight excess of the minimum fluidization velocity, the
bed is smoothly fluidized and expands with increasing superficial gas velocity. This

expanded bed of particles is sometimes referred to as the emulsion phase. As noted
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above, a smoothly fluidized bed occurs in a bed of group A particles where group B
particles transition directly to the bubbling regime from the packed state. With
increasing velocity, the excess fluid begins to bypass the emulsion phase as a series of
bubbles. This regime is denoted as bubbling fluidization. As superficial velocity is
increased further, more gas bypasses the emulsion phase resulting in the formation of
larger bubbles or more frequent bubbling depending on the particle properties. In the
slugging regime, the bubbles have grown in diameter with increasing velocity until they
have a diameter similar to the internal diameter of the column. Slugging behaviour is
typically observed in beds having a large height to diameter ratio. Some systems do not
exhibit slugging behaviour and will transition directly from bubbling to the turbulent
regime. In the turbulent regime, the bubbles become distorted and eventually disappear
due to the large shearing force encountered by the incoming air as it enters the bed. This
causes a breakdown of the distinct two-phase characteristic of the bed and the surface of
the bed becomes less well defined. Significant entrainment may be possible and the use
of cyclone collectors may be required in order to return the fines to the bed surface. As
superficial velocity is further increased, entrainment increases to the point where
external recirculation of the particles is required in order to repopulate the bed. These
regimes are denoted as the fast fluidization and pneumatic transport regimes. The
distinction between these regimes is the fact that there is a certain amount of solid
recirculation within the fluidizing vessel in the fast fluidization regime. In pneumatic
transport, the superficial velocity is sufficient to fully suspend all particles in the gas

stream and transport them upwards.
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In industry, the selection of the appropriate regime is dependent on the
application. When a fluidized bed is selected for gas/solid contacting, it is desirable to
maximize the mass transfer between these phases. In drying, an increase in mass transfer
translates into reduced drying times. The intimate contacting of the gas with the solids
provided in the turbulent regime is attractive for this purpose since bypassing of the gas
present in the bubbling regime is eliminated. However, the vigorous mixing provided in
this regime also leads to a potential increase in entrainment and attrition of the particles.
It is desirable to reduce both of these effects. Therefore, the determination of an
optimum fluidization regime, controlled by the selection of an appropriate superficial

gas velocity, is critical for the efficient implementation of fluid-bed technology.

11
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1.3 Optimization of the drying process

1.3.1 Application of fluid-beds to the drying of pharmaceuticals
Because of the batch production strategy employed in the production of

pharmaceutical products, a batch fluidized bed dryer is utilized. A generalized schematic

of the industrial batch fluidized bed drying process examined in this study is given in

Figure 1.5.

Baghouse I:> Exhaust

1T

> Fluidized
Bed

)
S2
)

1T

Air Heater/ <:| )
Air In
Conditioner

Figure 1.5 Batch fluidized bed dryer implemented for the industrial drying of pharmaceuticals

This unit is charged with wet granule from the batch high-shear granulation
process immediately preceding this processing step. Atmospheric air is filtered, and
heated to a predetermined temperature by a heating and conditioning unit. This unit also
controls the humidity of the fluidizing air. The conditioned air introduced at the base of

the conical product bowl traverses an air distributor located at the base of the unit. This

12
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distributor ensures an even distribution of air across the product bowl cross-section. The
exiting air is cleaned in a baghouse which is periodically shaken in order to return

entrained fine particles to the bed.

A unique characteristic of the dryer is its conical geometry. This shape enhances
mixing in a bed having high moisture content by promoting a circulation of solids in the
unit. This is caused by the transport of particles by the fluidizing gas in the central
region and a return of solids to the bottom of the unit near the walls. This behaviour has
been described as centralized spouting by Tanfara el al. [3] and is a characteristic of the
bed geometry. The regime behaviour of this geometry is not well examined in the
literature. In the current work, the changes in the fluidization state resulting from the
change in moisture associated with drying will be examined. The quantification of
changes associated with this dynamic process is critical in developing a strategy for
improved control of this process. By controlling the hydrodynamic behaviour throughout

the drying process, undesirable effects such as entrainment and attrition can be reduced.

1.3.2 Measurement of Hydrodynamic Behaviour

Changes in hydrodynamic behaviour can be identified by means of pressure
measurements across the bed. As described above, the absolute pressure drop can be
utilized to determine if the bed is fluidized. However, the information provided by this
monitoring technique may not allow for sufficient warning that changes are taking place
in fluidized state. In the work of van Ommen et al. [7] absolute pressure drop proved
inadequate as an early warning for defluidization occurring because of agglomeration in

a fluidized bed combustor. In van Ommen et al. [6], a signal analysis technique called

13
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the S-statistic, was applied to pressure fluctuations. The technique responded to subtle
changes in the hydrodynamic state recorded in the pressure fluctuation signal resulting
from the initiation of agglomeration. This early warning of agglomeration allowed for
the implementation of corrective action to be taken before the onset of defluidization.
The S-statistic technique has been suggested as a means of quantifying the significant
changes in hydrodynamic state associated with the drying process by van Ommen [7].
The application of this signal analysis technique to the batch drying of pharmaceutical

granule is the objective of the initial phase of the present investigation.

Other signal analysis techniques have been applied to pressure fluctuations in a
fluidized bed. For example, the amplitude of pressure fluctuations has been utilized to
determine regime transitions. An example of this is the transition to turbulence [8]. The
standard deviation of the pressure fluctuations reaches a maximum intensity when
plotted as a function of increasing superficial velocity, indicating the breakdown of the
bubbles in the bubbling or slugging regimes into a continuous phase consistent with the
onset of the turbulent regime. However, the identification of this regime transition is a
source of controversy in the literature. This is partly due to variations in systems
investigated and the use of differing measurement techniques. Furthermore, visual
observations of the bed behaviour are often used to confirm regime changes. An
extensive review of the literature discussing this controversy has been done by Bi et al.
[8]. Tomographic imaging of the fluidized bed could provide a more definitive
secondary technique to determine regime transitions. Tomography represents a direct
measurement of the local bed behaviour and, as such may be utilized to determine the

source of the dynamic changes seen in the pressure fluctuations. In the application of
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this measurement technique to the drying process, this type of measurement could be
utilized to optimize the gas-solids contacting patterns within the bed and enhance the

drying process.

Electrical capacitance tomography (ECT) has been utilized Makkawi et al. [9] to
identify regime transitions in a fluidized bed. Tanfara et al. [3] have demonstrated that
ECT can be used to image a dry bed of pharmaceutical granulate. The difficulty in the
application of ECT to a fluidized bed dryer is the large changes in electrical permittivity
occurring as a result of the loss of moisture. This leads to a changing calibration for the
device during the drying. If a correct calibration procedure could be implemented and
independently verified, a dynamic analysis technique such as the S-statistic could be
applied to local voidage fluctuations. This quantification of hydrodynamic behaviour

could be used to control the bed condition and optimize the drying process.

1.4 Scope of this study

This dissertation is structured as a series of publications. These publications
sequentially present the progress of the research from the initial investigation of the
application of the S-statistic to pressure fluctuations to the dynamic analysis of the
drying process using ECT. The text of these publications has been preserved in the
format they have been published or been submitted for publication. Additional details
outlining the author contribution, experimental apparatus and experimental procedures
are included in an introductory section for each chapter. Furthermore, supplementary
material to explain how the publication fits in with the research as a whole is also

included.
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Two bodies of work form this dissertation. The first portion deals with the
application of pressure fluctuations in the monitoring of changes in fluidized behaviour
throughout the drying process. The S-statistic attractor comparison technique has been
applied to these measurements. Since pressure signals propagate throughout the bed, the
purpose of this analysis is to quantify changes in the global bed behaviour throughout
the drying process. In the second portion of the work, ECT is applied to the imaging of a
drying bed of pharmaceutical granule. Here, the S-statistic has been applied to voidage
fluctuations at discrete radial locations in the imaging cross-section. This allows for the
determination of changes in local dynamic behaviour. From this analysis, the source of
the changes identified in the pressure fluctuation measurements can be determined. This

will lead to an increased knowledge about the drying behaviour of this system.

Chapters 2 and 3 present the application of the S-statistic to pressure fluctuations
in a laboratory-scale industrial fluidized bed dryer at Merck Frosst research labs in
Montreal. Merck Frosst Canada and Co. was a co-sponsor of this project. The
motivation for performing the initial phase of the work in Montreal was to gain insight
into how this process is utilized in the pharmaceutical industry. Chapter 2 demonstrates
the changes in hydrodynamic state associated with the drying process as identified using
the S-statistic. Chapter 3 gives further detail regarding the effects of the factorial
variables of bed mass, inlet and outlet air temperature. By demonstrating that the
changes in hydrodynamic state associated with drying can be discerned utilizing the S-

statistic, the use of this technique as a process monitoring tool is demonstrated.

Chapter 4 is an investigation of the effect entrainment has on the state of a

fluidized bed determined through use of the S-statistic. These experiments were
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performed in a laboratory-scale unit at the University of Saskatchewan. The design of
this apparatus was aided by the experience gained in Montreal. This apparatus has been
fully instrumented for bed temperature, outlet air temperature, pressure fluctuations and
fines entrainment. This investigation extends the work in chapters 2 and 3. In this
chapter, the S-statistic is applied to pressure fluctuations in order to identify the
undesirable fluidized state associated with fines entrainment. The successful
identification of undesirable fluidization states will allow for reduction of hydrodynamic

effects which lead to product degradation.

The change in state associated with moisture is also identified in Chapter 5 where
the S-statistic analysis of pressure fluctuations collected in a laboratory-scale fluidized
bed granulator at Merck Frosst labs in Montreal. This technical note gives a preliminary
investigation of the use of the S-statistic in identifying significant changes in
hydrodynamic state accompanying the addition and removal of moisture to the bed in

the fluidized bed granulation process.

Chapter 6 shows the application of a correction procedure for ECT data in the
laboratory-scale unit at the University of Saskatchewan which accounts for changes in
moisture. Independent verification of the correction technique is given using x-ray
tomography. This correction is used in chapter 7 to image the bed during the drying
process. In addition, the S-statistic is applied to determine changes in localized
behaviour throughout the drying process. Here, we wish to determine the location of the

changes identified in the pressure fluctuations.
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Chapter 2 - Application of Chaos Analysis to Fluidized
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Contribution of this Paper to the Overall Study

The first step in implementing the S-statistic as a monitoring tool for pressure
fluctuations collected in the drying of pharmaceuticals requires the determination of its
sensitivity to the hydrodynamic changes resulting from the loss of moisture during the
drying process. Furthermore, the applicability of amplitude and frequency analysis
techniques must be considered in order to demonstrate the advantage of the S-statistic
over these basic tests. The influence of variations in superficial gas velocity must also be
quantified, as there is likely to be variation of this parameter in an industrial setting.
These preliminary questions are addressed in this chapter. It should be noted that an 8-
page limit was placed on this paper in accordance with the guidelines set for publication

of the conference proceedings.

Additional Experimental Details

The production of granulate for the drying experiments in chapter 2 was
performed in Fielder 25 L high shear granulator. This apparatus is diagrammed in Figure
2.01. This granulator is constructed as a cylindrical vessel having a 0.408 m diameter
impeller at the bottom. This impeller spins at 261 revolutions per minute and serves to
agitate and shear the particles during the granulation process. A second smaller impeller
called the chopper is mounted on the walls of the vessel. This impeller serves to further
agitate the bed during granulation and ensure homogeneous mixing of the granules. This

impeller has a diameter of 0.081 m and spins at 1800 revolutions per minute. For each
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granulation, dry ingredients were introduced into the unit and the lid closed.

Spray
Nozzle
Pressure
Pot
Chopper
Impeller
Top View Side View

Figure 2.01 Schematic of the Fielder PM25 high-shear granulator used for the production of
pharmaceutical granule in this study (not to scale).

The dry ingredients were then mixed for 2 minutes prior to granulation. After
mixing of the dry ingredients, the valve at the outlet of the pressure pot, which is
maintained at a pressure of 30 psi (207 kPa gauge), was opened to allow a pre-measured
volume of water to drain. The addition of this water to the dry ingredients initiates the
granulation process. The spay nozzle selected provided sufficient flow to complete the
addition of the water over 5 minutes. Following granulation, 2 minutes of mixing was
performed to insure homogeneous mixing of the granules. Each granulation produced a

batch size of 5 kg. Granulations were performed in 2 batches in order to perform 2 or 3
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experiments. Experiments were completed on the same day as granulation in order to

conform to the practice of the pharmaceutical industry.

Following granulation, the ingredients were removed and dried in the GPCG1

(Glatt-Powder-Coater-Granulator) fluidized bed dryer from Glatt Air Technologies Inc.

(Ramsey, NJ). This apparatus is diagrammed in Figure 2.02.
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Figure 2.02 Schematic of the Glatt GPCG1 fluidized bed dryer (not to scale). The abbreviations TI
and F1 respectively indicate temperature and flow indicators.

This apparatus is instrumented with thermocouples to measure the temperature of both
the bed and the exhaust air. This information was displayed on a digital indicator on a
control panel. The temperature in the windbox is also measured using a thermocouple.

This measurement is inputted into an automatic control loop for the control of air
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temperature using an air heater. Both the measured temperature in the windbox and the
setpoint for this parameter were displayed on the control panel. For each experiment, the
dryer was pre-heated to prevent the adhesion of particles to the inner surfaces of the unit
during operation. Air flow rate is measured using a pitot tube placed in the inlet duct.
This measurement was also displayed on the control panel and used for the manual
control of the air flow rate. The filter bag assembly was automatically shaken for 2
seconds at 30 seconds intervals throughout the drying experiment. This duration and
interval was set on the control panel before the start of each drying experiment. The
major difference between this apparatus and the industrial scale dryer is that no control
of the inlet humidity is implemented. However, the humidity in the laboratory at Merck
Frosst where these experiments were performed was measured at the beginning of each

experiment and was found to be 50 = 5% relative humidity at 20°C.

A cross-section of the PCB-106B piezoelectric pressure transducer utilized for
the measurement of pressure fluctuation data from Piezotronics (Depew, NY) is given in
Figure 2.03. The electrical response of this pressure transducer is governed by the
piezoelectric effect. This effect is defined as a given material’s electrical response to an
external strain. Therefore, this effect can be used for the transduction of mechanical
strain into an electrical signal. The change in thickness of the quartz plates caused by the
movement of the diaphragm causes a potential to be induced across these plates. The
high impedance of the piezoelectric material requires the use of amplification and signal
conditioning electronics. Amplification is accomplished with an on-board integrated
circuit while signal conditioning is done externally. This sensor responds only to

dynamic changes in pressure and is capable of measuring high frequencies. It can
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therefore be categorized as a microphone. The sensor diaphragm was flush mounted to
the wall of the dryer. This ensured that pressure fluctuation measurements did not

influence the dryer hydrodynamic behaviour.
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Figure 2.03 Cross-section of the Piezotronics PCB-106B piezoelectric pressure transducer used in
this study .

Pressure fluctuation data from the piezoelectric sensor was collected using an
interface developed in Labview. The Matlab code used for the calculation of the S-
statistic from this data is presented in Appendix A. A portion of the S-statistic algorithm
code was externally compiled in C™" using the Matlab MEX function. The MEX
function compiles and links source files into a shared library, called a MEX-file, that is
executable from within Matlab significantly reducing processing time. This code is also
given in Appendix A.

T Adapted from: PCB-106B Instruction Manual, PCB Piezotronics, Inc. Depew, NY,
2001.
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2.1 Abstract

A statistical test based on attractor reconstruction has been applied to a small-
scale industrial fluidized bed drier for pharmaceutical granulate. High frequency
pressure fluctuation data has been collected over dryings lasting between 45 to 75 min
depending on operating conditions. The data clearly shows that separate regions of slow
change in fluidized state occurring at the beginning and near the end of the drying
separated by a continuum of more rapid hydrodynamic change. Visual observations of
the initial period of gradual change, suggests the presence of a bubble train within the
central core of the contactor while the second period of gradual change, lasting 5 to 10
min, exhibits more uniform fluidization involving the entire bed. Dominant frequency
and standard deviation have also been applied to the data but their connection to

moisture is not clear.

2.2 Notation

d bandwidth for the smoothing in state space (nondimensional)
Hary  settled height of the dry bed of pharmaceutical granule (m)
Hye  settled height of the wet bed of pharmaceutical granule (m)

L segment length (s or nondimensional)

m embedding dimension (data points)

Q squared distance between two attractors

S the test statistic (S-statistic) (nondimensional)

Uy superficial gas velocity (m/s)
Vc(Q) conditional variance of Q (nondimensional)

25



Chapter 2

2.3 Introduction

In the pharmaceutical industry, the drying of pharmaceutical granulate is
accomplished batchwise in a conical fluidized bed dryer. The most common method for
control of this process is to monitor for changes in outlet air or product temperature. A
limiting value for either one of these quantities is used to indicate the endpoint of the
drying process. While this method results in an acceptable product quality for the drugs
currently manufactured, there is concern that resulting non-uniform moisture content,
segregation of larger granules, entrainment of finer granules, and granule attrition could
impact the quality of the drug product. High potency or peptide-based drug products

may be even more severely affected by these phenomena.

To assess the impact of operation conditions on product quality, a clear picture of
fluidized bed dryer hydrodynamics must be resolved. It is desirable to use a non-
invasive technique in order to monitor these hydrodynamic effects. An example of a
non-invasive approach is analysis of pressure fluctuations. High frequency absolute
pressure fluctuations have been shown to indicate changes in fluidization quality or
regime transitions in a number of studies (Schouten and van den Bleek [1], van der
Schaaf et al. [2]). This type of measurement has the advantage of being relatively easy to
implement in lab, pilot, or industrial scale units since it can be non-intrusive and
involves the logging of a single time series. Both simple statistics (Chong and O’Dea
[3]) and signal analysis (Saxena et al. [4]) have been applied to such a time series of

measurements to resolve changes within fluidized systems resulting from changes in
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particle size distribution and gas velocity. However, investigations into the system state

changes taking place during the drying process are not part of the published literature.

Recently, it has been shown that fluidized beds exhibit chaotic behaviour. The
use of the Takens [5] embedding theorem has been shown to accurately represent
attractors describing fluidization processes. This reconstruction has been combined with
a statistical test by Diks et al. [6] in order to determine statistical changes occurring
between two time series arising from differing system states. These tests have been
applied to fluidized systems of dry particles by van Ommen [7] and demonstrate that
subtle changes in bed hydrodynamics arising from agglomeration can be tracked. These
changes can be associated with changes in bed hydrodynamics that lead to defluidization

or an undesirable fluidized state.

There are no previous works involving the application of the aforementioned
statistical test to fluidized bed dryers. In drying, the opposite trend to agglomeration and
defluidization occurs, whereby the process progresses from a poor quality of fluidization
in a wet bed to a more desirable final (dry) state signifying the endpoint of the drying
process. Therefore, the objective of the present study is to apply the Diks et al. [6] test to
pressure fluctuations measured in a fluidized bed dryer. Tracking bed progression using

this test will allow for more precise measure of product state.

2.4 Theory

Chaos analysis of pressure fluctuation data delay vectors has been outlined by
van Ommen [7]. Van Ommen uses the Diks et al. [6] test for chaotic noisy systems. The

Diks test is a statistical test for the difference between reconstructed delay vector
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distributions in an m-dimensional pseudo state space. Each reconstructed attractor is
assumed to arise from a stationary dynamical system and the test statistic (S) represents

the statistical change between these states.

§=—<__ [1]

Q is the squared distance between distributions arising from delay vectors
reconstructed from 2 separate time series. These time series are referred to as the
reference and evaluation time series. The test gives a measure of the statistical difference
between attractors reconstructed from these time series. If S has a value greater than 3,
the null hypothesis that the two reconstructed attractors compared arise from the same
underlying dynamics can be rejected at the 95% confidence level. However, Diks et al.
[6] has shown through numerical simulation that, since this test is one sided, this

confidence level may be as high as 98 to 99%.

We also compare in the present work the information gained from the S-statistic
test with two separate techniques applied to a time-series. These were standard deviation
and dominant frequency. Standard deviation was calculated in the usual way for a
population sample. Dominant frequency was defined as that frequency corresponding to

the maximum in the power spectral density function.
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2.5 Experimental
2.5.1 Product Formulation

Granulations were performed in a Fielder 25 L high shear granulator using the
ingredients outlined in Table 2.1. Five minutes of ingredient pre-mixing was performed,
followed by five minutes of water addition and two minutes of post water addition
mixing. A Tee-Jet 9501 nozzle was used for water addition under a constant pressure of

207 kPa gauge. The nozzle was set at a height of 7.5 cm below the granulator lid.

2.5.2 Fluidized Bed Dryer

The Glatt GPCGI fluidized bed dryer was used to dry the wet placebo granulate.
This unit allows for the manipulation of inlet air temperature and air velocity. A
schematic of the conical section of this unit is given in Figure 2.1. Fitted with a 12%
open area wire mesh distributor, the conical section fits into the air-supply/conditioning
module. Wet granule is placed in this section (product bowl). Heated air is introduced
into the bottom of the conical section in order to fluidize the material. At intervals of
five minutes, samples of the bed were taken with the use of a sample thief. These were
later analyzed using Karl Fischer titration for moisture content. Concurrently, product
and outlet air temperature measurements were read directly from the digital

instrumentation panel.

2.5.3 Pressure measurement and Data Analysis
A high-frequency piezoelectric sensor (PCB-106B from Piezotronics) was used
in the measurement of pressure fluctuation data. The sensor diaphragm was flush-

mounted to the inside wall of the conical contactor by means of a viewing window

29



Chapter 2

modified to accept the mounting of pressure transducers. This window allowed for three
measurement positions at an equal spacing of 19 mm. The bottom measurement position
is located at a wall distance of 90 mm above the distributor. A Keithley KPC-3101 12 bit
data acquisition card was used for data acquisition. Card control and data logging was
made possible by the use of a graphical user interface developed in Labview. Raw data
was written at a sampling rate of 400 Hz. Raw data was filtered using a type 1
Chebychev band-pass filter design in Matlab between 0.5 Hz and 170 Hz. This was done
in order to fulfill the Nyquist criterion as well as to eliminate low frequency transitory
effects associated with the piezoelectric sensor. The S-statistic algorithm of van Ommen
[7, 8] has been implemented in Matlab. Reference and evaluation time series were each

2 min in length for all analysis. The algorithm was calibrated as described below.

A factorial set of drying experiments was performed by varying inlet
temperature, sensor position and bed mass. Drying (inlet) air temperatures were set at
55°C, 65°C, and 75°C. Wet bed masses of 2.75, 3, and 3.25 kg and sensor locations of 9,
10.9 and 12.8 cm above the distributor were examined. These values were selected to
give good sensor coverage while allowing significant variation in drying times between
experimental runs. A full factorial design with 3 centre point or baseline runs was
implemented giving a total of 11 experiments. A constant gas velocity of 2.46 m/s was
used throughout the experiment except for startup, where a slightly higher velocity of
approximately 3 m/s was needed to induce homogeneous fluidization of the bed. This
higher velocity was maintained for approximately 10 minutes and did not interfere with

the behaviour of the test statistic. Pressure fluctuation data was logged over the entire
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drying process. Completion of the experiment was signified by the attainment of a

product temperature of 45°C (see Figure 2.5).

Pressure fluctuation data generated for a dry bed of pharmaceutical granule was
used to quantify the response of the signal analysis techniques to changes in superficial
gas velocity. To examine this effect, 2 kg of dry granule was fluidized at superficial gas
velocities between 1.95 and 2.92 m/s. Pressure fluctuation data sets of 2 minutes in

duration were collected in triplicate at each superficial velocity.

2.6 Results and Discussion
2.6.1 Calibration of the Test Statistic

The pressure fluctuation measurements made on different fluidized systems are a
function of the system parameters such as geometry, PSD, and cohesive forces as well as
the signal-to-noise ratio. Hence every signal will have slightly different characteristics
and implementation of time delay embedding to a time series cannot be done according
to precise rules. Rather, key parameters are optimized in order to detect the changes
within the system with which one is interested. These parameters include the time
window or delay vector length, embedding dimension, bandwidth and segment length.
The quantity of interest in this study is the effect of moisture on bed hydrodynamics.
Therefore, for the calibration, data sets collected at moisture contents of 25% and 10%
were chosen as the reference and evaluation time series respectively. The reference time
series was not only compared with the evaluation series, but also to two time series
immediately before and after both the evaluation and reference time series. This was

done to examine the reproducibility of the technique when applied to data collected
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under similar conditions. The maximum value of S obtained in the calibration plots was
chosen as the optimum value for each parameter selected for the S-statistic
implementation. Calibration was repeated for three separate sets of drying data and the
parameters obtained were identical for each calibration. A sample calibration curve for
the time window parameter is given in Figure 2.2. Optimum values for all parameters
are given in Table 2.2. These values are the same as those obtained by van Ommen et al.
[8] except for time window and embedding dimension. The time window chosen for this
work spans approximately one-third of the cycle time. Schouten [9] recommends this
parameter cover the entire cycle time for chaos analysis, but the work of van Ommen [7]
has shown that a lower value of one-quarter of the average cycle time is optimum for the
S-statistic applied to a fluidized system. Hence, our optimum time window, though
slightly different is consistent with the latter study. Embedding was chosen as the
maximum value of 40. This value utilizes all the data given a time window of 0.1 s for
data sampled at 400 Hz. Results of a parameter analysis (not shown here) indicate that
the embedding dimension could be selected at a value as low as 10 without influencing
the identification of the region of gradual hydrodynamic change (i.e. the point in time at

which S<3 or S>3).

2.6.2 Dry Bed Studies

The sensitivity of a given monitoring technique to superficial gas velocity is a
key issue in control implementation in fluidized beds. Slight fluctuations in gas flow
were observed on the instrument panel for the fluidized bed dryer used in this study.
These fluctuations likely arose from interaction of the dynamics of the gas-solid flow

with the dedicated air supply to the apparatus. Such a phenomenon is not uncommon in
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fluidized systems. Since it is proposed that the S-statistic may be used at some point in a
control loop, it is desirable to understand if even these slight fluctuations might represent
a significant disturbance to the test statistic. Hence the influence of gas velocity on the

statistic must be quantified.

Figure 2.3 shows typical behaviour of the S-statistic over a range of gas
velocities for the middle sensor position. The reference state is at Uy = 2.44 m/s. It may
be noted that the statistical difference between 1.95m/s and 2.44m/s is much greater than
the difference between 2.92m/s and 2.44m/s. Indeed, an S value > 3 at the lowest
velocity shows that a statistical change occurs between Uy = 1.95 m/s and Uy = 2.44 m/s.
This indicates that the bed hydrodynamics at lower superficial gas velocities is less
similar to the bed hydrodynamics at higher velocities or that a transition in
hydrodynamics occurs within the region of Uy = 2 m/s. A similar transition is observed
in the standard deviation and dominant frequency as shown in Figure 2.4. We conclude
that slight fluctuations in superficial gas velocity in the subsequent drying experiments
will have negligible effect on the statistical test. We have chosen a constant superficial
gas velocity of 2.46 m/s for the drying experiments in order to stay in the regime noted

in Figure 2.3.

2.6.3 Drying Experiments

The drying curve, outlet air temperature, and product temperature profiles for a
typical drying experiment are given in Figure 2.5. The increase in product and outlet
temperatures towards the end of drying signifies the loss of surface moisture from the

granules or the end of the constant rate of drying.
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Using the pressure fluctuation time series measured during drying, each
successive time segment of 2 minutes was transformed into a single S-statistic value.
Reference time series for the statistic were chosen for two moisture contents: 26-wt%
and 8-wt%, corresponding to points in time near the beginning and end of drying. Figure
2.6 shows the typical behaviour of the S-statistic when referenced to the two moisture
contents. The S-statistic referenced to 26-wt% exhibits hydrodynamic consistency (S<3)
at the start of drying and then diverges from that state as moisture is driven from the
granules. The value of the statistic increases continuously before becoming constant at a
later time. When the S-statistic is referenced to 8-wt% moisture, its value is initially far
away from three; it gradually reaches a value less than three near the end of drying. This
point in time coincides closely with the time where the S-statistic becomes constant
when referenced to 26-wt% moisture, and the point at which the temperatures begin to
rise in Figure 2.5. It would appear therefore, that the S-statistic is sensitive to the
changes in bed hydrodynamics arising from the loss of surface moisture. This is
consistent with a reduction in interparticle forces due to reduced liquid bridging. Visual
observations through the viewing window provide support for this assertion. A central
core of bubbles is seen in the very wet bed. This behaviour coincides with the initial
region of gradual hydrodynamic change seen in Figure 2.6. After this early behaviour,
the entire bed exhibited more homogeneous fluidization for the rest of the drying
process. Experiments planned by our group to image the bed using a tomographic

technique should reveal the details of this behaviour more clearly.

We have considered the possibility that the statistical changes noted in Figure 2.6

could simply be the response of the technique to the change in bed mass accompanying
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the loss of total moisture. Figure 2.5 shows that moisture loss occurs continuously at a
constant rate over the drying period. Hence the bed experiences a continuous reduction
in mass throughout the drying process, and the impact on the hydrodynamic state should
also occur at a constant rate. Such a continuous change in hydrodynamic state arising
from a change in bed mass would manifest itself with a short period of the S-statistic
below the threshold of 3 with convergence and subsequent divergence on approach and
departure from the reference state. Such behaviour is noted for the S-statistic curve
referenced to 20-wt% moisture (Figure 2.6) as there is a rapid change in hydrodynamic
state occurring at this time. This effect is not seen when the statistic is referenced to 8-
wt% moisture. Here, we see a more gradual change in hydrodynamic state. Furthermore,
this effect would be most intense toward the end of drying where the change in moisture
with respect to time, which is shown to be constant in Figure 2.5, represents a loss of a
greater fraction of the bed’s total mass. Figure 2.6 clearly shows a region of

approximately 20 minutes of more consistent hydrodynamics towards the end of drying.

The consistent behaviour of the final region of gradual change in hydrodynamic
state with respect to moisture provides a means for the S-statistic to be used as a process
monitoring technique to track granule moisture within a drying bed. A “library” of dry
bed pressure fluctuation data could be collected and compared to online data collected as
drying proceeds. Thus, the S-statistic could be calculated in real time throughout the
drying process to give a clearer picture of the moisture content than that currently seen

in the behaviour of the product and outlet temperatures (Figure 2.5).

As expected, varying inlet air temperature only acted to change the duration of

the drying experiment. When the S-statistic data collected at different temperatures were
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plotted as a function of dimensionless time (time divided by total drying time), the
curves collapsed onto a single curve. This demonstrates that the S-statistic is responding
directly to moisture changes taking place within the drying bed. The relative influence of
bed mass and sensor position on the test statistic was inconclusive based on the
performed factorial experiments. For a low bed mass and high sensor position, the
performance of the test was problematic as both the final and initial regions of more
gradual hydrodynamic change suffered from the convergence and divergence behaviour

discussed above.

The changes in bed hydrodynamics captured with the S-statistic were not
detectable from the dominant frequency or the standard deviation (Figure 2.7). This
shows that these methods of pressure fluctuation analysis do not adequately discern the
hydrodynamic changes taking place during drying. The dominant frequency is the
bubbling frequency. This frequency was nearly identical for all experiments and
remained consistent throughout each experiment at approximately 3 Hz. Bed mass was
the only manipulated variable impacting this frequency, with higher bed loadings
slightly decreasing the dominant frequency. Elevated frequencies observed early in the
data set have been found to have no impact on to the initial region of gradual change in

hydrodynamic state.

Standard deviation increases throughout the experiment with no limiting value. It
is possible that one could link the standard deviation to moisture content but, based on
our data, this would be a vague link. Standard deviation increased more intensely at
higher sensor positions and lower bed masses indicating more intense fluctuations at

higher locations in the bed.
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2.7 Conclusions

This study has shown that chaos analysis of pressure fluctuations is sensitive to
hydrodynamic changes occurring during the drying process. The technique shows
promise not only for process monitoring, but also as part of a control system. Such a
control loop could make decisions on control on appropriate action based on the chaotic
nature of the system, most likely by comparing the measured state of the system to a
reference bank of known desired hydrodynamic states. In this way, the drying endpoint
could be selected more precisely than the current method of monitoring outlet
temperature allows. Furthermore, since the proposed technique provides exact
quantification of the state of the system, the hydrodynamics of the fluidized bed can be
controlled precisely throughout the drying process in order to prevent the undesired

effects of particle attrition and non-uniform drying.
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Table 2.1 Wet Granule Formulation

Percentage
Component by mass
(dry basis)
Lactose Monohydrate
(filler) V%
Microcrystalline
Cellulose (filler) 44%
Croscarmellose 29
Sodium (disintegrant)
Hydroxypropyl
Methylcellulose 4%
(binder)
USP Water* 42%

*Water used conformed to the USP (United States Pharmacopeia) standard for purity.

Table 2.2 S-Statistic Parameters

Time window 0.1
(delay vector length) seconds
Embedding (m) 40

Bandwidth (d) 0.5
Segment Length (L) 3 seconds
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Figure 2.1 GPCG1 product bowl. Measurements are given in meters. H,., Hg, represent
approximate settled bed heights for wet and dry beds. The three sensor positions examined were at
9,10.9 and 12.8 cm.
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Figure 2.2 Calibration curve for the S-statistic. The optimum value for the time window is 0.1s.
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Figure 2.3 S-statistic response to changes in superficial gas velocity in a dry bed of granule. All data
sets referenced to a single data set collected at 2.44 m/s.
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Figure 2.4 Standard Deviation and Dominant Frequency response to changes in superficial gas
velocity for a dry bed.
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Figure 2.5 Progression of outlet air and product temperature as well as product moisture content
for factorial baseline.
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Figure 2.6 S-Statistic plot for the same drying experiment shown in Figure 2.5.
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Figure 2.7 Dominant frequency and standard deviation response for the experiment given in
Figures 2.5 and 2.6.
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Chapter 3 - Application of Chaos Analysis to Pressure
Fluctuation Data from a Fluidized Bed
Dryer Containing Pharmaceutical
Granule
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Contribution of this Paper to the Overall Study

This paper extends the work in chapter 2 where it was demonstrated that the S-

statistic responds to changes in hydrodynamic state resulting from the reduction in
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moisture during the drying process. The 8-page limit imposed on the publication
presented in chapter 2 precluded the presentation of this detailed summary. For this
reason, this chapter is a definitive examination of the behaviour of the S-statistic applied

to pressure fluctuations in a drying bed of pharmaceutical granule.

Additional Experimental Details

The identical apparatus and procedures presented in chapter 2 were utilized for
granulation and drying. In addition, the same procedures were used for data acquisition
and analysis. In this chapter, pressure fluctuation data collected in a dry bed and a drying
bed of pharmaceutical granule are presented. For a dry bed of pharmaceutical granule,
the influence of both particle size distribution and bed mass on the S-statistic has been
quantified. These disturbances are a concern for the implementation of the S-statistic to
a practical batch drying process where variations in product formulation are possible. In
a drying bed, the effect of bed mass, inlet air temperature and sensor position have been
quantified using a factorial experimental design. Again, these process variables are
assessed in order to quantify the impact of these experimental parameters on the S-
statistic. Changes in the frequency and amplitude characteristics of the pressure signals
are also analyzed in order to determine the suitability, or lack thereof, of these tests as a

monitoring technique for the drying process.
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3.1 Abstract

The S-statistic, a statistical test between chaotic attractors for fluidized systems
introduced by van Ommen et al. [1,2] has been applied to pressure fluctuations collected
in a conical fluidized bed of dry pharmaceutical granule as well as a fluidized bed of wet
granule as it progresses to the dry state. In a dry bed, the S-statistic has been found
sensitive to the particle size distribution (PSD). Changes in bed hydrodynamics arising
from PSD have been found to be most easily resolved at low gas velocities, indicating
segregation at superficial velocities less than 2 m/s. In a drying bed, two regions of
gradual change in hydrodynamic state have been identified. These periods correspond to
visual observations of the presence of a centralized core of bubbles in a bed of high
moisture content and more uniform fluidization throughout the bed cross-section toward
the end of the drying process. The effect of moisture has been found to dominate the
hydrodynamic changes taking place within the bed in the drying process identified with
the S-statistic. The hydrodynamic changes identified by the S-statistic are not discerned
by frequency and amplitude analysis techniques. Response of the S-statistic to the
hydrodynamic changes associated with drying indicates the potential application of this

technique to the quantification of fluidized bed hydrodynamic behaviour.

3.2 Introduction

Operation of a fluidized bed within a specific state is important for the control of
particle-particle and gas-particle interactions. The former is of importance in controlling
attrition effects while the latter influences the mass transfer characteristics of the bed. In
the application of a fluidized bed to the drying of granular material, the rate of mass

transfer influences drying time. Given the widespread application of fluidized bed dryers
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in the food, biotechnology and pharmaceutical industries, quantification of fluid bed
hydrodynamics throughout the drying process is of significant industrial relevance.
Through the monitoring and control of this hydrodynamic behaviour, a desired fluidized

state can be maintained that optimizes both product quality and drying time.

The focus of the present study is the pharmaceutical industry. In this industry, the
drying of pharmaceutical granulate is accomplished batchwise in a fluidized bed dryer.
The most common method for control of this process is to monitor for changes in outlet
air or product temperature. A limiting value for either one of these quantities is used to
indicate the endpoint of the drying process. The selection of appropriate superficial gas
velocities is at the discretion of the operator and no automatic control mechanism is
implemented. In typical commercial installations, the velocity will be well controlled
around the desired set point input by the operator, however, manual selection of the
correct velocity to operate in the optimum fluidization regime may not be possible due
to subtle changes in fluidization quality not apparent in visual observations. While
manual control of fluidization hydrodynamics results in an acceptable product quality
for the drugs currently manufactured, there is concern that segregation of larger
granules, entrainment of finer granules, and granule attrition could impact the quality of
the drug product. High-potency or peptide-based drug products may be even more
severely affected by these phenomena. Since attrition, segregation and entrainment arise
from gas-particle and particle-particle interactions, a better understanding and control of
bed hydrodynamics will lead to a lessening of these effects. Bed hydrodynamics also
affect the homogeneity of the moisture within the bed at the end of drying. The good

mixing characteristics of a fluidized bed can only be maximized when the proper
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selection of superficial gas velocity (i.e. hydrodynamic regime) is made. Operation of
the bed in an optimum fluidized state will allow for more uniform treatment of all
particles within the bed. The current monitoring of bed and outlet temperatures alone

does not give any indication of bed hydrodynamics.

If a clear quantification of bed hydrodynamics was possible, an automatic control
system could manipulate the superficial gas velocity in order to maintain a desirable
hydrodynamic state. The monitoring technique for this type of control loop should be
non-intrusive so that the hydrodynamics to be quantified are not influenced. Examples of
non-intrusive techniques include tomographic methods such as X-ray tomography and
Electrical Capacitance Tomography (ECT). Although these techniques give direct
measurements of both local and global bed behaviour, they are currently not widely
implemented industrially due to cost and development limitations. However, pressure
fluctuations measurements within a drying bed can be easily obtained. Since pressure
fluctuations propagate throughout the bed (van der Schaaf et al. [3]), time series analysis
of local measurements gives a global picture of the bed hydrodynamics. This type of
measurement has the advantage of being relatively easy to implement in lab, pilot, or
industrial scale units since it involves the logging of a single time series. In addition, it
has the advantage of being low in cost and non-intrusive if the pressure transducer is

flush mounted at the vessel wall or if differential pressure measurements are utilized.

A number of approaches may be used to analyze time-series measurements
obtained during the fluidization process. The most basic of these are amplitude (Chong
et al. [4]) and frequency analysis (Saxena et al. [S]). Trnka et al. [6] extended the use of

frequency analysis. In their study, a fast Fourier transform method was implemented to
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identify changes in a pressure time series measured in a fluidized bed. Compared to the
use of total bed pressure drop, this test more clearly identified the onset of turbulence
and entrainment associated with increases in superficial gas velocity. Other methods of
time-series analysis applied to fluidized beds include mutual information theory
(Karamavrug et al. [7]) and Kolmogorov entropy (Johnsson et al. [8]). These techniques
recognize the complex nature of fluidization and provide an alternative means of
identifying system state and regime transition changes not clearly identified with pure

frequency and amplitude analysis.

Very few published works aimed at quantifying the dynamic behaviour of
fluidized beds have considered the influence of moisture. McLaughlin and Rhodes [9]
have shown that liquid bridging effects arising from the addition of a non-volatile liquid
to the bed cause changes in the bed’s Geldart behaviour. Dominant frequency was not
affected by the presence of the liquid. Wright and Raper [10] have shown that the
addition of a non-volatile oil resulted in an increase in bed pressure drop at a given
superficial gas velocity compared to a dry bed. This effect was interpreted as an increase
in the force resisting the fluidization of the bed caused by the presence of liquid bridges
between particles. The presence of such liquid bridging effects is possible in a wet bed
early in the drying process. Wright and Raper [10] also found that the standard deviation
of the differential pressure drop decreased with the addition of the non-volatile oil. They
reported the reason for this as being due to the formation of a stable roof of solids on the
bubbles that affect the bubble rise velocity and breakage. Briens et al. [11] has utilized
pressure fluctuations collected in a fluidized bed coker to identify changes leading to a

loss of fluidity. Among the criteria used in this study to describe this undesirable
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fluidized state denoted as ‘bogging’, is the presence of hydrocarbons on the particle
surfaces. This surface fluid leads to liquid bridging effects resulting in an undesirable
fluidized state. Clearly, the presence of surface fluid results in significant changes in

fluidized state.

Recently, chaos has been observed in fluidized systems (e.g. [8, 12 — 15]). Daw et
al. [12] have identified a transition to chaotic behaviour in a turbulent fluidized bed.
Johnsson et al. [8] noted intermittency in pressure fluctuations collected from a fluidized
bed. This intermittency is an indication of the chaotic behaviour in the system. Bai et al.
[13] have shown identified two scales of behaviour utilizing the correlation dimension
applied to absolute pressure fluctuations. These scales have been attributed to the
particle motion causing small-scale fluctuations and the motion of voids causing large-
scale fluctuations. This multi-scale nature to fluidization behaviour has also been
identified through the use of Hurst’s exponent by Bai et al. [14]. It was noted that the
two-phase nature of the fluidized system becomes less evident with increasing
superficial gas velocity. Hay et al. [15] have indicated that the Lyapunov exponent and
the correlation dimension can remain constant over a wide range of operating conditions
This indicates that chaotic parameters can be insensitive to certain changes in operating

conditions.

The shape and dimension of attractors describing system state are one means of
quantifying a system’s chaotic behaviour. Time-delay reconstruction (Takens [16])
provides a means of reconstructing an attractor from regular sampling of a single
variable. This reconstruction has been combined with a statistical test by Diks et al. [17]

in order to determine statistical changes occurring between attractors reconstructed from
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two time series collected at differing system states. This statistical test has been applied
to fluidized systems of dry particles by van Ommen [1] with the test statistic being
denoted as the S-statistic. This study demonstrated that subtle changes in bed
hydrodynamics arising from agglomeration could be tracked. These changes can be
associated with changes in bed hydrodynamics that lead to defluidization or an
undesirable fluidized state [1,2]. In drying, the opposite trend to agglomeration and
defluidization occurs, whereby the process progresses from a poor quality of fluidization
in a wet bed to a more desirable final (dry) state signifying the endpoint of the drying
process. Chaplin et al. [18] have applied the S-statistic test as presented by van Ommen
et al. [1,2] to pressure fluctuations in a drying bed of pharmaceutical granule and shown
the presence of two separate regions of more gradual change in hydrodynamic state near

the start and toward the end of the drying process.

With the exception of our previous study [18], chaos theory has not been applied to
the dynamic analysis of fluid bed dryers. The objective of the present study is to
examine more closely the relationship between the regions of more gradual change in
hydrodynamic state identified previously [18] and the influence of temperature, bed
mass and sensor position on the S-statistic. Monitoring of bed behaviour using the S-
statistic will allow for a more precise measure of product state and, consequently,
moisture. This is superior to the current technique of monitoring product temperature.
Therefore, a connection between bed hydrodynamic state and moisture will be made.
These states and their degree of persistence may suggest a more effective mode of
operation and form the basis for a control strategy. Changes in standard deviation and

dominant frequency accompanying the drying process will also be examined.
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3.3 Theoretical Development

As outlined by Takens [16], time delay embedding provides a means of
reconstructing attractors arising from a stationary system utilizing a single measured
variable. Thus, the system state can be determined from the discrete sampling of a single
variable. For a fluidized bed, an obvious variable for this purpose is pressure.
Fluctuations in pressure are directly related to the passage and eruption of bubbles and
thus, the bed state. However, because of the noise associated with this type of
measurement, a representative sample is required in order to discern the system state.
Assuming that the system is stationary for a given interval, a measured pressure time
series can be decomposed into a set of normalized time-delay vectors in m-dimensional

space.
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The S-statistic provides a means of comparing this reference set of delay vectors

with a corresponding evaluation data set given in Equation 2.
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If these two sets arise from the same underlying physical processes, a statistical
test can be performed between sets in order to determine whether a statistically

significant change has taken place.
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In comparing the reference and evaluation sets, it is useful to define a
characteristic measure of distance between sets. The quantity Q represents the squared
distance between the smoothed multi-dimensional probability distributions for the two
delay-vector sets (p.(r) and p\(r))

= a7 ) [[p(R)- p;(R)FaR

[3]

Smoothing of the reference and evaluation vector distributions (p,(r) and p,(r)) is
provided by the Gaussian kernel and is performed in order to allow for calculation of
unbiased estimators in terms of sampled vectors [17]. The squared distance between
smoothed distributions (Q) cannot be found directly. Therefore, an estimator for Q must

be calculated. This estimator is given by Equation 4.

N, N

0= Z et e T
1 1<,,<q<1vl N, +1<p<q<N N\N, p=lg=N,+1 [4]
Closeness in shape between two reconstructed attractors will be proportional to the
magnitude of this estimator for Q. Therefore, for reconstructed attractors of differing
shape, Q will be larger than Q calculated for attractors having a similar shape.
The quantity h is calculated from distances between all possible combinations of
delay vectors.

h(Z Z ) \z -z,[ /4d 5

Here, all possible distances between X; and Y; are expressed through the Euclidian
distance (IZ;-Zjl). Z; represents a combination of the vectors X; and Y;; given in Equation

6.
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The quantity A,,’, not &, is used in Equation 4. The calculation of A, " is achieved

using Equation 7.

i=l j=1 [7]

This equation gives the average value of h over the segment length L. Motivation

for this approach is the removal of dynamic correlations between attractor points in close

temporal association. Dynamic correlations would introduce bias into the estimator for

Q calculated in Equation 4. Therefore, L must be large enough to eliminate the dynamic
correlations between points i and j.

To determine if a statistically significant change has taken place between

reconstructed attractors, one must normalize the estimator for Q with its conditional

variance. Diks [17] has calculated this variance as the following

v.(0)= V1IN -2) >3 v (8]

NI(NI _1)N2(N2 _I)N(N_3) I<p<g<N

l//pq:Hpq_gp_gq (9]
H,=h —Lzz . [10]
i H N(N_1)1517'<q'£N e
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6552 H, [11]

P#q
The estimator for O given in Equation 4 can now be normalized using its

conditional variance.

g-_ 9 [12]

Equation 12 is the S-statistic. If S has a value of greater than 3, the null hypothesis
that the two reconstructed attractors compared arise from the same underlying dynamics
can be rejected at the 95% confidence level. A more detailed description of the
mathematical basis and associated algorithm for the S-statistic is given in Diks et al. [17]

and van Ommen [1, 2]

3.4 Experimental
3.4.1 Product Formulation

Granule ingredients are outlined in Table 1. Granulations were performed in a
Fielder high-shear granulator with a 25 L bowl and a 40.8 cm impeller having a
rotational speed of 261 rpm. Five minutes of ingredient pre-mixing was performed,
followed by five minutes of water addition and two minutes of post water addition
mixing. A Tee-Jet 9501 nozzle was used for water addition under a constant pressure of

207 kPa gauge. The nozzle was set at a distance of 7.5 cm below the granulator lid.

3.4.2 Fluidized Bed Dryer
The GPCGI1 fluidized bed dryer (Glatt Air Technologies Inc., Ramsey NJ) was

used to dry the wet placebo granulate. This unit allows for the manipulation of inlet air
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temperature and air velocity. The humidity of the fluidizing air was not controlled by the
dryer but was measured to be approximately 50% relative humidity at an ambient
temperature of 20°C. A schematic of the conical section of this unit is given in Figure
3.1. Fitted with a 12% open area wire mesh distributor, the conical section fits into the
air-supply/conditioning module. For each experiment, wet granule is placed in the
product bowl. Subsequently, heated air is introduced into the bottom of the conical
section in order to fluidize the material. At intervals of five minutes during the drying
process, samples of between 2 and 3 grams of granule were taken from the bed with the
use of a sample thief. Samples were immediately stored in sealed vials and analyzed for
moisture content within 24 hours of the drying experiment using Karl Fischer titration.
Concurrently, product and outlet air temperature were read directly from a digital
instrumentation panel. Temperature measurements were made with 1.6 mm and 1 mm
type-J thermocouples placed directly within the bed and in the outlet air stream,

respectively.

3.4.3 Pressure Measurement and Data Analysis

A high-frequency piezoelectric sensor (PCB-106B from Piezotronics) was used in
the measurement of pressure fluctuation data. The sensor diaphragm was flush-mounted
to the inside wall of the dryer by replacing the product bowl viewing window with an
acrylic insert threaded to accept the mounting of the pressure transducer (see Figure 3.1).
This insert allowed for 3 sensor mounting positions at an equal spacing of 19 mm, with
the bottom position located at a wall distance of 90 mm above the distributor. A
Keithley KPC-3101 12 bit data acquisition card was used for data acquisition. Card

control and data logging was made possible by the use of a graphical user interface
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developed in Labview. All raw data sets were collected at a sampling rate of 400 Hz.
This data was subsequently filtered offline using a type 1 Chebychev band-pass filter
design in Matlab between 0.5 Hz and 170 Hz. Filtering was performed in order to fulfill
the Nyquist criterion as well as to eliminate low frequency transitory effects associated

with the piezoelectric sensor.

The S-statistic algorithm of van Ommen [1] has been implemented in Matlab.
Along with the S-statistic, each pressure time series was examined for changes in
frequency and intensity. Only a single dominant or bubbling frequency was ex