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“The more we learn about the world, and the deeper our
learning, the more conscious, specific, and articulate will
be our knowledge of what we do not know, our knowledge
of our ignorance. For this, indeed, is the main source of our
ignorance — the fact that our knowledge can be only
finite, while our ignorance must necessarily be infinite.”

Sir Karl Popper in Conjectures and Refutations: The
Growth of Scientific Knowledge (1963)






Abstract

In the pharmaceutical industry, coating of tablets is a common unit operation. In
drum coating, the film is applied by spraying an film solution onto tablets moving
in a rotating drum. The coating layer may fulfill different functions, from taste
masking to modifying the release. One thing all tablets have in common: they will
be taken by patients. In this light, it is clear that the coating has to have
consistently high quality; this is ensured by strict regulations.

In order to fulfill this requirement, it is important to understand the seemingly
simple process in great detail. In the literature, this strife for understanding
manifests in numerous experiment studies that have been performed. Further,
more recently there was a trend to extended and complemented this by the
application of modern numerical simulations.

In this work, a number of approaches and simulation tools were used to study the
coating process from different perspectives. The tool of choice depends on which
aspects are important in the specific process. The main parts are: modeling of the
air flow and spray droplets inside the drum using Computational Fluid Dynamics
(CFD), and investigation of the tablet movement behavior and description of the
actual spraying using Discrete Element Method (DEM). It is aimed to capture the
whole coating process as closely as possible. This is done by e.g. using real
geometries and processes provided by industrial partners, applying measured
model parameters where possible, and using non-spherical particles based on the
true biconvex tablet shape.

The results are thoroughly presented and compared to findings in literature
inside the respective fields. Findings are shown at different detail levels, going
from an overview of all variations to in-depth considerations. In other words,
throughout this work it was aimed to contrast the global with the local view, such
as highly resolved DEM results in comparison to global analytical considerations.

In sum, the presented work contains a detailed in silico investigation of tablet
coating. A deeper mechanistic understanding of the underlying principles could
be gathered, providing a valuable tool for the improvement of existing processes
and especially the design of novel approaches. While tablet coating is treated
here, most of it applies on arbitrary particle coating processes.






Zusammenfassung

Das Beschichten von Tabletten (und Partikeln allgemein) ist ein haufiger
Produktionsschritt in der pharmazeutischen Industrie. Bei Tabletten wird der
umschlieféende Film {blicherweise durch Bespriithen in einer rotierenden
Trommel erzeugt (,drum coating“). Dieser Film erfiillt verschiedene Aufgaben,
von der Geschmacksmaskierung bis Anderung der Wirkstoff-Freisetzung. Eines
gilt jedoch immer: die Tablette ist dazu gedacht, von einem Patienten
eingenommen zu werden. Daher unterliegt der Film sehr hohen
Qualitatsanspriichen und entsprechend strikten Regulierungen.

Um diesen Anspriiche gerecht zu werden, muss der scheinbar einfache Prozess
tiefgreifend verstanden werden. Dazu finden sich in der Literatur eine Vielzahl
von experimentellen Untersuchungen. In den letzten Jahren gab es dariiber
hinaus einen starken Trend, diese Untersuchungen mit numerischen
Simulationen zu erweitern.

In dieser Arbeit wurden mehrere Ansitze und Simulationswerkzeuge kombiniert,
um den Beschichtungsprozess aus verschiedenen Perspektiven zu untersuchen.
Die Hauptteile sind: Beschreibung des Luftstroms und des Spriihnebels in der
Trommel mittels Computational Fluid Dynamics (CFD), und Untersuchung von
Tablettenbewegung mit der Discrete Element Method (DEM). Fiir letztere
wurden zur Beschreibung des Sprays neue Methoden implementiert. Die
Bestrebung ist, den gesamten Prozess so nah an der Realitit wie mdglich
abzubilden. Es wurden reale Geometrien und Prozessbedingungen verwendet,
und die noétigen Modellparameter stammen soweit moglich aus direkten
Messungen und Kalibrationen. Weiteres werden nicht-sphérische Partikel
basierend auf der tatsiachlichen bikonvexen Tablettenform verwendet.

Die Resultate werden griindlich prasentiert und mit den Erkenntnissen der
Literatur im jeweiligen Feld in Bezug gesetzt. Ergebnisse werden in verschiedene
Detailstufen betrachtet, von globalen Uberblicken iiber Parametereinfliisse zu
tiefschiirfenden Detailbetrachtungen.

Zusammenfassend erstrebt diese Arbeit, den gesamten
Tablettenbeschichtungsprozess in silico zu erfassen und ein mechanistisches
Verstiandnis zu generieren. Das Resultat ist ein umfangreiches Werkzeug zur
Verbesserung existierender Prozesse und zur optimalen Erstellung neuer
Herangehensweisen. Wahrend hier vor allem Tabletten behandelt wird, gelten
die meisten Ergebnisse fiir Beschichtungsprozesse beliebiger Partikel.
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Introduction

Chapter A: Introduction

Among all dosage forms used to administer a drug to a patient, the tablet is still
one of the most wide-spread ones, and can be considered the most typical form of
drugs encountered in daily life. It falls into the class of solid oral dosage form,
with all the advantages and disadvantages that come with this administration
route. The international pharmacopoeia states the following formal definition:

“[...] Tablets are solid dosage forms usually obtained by single or multiple
compression of powders or granules. In certain cases tablets may be obtained by
moulding or extrusion techniques. They are uncoated or coated.

Tablets are normally right circular solid cylinders, the end surfaces of which are flat
or convex and the edges of which may be bevelled. They may have lines or break-
marks (scoring), symbols or other markings. [...]"

While maybe not many patients could describe tablets as elaborate as above,
most patients have a clear picture of tablets in mind. This could be one of the
biggest advantages of tablets: they have a high level of patient’s acceptance. They
are well-known, straight-forward to take (if no problems with swallowing are
present), and easy to store and transport. Further, the non-invasive route
through the gastro-intestinal (GI) tract lessens the demands for sterility
compared to parenteral forms such as infusions.

Passing through the GI tract is at the same time source of disadvantages. The
active pharmaceutical ingredients (APIs) of the tablet run the risk to be subjected
to a rough environment, and before reaching systemic circulation the API has to
pass though gut walls and liver where it may be altered or inactivated (first pass
effect). Other possible disadvantages are that the release profile or release
location is not as intended, or that the patient’s acceptance to take the tablet is
lessened by its appearance, smell, or taste.

' World Health Organization, The International Pharmacopoeia forth edition, 2013.
Monographs: Dosage forms: General monographs: Tablets.
http://apps.who.int/phint/en/p/docf/
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To eliminate or alleviate many of the disadvantages, and to introduce new
features, many tablet cores are coated with a functional layer. The functions of
the coating include (Cole, Hogan, Aulton, & Twitchell, 2002)

e Masking of an unpleasant taste or odor of substances in the core (most
likely the API)

e Protection from environmental influences such as light and oxygen, to
improve stability

e Increase the elegance, for example by giving a glossy finish or by applying
a color. This also helps to discern between different tablets.

e Reduce friction for a faster packing process

e Modify the drug release profile, for example in enteric coating (a coating
that is resistant to gastric juice, but dissolves in the lower pH values of the
small intestine) or generally any form of sustained release coating.

e Separate incompatible APIs or other substances by adding one or more of
them with the coating (rather than having it in the core).

Pharmaceutical coating can be roughly divided into three main groups (Cole et
al, 2002): sugar coating, film coating in drums, and film coating in fluid bed.
Strictly speaking, the coating processes investigated in this work all fall into the
second group, film coating of tablets. However, most findings are equally
applicable for sugar coating, and to some extent also for pellet coating.

There is one thing that all coating processes have in common: at the end of the
day, the resulting product will be consumed by patients. That is, persons that are
in need of a certain medication, and further are likely to be in a delicate state of
health. A coated tablet that does not work as intended could have serious impact
on patient health and safety. Therefore, the coated tablets have to consistently
fulfill the criteria for their critical quality attributes. To guarantee this, strict
governmental regulations are in place (see section A-1.2 for further information).

To comply with this demand for consistent high quality, a very detailed
understanding of the process is needed. To this end, a large number of
experimental work has been done (e.g. (Brock, Zeitler, Funke, Knop, &
Kleinebudde, 2012; Dubey et al., 2012; Just, Toschkoff, Funke, Djuric, Khinast, et
al, 2013; Mauritz, Morrisby, Hutton, Legge, & Kaminski, 2010; Muliadi & Sojka,
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2010; Shen, 2011)). In recent years, computer simulations have established
themselves as an additional tool for the investigation of coating. It should be
noted that simulations are most useful if they are not seen as a substitute for
experiment, but as a complement. Also, simulation approaches normally rely on
experiments for parameterization and validation. In the pharmaceutical industry,
their application is still relatively new, and often a considerable initial effort is
needed. However, once simulations are set up, they bring a number of benefits to
the table. For example, even if they do not describe 100% of reality due to model
assumptions, they are valuable to reduce the number of (often resource-intense)
experiments. A large amount of data is easily accessible, and many characteristics
that are readily available in the simulation would be hard or even impossible to
measure. A further advantage is that single parameters can be changed to
(almost) arbitrary values, without unwanted interactions. To give an example,
one could simulate a coating process with rotation speeds from zero to thousand
revolutions per minute, just to see at which point the resulting tablet movement
starts to be prohibitive, without thinking about the technical limitations of the
apparatus, damage to tablets, or explanations to superiors on why the new
coating drum already is in somewhat less than prime condition. For this matter,
one could as easily describe a coating process performed on the moon.

In this work, computer simulation is used to study different coating processes, at
some points also complemented with experiments. The mainly applied numerical
methods are computational fluid dynamics (CFD) and discrete element method
(DEM). Depending on the process, different quality criteria, such as uniformity of
coating or dissolution characteristics, are important; this is explained at the
corresponding positions in the single chapters.

The work is organized as follows. First, background on the surrounding
pharmaceutical and regulatory landscape, as well as the simulation methods is
given. Second, investigations of different aspects and processes are presented.
This second part is the largest, and presented in the form of manuscripts, both
already published and in the process of submission. Finally, a conclusion is given.

The manuscripts included in the second part are:

o Toschkoff, G, & Khinast, J. G. (2013). Mathematical modeling of the
coating process. Int ] Pharm.
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Toschkoff, G., Suzzi, D., Tritthart, W., Reiter, F., Schlingmann, M. &
Khinast, ]. G. (2012). Detailed Analysis of Air Flow and Spray Loss in a
Pharmaceutical Coating Process. Aiche J., 58(2), 399-411.

Toschkoff, G., Schinwald, C., Markl, D., Koller, D. M., Scheideler, M., Leitner,
M., & Khinast, J. G. (2013). Effect of Tablet Coating Parameters: Combining
Non-Destructive Measurements and Dissolution Testing. Submitted to
Eur ] Pharm Biopharm.

Toschkoff, G., Just, S., Funke, A., Djuric, D., Knop, K. Kleinebudde, P.,
Scharrer, G., Khinast, J. G. (2013). Spray models for discrete element
simulations of particle coating processes. Chem Eng Sci, 101, 603-614.

Toschkoff, G., Just, S., Funke, A., Djuric, D., Knop, K, Kleinebudde, P.,
Scharrer, G., Khinast, ]. G. (2014). Design-of-Experiment based DEM
simulation of an active tablet coating process, in preparation.

A complete list publications connected to this work (i.e., where the author of this
work contributed as main author or co-author) is given in Chapter I: .
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A-1 Background

A-1.1 History of tablet coating (Cole et al., 2002)

The oldest form of pharmaceutical coating is sugar coating, which was already
well-known in the confectionery industry before its application in the
pharmaceutical industry. Most commonly, open bowl-shaped copper pans were
used (today, stainless steel is the material of choice). The process generally was
strongly depending on the skill and knowledge of individual operators, and could
take days. In the beginning, batch sizes were (150 -200) kg. Later, newly
developed, improved pans such as the Pelligrini pan raised the limit to (500 -
600) kg per batch. The coating liquid was applied by hand using ladles, and the
temperature and amount of drying air were critical for the outcome. It is
understandable that sugar coating was more and more rarely applied due to the
high dependence on operator skill, and also due to the difficult identification of
the product. If a clear identification is needed, one has to resort to individually
printing the tablets, which is desirable to avoid. Other options of coating were
investigated; however, with the advent of film coating those routes lost
attractiveness.

The first commercially available film coated tablet was produced by Abbott in
1954. The basis for film coating was laid by the development of new materials,
such as the cellulose derivates. Among them, the most important was
hydroxypropyl methylcellulose (HPMC), which was applied using organic
solvents at a concentration of (2 - 4) %w/v and molecular weight fractions
relating to a viscosity of about 50 mPas. Abbott choose a fluidized bed (Wurster)
coating process, which was further developed other companies, with plants
reaching capacities of 1000 million tablets per year.

However, with a trend towards aqueous film coating (as opposed to organic
coating) and side-vented coating pans, fluidized bed coating of tablets is seldom
seen nowadays. Between 1954 and 1975, organic solvents were still widely in
use. The alternative of a HPMC of lower molecular weight and about (3 -
15) mPas was not applied because organic solvents were cheap, and it was
believed that the lower viscosity coating liquid would produce weaker films. This
has changed drastically due to a number of reasons, most notably a steep
increase in the cost of organic solvents, stricter regulations due to environmental
concerns connected with the used organic liquids, and the development of new
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coating systems. In addition, aqueous coating is not flammable, making it less
hazardous to work with.

When aqueous coating started to prevail, it was mostly done in the existing
equipment, which was to a large part pans open at the front (and rear), with the
drying air moving inside the coating drum. A huge quality improvement was
achieved by the introduction of perforated pans (where the air stream goes
through the tablet bed ) that are used nowadays.

A-1.2 Relevant regulatory surroundings

To guarantee the production of secure and effective drugs, the pharmaceutical
industry is heavily regulated. It is outside the scope of this work to describe the
frameworks and guidelines; descriptions are limited to those rules that directly
pertain to the research. In the case of the tablet coating process, two central
critical quality attributes are of central interest here: inter-tablet uniformity and
intra-tablet uniformity. In the following, the corresponding regulatory
surrounding is depicted.

A-1.2.1 Inter-tablet uniformity

Generally, it is desirable to minimize the variation of coating mass between
tablets of a batch. In some applications, a relatively high variation may not be a
reason to reject the produced film tablets, as long as the desired function of the
film is fulfilled; in others it is crucial. In this work, a large part of the
investigations are related to an active coating process, where the coating contains
an API. The variation of API is of course subject to strict regulations, and for
active coating this directly relates to the variation of coating mass.

In effect, this means that the accepted amount of variation in coating mass here is
regulated by monograph 905 “Uniformity of dosage forms” of the U.S.
Pharmacopoeia, harmonized with the European and Japanese counterparts
(Directorate for the Quality of Medicines of the Council of Europe, 2011; Ministry
of Health Labour and Welfare, 2011; U. S. Pharmacopoeial Convention, 2011b). It
discriminates between content uniformity and weight variation criteria; here, the
content uniformity applies. To determine whether a batch has passed or not, a
sample of size Nsample is drawn. The API content of the individual tablets is
determined, and an acceptance value AV is calculated according to:

AV = |M — X| + ks, (1)
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where X is the sample mean of the individual contents expressed as a percentage
of the label claim. M is a reference value described below. s is the sample
standard deviation again in terms of percentage of the label claim. k is the
acceptability constant, with a value of k = 2.4 for nsmpie = 10 and k = 2 for nsample =
30. The reference value M depends on how far the mean deviates from the label
claim. In active coating, this basically depends on whether the spraying is
stopped after the correct time. The simulations, on the other hand, are set up
such that the mean value over all tablets of a batch gives exactly the desired
value. Therefore, for the sake of this work, it can be assumed that the reference
value M is equal to X. The “sample” in simulations consists of all tables, but for a
worst-case analysis, k is set to 2.4. With this, the equation above simplifies to

AV =24xs (2)

The acceptance value AV has to be below the maximum allowed acceptance value
of 15.0, meaning that the sample standard deviation s has to be below 6.25 %.

A-1.2.2 Intra-tablet uniformity

A certain level of uniformity of the coating layer around a tablet (intra-tablet
uniformity) is needed for many applications, but it gains importance when the
coating has a protective function or serves for a controlled release. A common
example is most likely enteric coating. Here, the coating layer protects the tablet
from dissolution in the gastric environment. It has shown that even small areas of
missing coating mean insufficient protection (cf. Chapter D: ). Whether a coated
tablet has the desired dissolution behavior or not is tested according to
regulations in the pharmacopoeias, in the case of tablets especially using
Apparatus 2 (U. S. Pharmacopoeial Convention, 2011a). From a statistical point of
view, the specific rules of this “USP 2” implement a complex dependency of the
outcome on the coating quality of single tablets (Cox, Wells, Furman, Savage, &
King, 1982). In any case, this necessitates that the corresponding coating process
consistently yields tablets that have a minimum coating thickness all over the
tablet.

A-1.3 Simulation methods

The largest part of this work is concerned with the application of computer
simulations on the investigation of coating processes. Here, two main approaches
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are applied: computational fluid dynamics (CFD) and discrete element method
(DEM). Which one is chosen depends on the nature of the investigation.

A-1.3.1 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is a method to simulate the flow of general
fluids (that is, gasses or liquids). This applies to the air flow inside the coater
including the movement of the spray inside said air, the drying of the spray, the
impact of the spray on the tablet, and the formation of the film due to this. In all
of this, the actual movement of the tablets is not included; the tablet bed has to be
approximated in some form. Knowledge on the air flow is crucial if the drying air
is in intense contact with the spray. This is especially true for non-perforated
drums; one such process was treated in this work. In the case of a perforated
drum and an arrangement of air inlet and outlet such that the drying air mostly
goes through the tablet bed and does not interfere with the spray. Here,
knowledge of the air stream is of lesser importance, and a CFD simulation was
seen as less useful. In general, CFD is well known and routinely applied in many
fields such as automotive, aeronautic, or chemical engineering. It is therefore not
described in detail here.

A-1.3.2 Discrete Element Method

DEM simulation has little to no capability to include the air stream, but can
capture the movement of the tablets. In short, properties such as the position and
velocities of the tablets, are calculated and potentially saved for each single tablet
during a certain time span. At this point, the simulated time span normally has to
be less than the total process duration. Typical values are some minutes of
simulated process versus a total duration of some hours. However, this is not as
strict a limitation as it may seem: a few minutes of detailed knowledge yield
enough material for in-depth considerations and meaningful predictions, as
shown in Chapter F. A “basic” DEM simulation gives detailed data on the tablets,
but misses one important component: the spray that applies the coating, and with
it the “coating” part itself. One aim of this work was to develop means to include
the spray in the framework of the DEM simulation. The results are presented in
Chapter E: and applied throughout the work. The DEM is not as wide-spread and
as well-known as CFD, but sees a steady increase in application, and the
underlying principles can be considered common knowledge in this field.
Therefore, for further details, it is referenced to the available literature, e.g.
(Cundall & Strack, 1979; Ketterhagen, am Ende, & Hancock, 2009a; Toschkoff &
Khinast, 2013; Yamane, Sato, Tanaka, & Tsuji, 1995).
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A-1.3.3 Coupled CFD-DEM simulation

In this work, either CFD (description of fluid behavior without particles) or DEM
(description of particle-particle interaction) is applied, which is reasonable for
the processes given here. Other situations may necessitate to describe the
interaction between particles and fluid as well. For this, in the last year
approaches to couple CFD and DEM were developed, giving the ability to consider
air stream and tablet movement, and its interaction, in one simulation (Deen,
Annaland, der Hoef, & Kuipers, 2007; Jajcevic, Siegmann, Radeke, & Khinast,
2013). While the development quickly proceeds, coupled CFD-DEM simulation of
drum tablet coating is still not a straight-forward application and subject to
limitations. In the foreseeable future, this will change, but for the applications in
this work, it did not promise much additional information, and was therefore not
included in the scope of this work.

A-1.4 Experimental methods

While the majority of this work uses numerical methods, it should be mentioned
here that one chapter (Chapter D: ) treats experiments as well. Using a lab-scale
coating drum, small batches of tablets are produced and investigated with
respect to coating uniformity and dissolution, following the guidelines described
inA-1.2.2.

A-2 Considerations of the decrease of RSD over time

In literature, it is described that the standard deviation increases proportional to
the square root of time. The mean coating mass increases linearly with time,
meaning that the coefficient of variation of the coating mass (cy,nter) decreases as
the inverse of the square root of time:

Cv,inter o 1/\/E (3)

To draw a picture of what the underlying mechanic of this behavior is, a simple
statistical model of the coating process was set up using Matlab (The MathWorks,
Inc., USA). It is based on the decomposition of the coating process into a unit
coating phase that may be repeated, and a mixing phase.

When the coating process begins, the tablets are sprayed as they move down the
tablet bed. To a large extent, those sprayed tablets move along the coating wall
and re-emerge at the top again to roll down to the beginning of the spray zone
again. Up to this point, the majority of tablet has no coating, while a number of
tablets were in the spray zone once. This is defined as the unit coating phase. The
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length of the first phase corresponds to the first peak in the bed cycle time, cf.
section F-4.4 . After this point, the already coated tablets will visit the spray zone
a second time, more or less repeating the behavior of the unit coating phase a
second time. Without axial mixing, this pattern would repeat indefinitely, leading
to a smaller part of heavily coated tablets that happened to start in the axial plane
of a spray zone, and a larger part of uncoated tablets that were unlucky and
started between two spray nozzles. With axial mixing, this coherent behavior is
broken up, and after a coherence time span, a different, randomly chosen set of
tablets experiences the unit coating.

This picture of the process was now represented by the statistical simulation. A
schematic is given in Figure 1. The tablets are simply represented by a vector of
length nc.n, where the number at position i gives the amount of coating of the ith
tablet. The unit coating consists of increasing the value of the first nspray tablets
one after the other by one (this represents the coating mass). This is repeated ncon
times. After that, the first ngpray tablets have the same value for the coating. At this
point, it is assumed that axial mixing becomes noticeable. To simulate this, the
positions of the tablets are mixed semi-randomly in the following fashion. The
tablets on positions 1 to 1+nmix are randomly mixed. After that, the tablets 1+p to
1+p+nnix are randomly mixed, and so on. Generally, the tablets in the interval
[1+(np-1)*p, ny*p] are mixed, with p<nmix, and n, increased by one until the end of
the vector is reached. Figuratively, the mixing region is pushed along the vector,
shuffling the tablets as it moves along. In this way, tablets are randomly mixed
especially with neighboring regions, but it is extremely unlikely for them to move
over longer distances, such as is to be expected from the axial mixing.

After this mixing step, the spraying starts again; this is repeated until the desired
runs (correlating to the desired coating time) is reached.
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Figure 1: Schematic description of the representation of coating in a simplified
statistical model based on consecutive single tablet coating and mixing.
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During the whole process, the standard deviation (¢) and relative standard
deviation (i.e.,, coefficient of variation cviner) are calculated. Over the whole
process, those values are saved at regular intervals; at the beginning, they are
written out after each coating event of a single tablet in addition. The resulting
curves are shown in Figure 2 (cvinter) and Figure 3 (o). The additional curves
denote the functional dependency on time (Eq. (3)) predicted in literature and
also found throughout this work. On the left-hand side in both figures, the data
for the whole process is shown. The data points agree well with the analytic
curve. On the right hand side, each data point corresponds to a single additionally
coated tablet. In Figure 2 (b) it can be seen that for the first seven tablets (up to a
time of 1.5 s), the data points perfectly follow the t-05-law (dash-dotted red curve
labelled tsare). The reason is that up to this point, successive tablets were coated
without a tablet being coated twice. However, after the seventh coating, the same
tablets are coated a second time, and the coefficient of variation almost keeps
constant. After further seven coatings, in the settings used here the mixing step is
performed, and c, is decreasing again in the expected manner. The corresponding
behavior is seen for the standard deviation (Figure 3).
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Figure 2: Decrease of the coefficient of variation of coating time over time,

gathered from statistical simulations. (a): whole time range, (b): Detail showing the
first 28 coating events.
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Figure 3: Increase of the standard deviation of coating mass over time, gathered
from statistical simulations. A: whole time range, b: Detail showing the first 28
coating events.

At the end of the statistical simulation run, each tablet has been assigned a
certain coating mass (in arbitrary units). Figure 4 shows a histogram of this
distribution. It shows that it roughly resembles a Gaussian shape, as was to be
expected due to the random nature of the underlying model.
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Figure 4: Distribution of coating mass, collected from the simplified statistical
coating algorithm. The coating mass is given in terms of the number of spray
events.
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Summarizing, a simple statistical model was formulated and parameterized
based on knowledge from DEM simulations. It showed that the model can predict
central properties such as the decrease of the coefficient of variations in
accordance with expectations. Of course, this alone cannot validate the model,
but it hints that the proposed view of the principle nature of the coating process
is plausible, and can help to gain a deeper mechanistic understanding.
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Chapter B: Mathematical Modeling of the Coating
Process

Published as: Toschkoff, G., Khinast, ].G., Mathematical modeling of the coating
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B-1 Abstract

Coating of tablets is a common unit operation in the pharmaceutical industry. In
most cases, the final product must meet strict quality requirements; to meet
them; a detailed understanding of the coating process is required. To this end,
numerous experiment studies have been performed. However, to acquire a
mechanistic understanding, experimental data must be interpreted in the light of
mathematical models. In recent years, a combination of analytical modeling and
computational simulations enabled deeper insights into the nature of the coating
process.

This paper presents an overview of modeling and simulation approaches of the
coating process, covering various relevant aspects from scale-up considerations
to coating mass uniformity investigations and models for drop atomization. The
most important analytical and computational concepts are presented and the
findings are compared.

B-1.1 Keywords:
Film coating, Tablet coating, Discrete Element Method (DEM), Computational
Fluid Dynamics (CFD), Modeling, Pharmaceutical Engineering.

B-2 Introduction

Coating of tablets or particles is one of the oldest and most common unit
operations in the pharmaceutical industry. Generally speaking, coating is a
repeated exposure of particles (tablets, granules, etc.) to a spray, containing
solute and solvent. As a particle moves through the spray zone, it receives a
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partial coating with a local distribution and amount depending on the local
conditions on the particle’s way through the spray zone. The liquid coating
spreads to some extent over the particle and, in some cases, penetrates it. It also
may be transferred to other particles. After being sprayed, the particle moves
into a region where the partial coating is solidified, typically via evaporation of
the solvent facilitated by heated drying air. This cycle of spraying and drying is
repeated multiple times until the desired coating mass and/or uniformity are
reached, shown schematically in Figure 5 (Turton, 2008).

Repeated cycle of spraying and drying
___-_-_-'_'-'—-—_

Wetting & spreading

\
{5y Particles | €
— PR Q
Nozzle 3 bypass >
=
/ \| spray =
<IN ©
Spray zone Ny _g)
©
T
Coating liquid

Atomization +
pattern air

Figure 5: General principle of a particle coating process. This cycle (Coating in the
spray zone - transportation and drying - re-enter the spray) appears in most types
of coating apparatus. Modified from (Turton, 2008).

Although coating systems are quite diverse, the underlying principle of most of
the modern systems is the same. Differences primarily relate to the way particles
move between spray and drying zones and the way of removing the solvent.
Since most solid dosage forms are coated using either a fluidized bed or a
rotation drum, they were the focus of this work, with an emphasis on drum
coating of tablets, for which an extensive body of literature exists. However,
because the underlying principle is similar, findings are generally applicable to
coating of particles in general.
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B-3 Drum Coating

Drum coating of tablets is a very common coating method in the pharmaceutical
industry. Tablet cores are placed in a rotating drum, where the rotation promotes
their radial and axial mixing (Figure 6).

Direction of rotation

Two fluid nozzle

Atomizing air

Coating
solution

through tablet bed

Figure 6: Schematic representation of a typical drum coating apparatus. Modified
from (Turton and Cheng, 2005)

Typically, axial mixing is slower, and is often facilitated by installing baffles in the
drum (Muliadi & Sojka, 2010). Drum coaters are available in different designs,
distinguished mainly by the drying air flow through the drum and by the baffle
arrangement. However, all of them operate similarly, with particles cascading
down the top of the bed and some passing through the spray zone. The spray
zone is formed by one or more spray nozzles mounted atop and spraying down
onto the tablet bed.

For the coating quality, dominant factors are the movement of the tablet and
locally the tablet-drop interaction. The relative effect of droplet size, impact and
frequency, liquid spreading, drying and the ensuing solid-state transformations
determine the morphology and quality of the coating (Bolleddula, Berchielli, &
Aliseda, 2010; Suzzi, Radl, & Khinast, 2010).

During a pan-coating process, operational parameters can be divided into two
groups: pan-and-tablet-related and spray-related (Pandey et al., 2006c; Porter,
2012; Ruotsalainen et al.,, 2002).
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Important pan and tablet parameters are:

e pan diameter and depth

e pan speed

e panload

e core shape, size, and mass

o Daffle setup

e number of spray nozzles

e pan perforation

e mechanic tablet properties (e.g. hardness, friability, friction coefficient)

Important spray-related parameters are:

e spray rate

e inlet air flow rate

e inlet/outlet air temperature
e inlet/outlet air humidity

e atomizing air

e solution properties

e nozzle-to-bed distance

e coating time

To achieve a deeper understanding of the coating process, experimental
investigations studied the influence of process parameters on the outcome
(Miiller and Kleinebudde, 2007a; Patel et al., 2009; Sandadi et al, 2004). Both
inter- and intra-tablet uniformities were measured (Tobiska and Kleinebudde,
2003), with a trend towards novel non-destructive techniques, such as
Terahertz-Pulse Imaging (Brock et al., 2012; Ho et al,, 2007) or Optical Coherence
Tomography (Koller, Hannesschlager, Leitner, & Khinast, 2011; Mauritz et al,,
2010; Zhong et al., 2011).

A general review of pharmaceutical tablet spray coating was provided by
(Muliadi & Sojka, 2010), with some coverage of analytical models.

B-4 Fluidized Bed Coating

Another coating unit operation is fluidized bed coating. However, for the coating
of larger particles (such as tablets), which is the main focus of this review,
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fluidized bed coating is much less common than drum coating. Therefore, a
detailed description of this complex process is out of the scope of this work. A
description of the concept and some modeling aspects are given; for an in-depth
treatment, the reader is referred to the literature (e.g, Teunou and Poncelet,
2002).

In fluid bed coating, particles are introduced into a closed area (cell) and
suspended by (heated) air introduced from below. A coating liquid is sprayed
onto the particles from a nozzle. A schematic is shown in Figure 7.

e
C Air outlet

Filter

Nozzle

A Air
& inlet
Peristaltic
pump Fluidised
Coating particles Heating

liquid system

Figure 7: Schematic representation of a top spray fluid bed granulator or coater.
Modified from (Teunou & Poncelet, 2002)

If properly set up, the air flow mixes and dries the particles. Several fluid bed
coating varieties exist, distinguished by the choice of the nozzle position and flow
setup. Examples are shown in Figure 8.
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—

(d)

Figure 8: Different forms of fluid bed coating: (a) top spray or granulator, (b)
bottom spray, (c) “Wurster” type, (d) side spray with rotating disk. From (Teunou &
Poncelet, 2002)

All of them subject particles to a cycle of coating and drying events to accumulate
coating layers. One of the challenges is that particles, especially small ones, tend
to agglomerate. The advantages of fluidized bed coating include fast heat and
mass transfer, temperature homogeneity and easy flow rate control. In addition,
it is well-suited for smaller particles, which are impractical or impossible to coat
in a drum.

Depending on the air velocity, different forms or configurations emerge. At low
velocities, instable channeling or slugging is observed. A stable fluid bed is
formed for values between the minimum fluidization velocity vm; and the

terminal velocity v.. The velocity vimysmainly depends on the particle diameter dp ,

the particle density O, and the fluid density QOjand viscosity{ (Teunou &
Poncelet, 2002):

0.934 _0.93441.8
- d
('Op 1:(19 )087 gooes : for dp <100pm,
_ 4% g
me - ’
—#_|11135.7+0.0408Ar > ~33.7|  ford, >100um. ®)

Py,

The Archimedes number Ar is given as
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3
Ar = psdv(ppz_pgb ' (5)

yri

where d, is the diameter of an equivalent sphere. For air velocities above the

terminal velocity v;, particles are carried with the gas stream, and transportation
rather than fluidization takes place. It can be estimated as (Teunou & Poncelet,
2002)

1/2
V. = {4gdp(pp Py )} '
' 3ngD
with the drag coefficient Cp given by corresponding correlations (Ganser, 1993;
Tran-Cong, Gay, & Michaelides, 2004).

(6)

B-5 Application of Modeling Approaches

The two central quality criteria of the coating process are intra- and inter-particle
uniformities of the finished product. Intra-tablet uniformity describes a variation
in the coating thickness on one tablet. Inter-tablet uniformity describes the
differences in the total coating mass between individual tablets. For
pharmaceutical tablets, depending on the coating functionality, an entire batch
can be rejected if either or both criteria are not within an acceptable limit.
Therefore, a large part of the modeling effort is directed towards the prediction
and optimization of these uniformities. In addition, modeling is successfully
applied to scale-up of processes, thermodynamic considerations of drying, as well
as to the determination of particle velocities or collision frequency, intensity,
particle stress and abrasion.

B-5.1 Inter-Tablet Coating Variability

Inter-particle coating variability is one of the biggest concerns regarding coating.
Uniformity can be quantified via the coefficient of variation (or relative standard
deviation) of the coating mass over all tables, cyiner. It is calculated from the
coating masses of the particles according to

Np
Cv,inter :%c\/NiZ(mc’i _mc )2 )

p i=l

(7)

where Npis the number of particles, M ; is the coating mass of particle i and mc

is the average coating mass of all particles. Eq. (7) is valid if the coating mass of
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each particle is known. Experimentally, cyinter is normally estimated from a large

enough sample of particles, in which case Np in the equation above is replaced by

(Np-1) and mc is estimated by the sample mean.

Some simulation methods can be used to directly determine the coating mass of
each tablet and the quantities related to it. Other modeling techniques do not
calculate the coating mass directly but, rather, establish the mass uniformity
based on other quantities. Common quantities that are used to describe the
properties of a coating process are (Kalbag and Wassgren, 2009):

34

Residence time Tr;: the total time particle i spends in the spray zone. At
the end of the coating process, each tablet has a single value for its
residence time, which is often assumed to be proportional to the coating
mass it received. Averaging over all particles gives the average residence

time TR , a single value for the entire coating process.

Circulation time Teri: the total time tablet i is outside the spray zone.

Similar to the residence time above, an average circulation time T, can

be defined.

Fractional residence time fr;:: dimensionless quantity defined as the
tablets’ residence time divided by the total operating time of the coating
process, Ty, also introduced in (X. Y. Liu, Xu, & Zhang, 2011). It can be
used as a performance indicator. At the end of the coating process, each
tablet has a different single-value fr;. Averaging over all tablets gives the

average fractional residence time fR .

Single visit residence time tsyrr: the residence time per pass, i.e., the
duration of a single visit to the spray zone. In one coating process, each
tablet has multiple SVRTSs, one for each spray zone visit. tsyrr of all tablets
for all visits is typically gathered in a single distribution. The mean value

torr of the distribution states the average time the particle spends in the

spray zone, which is important for the coating quality. If tsvrr is too high,
particles are over-wetted and may not dry on time. Unwanted liquid
bridges may form, promoting defects such as picking (Muliadi & Sojka,
2010). If it is too low, the coating received in one pass may not be
sufficient to form a intact partial coating layer per pass.
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e Single cycle time tsct: the time between two subsequent visits to the spray
zone of the same tablet. As for tsyrr above, the distribution of tscr is
calculated.

e Coating fraction «: ratio of the (average) number of particles in the

spray E to the total number of particles N o

The quantities defined above are not independent from each other. Fractional
residence time can be calculated from the average of tsvrr and tscras:

(8)

fR — tSVRT

tSVRT + tSCT

The average fractional residence time f; is equal to the fraction of tablets
located within the spray zone. The average number of tablets located in the spray

zone n_p multiplied by the total coating time Ty is equal to the total number of

tablets N, multiplied by the average residence time TR :

nT =N T 9)
nTo=NTg.
From this, it follows that the fractional residence time is given as

fo=nIN, =, (10

B-6 Modeling Approaches Overview

Due to the complexity of the coating process, it is impossible to model the entire
process in detail. Instead, depending on the objectives, specific modeling
approaches are chosen. They differ in their scope (e.g., coating of a single tablet
versus the movement of all tablets) and complexity (e.g., a single analytical
expression versus a full velocity field). In this work, they are organized according
to the underlying theoretical framework:

e General analytical modeling
e Computational Fluid Dynamics simulations

e Discrete-Element-Method-based simulations
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o Particle movement and mixing
o Inter-tablet variability
o Intra-tablet variability

e Monte Carlo and Population Balance

The main focus of this overview is the theoretical and computational modeling.
However, many models require measured values as input or experimental data
for validation. Therefore, the literature regarding experimental work was cited
when relevant. A more comprehensive list of experimental studies can be found
in (Sahni & Chaudhuri, 2012).

B-7 Analytical Modeling

Analytical modeling refers to methods that do not depend on the numerical
computations but rather describe how to calculate characteristic properties from
analytical expressions. These expressions are either derived from first principles
based on simplifying assumptions or based on knowledge from an experiment
and/or simulation.

B-7.1 Coating Distribution

The very basic but useful “prediction” of film thickness is performed by dividing
the total volume of the applied coating liquid by the total surface area, taking
spray loss into account for more accuracy (Rowe, 1996). For a biconvex tablet,
the surface area S can be calculated from tablet diameter dib, band height hpang,
cap height hc.p and cap radius Rcap according to:

S =7, Ny +47R o Ny - (11)
This, of course, does not take the inter-particle coating variation, i.e., the variation
of the coating mass between different tablets as defined in Eq. (7), into account. A
number of sophisticated computational methods described below were recently
used to investigate the Cyinter. An often used analytic expression for cyineer can be
stated based on renewal theory in terms of the coating mass distributions per

pass and tablet circulation time (Mann, Rubinovitch, & Crosby, 1979; Mann,
1983):
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2

2

_ :Uct UCPD O-ct

Cv,inter_ T_ +— (12)
0 Iucpp :uct

where HUgyand Oy, are the mean and standard deviation of the coating-per-pass

distribution; Hgand O, are the corresponding values for the cycle time

distribution and Ty is the total coating time. This central equation is illustrated in
Figure 9.
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Figure 9: Schematic explanation of the dependence of the total coefficient of
variation on the distribution of cycle time and coating per pass. After (Turton,
2008).

Hall found that the dependence of cyner On the coating time predicted in the
equation was verified in several types of coating apparatus (Hall, 1990). In a
Wourster coating process, the variation in coating per pass affected the total cy,inter
significantly more than the variation in the circulation time (Shelukar et al,,
2000). Similar results were reported in (Cheng and Turton, 2000a). Recently it
has been pointed out by Freireich (Freireich & Li, 2012) that Eq. (12) could be
improved. In the original derivation, it is assumed that spray times (time
particles spend in the spray zone) and cycle times (time needed for a total cycle)
are independent; however, strictly speaking the spray times and bed times (time
between two spray events) should be considered independent. A corrected
formulation introducing the coating fraction & is proposed:
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(13)

It can be seen that the correction is small for a small coating fraction; this is
typically the case.

In Eq. (12) or (13), the circulation time distribution and the mass-per-pass
distribution are required as input. One (intricate) way to assess the circulation
time distribution is to use magnetic tracer particles and a detection coil (Cheng
and Turton, 2000b; Mann and Crosby, 1975; Waldie and Wilkinson, 1986) or
radioactive particles with Position Emission Particle Tracking (PEPT) (Parker,
Dijkstra, Martin, & Seville, 1997; W. Chan, Seville, Parker, & Baeyens, 2010). A
method to determine the distribution of the mass per pass (which is not
commonly measured) is to inject colored coating for a defined time
(Subramanian, Turton, Shelukar, & Flemmer, 2003).

B-7.2 Scale-Up / Scale-Down

One application for modeling is to give guidance in scale-up: a given coating
process is working on a relatively small scale, what parameter settings will
ensure that the same process works on a bigger scale? This question typically
arises after a process was developed on lab scale, and is to be scaled up for the
routine production (industry scale). The opposite direction is scale-down,
applicable when e.g. a product was mass-produced, but is now needed in smaller
quantities than usual.

Scaling laws based on the equipment geometry and flow rates for coating
processes in both fluid bed and pan coating were described by Turton and Cheng
(2005). For fluid bed operations, the variables were air flow, product uniformity,
air dew-point, distributor plate design, particle attrition, atomizing air pressure,
coating time and batch charge. Scale-up laws for relative spray rate, relative
coating time and air velocity were given. For drum coating, the coating and
drying cycles, air conditioning, rotation rates, batch charge and the nozzle
location were investigated. A formula for the coating time that takes nozzle setup
into account was provided.

Rules for scale-up were formulated by considering geometric, dynamic and
kinematic similarities (Levin, 2005) Geometric similarity primarily means that
the shape of the drum is proportional, the baffle-aided mixing is similar and the
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fill ratio is constant. Dynamic similarity aims at maintaining similar forces acting
in the coater across the scales. For the particle movement in a rotating drum, the
two governing forces are inertial and gravitational force. With regard to that, two
approaches were developed. First, keeping the dimensionless Froude number
constant (Ding et al.,, 2001; Orpe and Khakhar, 2001; Pandey et al., 2006c), with
the Froude number being the ratio of the inertial to gravitational forces:

w?’D

Fr= = const, (14)
g

with @ the magnitude of the drum rotation velocity, and D the drum diameter.

Second, keeping the circumferential (“linear”) velocity of the coater constant:

@D = const. (15)

Turton and Cheng (2005) reported that, in practice, using the Froude-number
scale-up criterion often resulted in product abrasion, suggesting that the second
approach may be more appropriate.

Kinematic similarity finally ensures that the velocities of the tablets remain
constant across the scales, at least where they have a great impact on the coating
process (e.g., the velocity in the spray zone). Different approaches were
proposed. Pandey et al. (2006b) suggested to ensure similar tablet velocities on
top of the tablet bed since this affected the time the tablets spend in the spray
zone and thus the coating process. They also suggested maintaining a constant
ratio of characteristic drying time of the spray drops to the time the tablets spent
on the bed surface:

t [t = const. (16)

dry " “surface

In addition to the dynamic and kinematic similarity, the ratio of air flow rate and
spray rate (commonly called the drying capacity) should be kept constant. Am
Ende and Berchielli (2005) further assumed that the tablet bed temperature is
equal to the outlet temperature and the heat loss can be neglected. Thus, keeping
the inlet temperature constant across scales results in constant exhaust
temperature.

The cycle time (the time span between two coating events of one tablet (Kalbag,
Wassgren, Sumana Penumetcha, & Pérez-Ramos, 2008)) is longer for bigger
scales. Pandey et al. (2006c) argued that since this effect offers tablets more time

to dry, more coating solution can be sprayed. The spray rate V can be scaled
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based on the number of tablets in the spray zone, np, and the total number of
tablets, Np:

Ny
v —— = const. (17)

N,
Note that Eq. (17) does not take into account the additional effects of increasing

the spray rate, such as local over-wetting near the spray zone or a change in the
coating formation.

Normally, it is desirable to achieve a constant weight gain per tablet on all scales.

In this case, the coating time Ty is connected to the spray rate V  and drum load
L:

1%
T, — =const.
o (18)

An overview of the scale-up of pan coating was presented in (Pandey, Turton, et
al,, 2006). Four parameters that influence the coating process were selected for
closer investigation: the pan load, the pan speed, the total spray rate and the inlet
air flow. The presented scale-up rules were applied for scale-down: two
processes optimized in a 52-inch drum were downsized to run in a 24-inch drum.
The resulting tablets had a similar appearance and dissolution profiles on both
scales. Further investigations showed that the pan speed had the biggest effect on
the coating uniformity, while coating efficiency and opacity were mostly
influenced by the drying capacity. For all scale-up considerations, the mechanical
stress of the particles that may vary between the scales must be considered.
Miiller and Kleinebudde (2006) investigated the abrasion of tablets at different
scales (Bohle BFC 5 and BFC 40). Under otherwise identical conditions, the
number of impacts of tablets onto the coating drum increased with the square of
the pan diameter, resulting in approximately 4.36 times more frequent impacts
on the lab scale compared to the pilot scale to arrive at the same coating. In
addition, Miiller and Kleinebudde compared the scale-up of two-component
laboratory and production spray nozzles (Miiller and Kleinebudde, 2007b) and
presented a scale-up approach to achieving similar droplet sizes, velocities and
densities. The droplet size was scaled by adjusting the atomization air pressure
and the droplet velocity by adjusting the nozzle-to-bed distance. A
comprehensive overview of the scale-up of film coating is given in (Porter, 2012).
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B-7.3 Velocity Scaling

With respect to a coating process in a rotating drum, it is useful to know the
velocity of the particles at different surface locations as a function of the process
parameters, especially at the location of the spray nozzle. Attempts have been
made to determine scaling laws for the velocity that can generally be applied to a
range of parameter settings.

Orpe and Khakhar (2001) collected experimental data for spherical particles in
rotating cylinders of short axial length for different rotation speeds and particles
sizes. Various continuum theories were applied to the experimental data, and the
applicability of the theories was confirmed by comparing the outcome. Scaling
analysis indicated that the Froude number and the size ratio (particle size to
cylinder size ratio) influenced the flow the most. An exception was the dynamic
angle of repose: it increased nearly linearly with rotation speed but did not scale
with the Froude number.

Miiller and Kleinebudde (2007a) gathered experimental data for tablet velocities
in pan coaters ranging from lab- to production scales. They fitted the data to a
mathematical model described in (Alexander et al., 2002; Pandey et al., 2006b) to
arrive at

v=kDw"*(g/d, " ¢ (19)

where v is the velocity of particles, k is a constant, D is the pan diameter, w is the
pan rotation speed, and d, is the particle size, and ¢ is the filling degree of the

drum. The equation was a good fit across all tested coating pan sizes. From Eq.
(19) it also follows that tablets are likely to move faster through the spray zone
when the size of the coating drum is increased. To quantify this increase, the ratio

of the velocities Zj\, between two pan coaters of different size is defined.

Assuming constant peripheral speeds and the same spray zone when going from

one pan size to another, 5\, is given as the ratio of the volumes of the larger pan
(Vpanz) and the Smaller pan (Vpanl): 5\/ = Vpanz /Vpanl.
This was subsequently used as a correction factor for the scale-up of the spray

rateV depending on the spray width w ( Miiller and Kleinebudde, 2007b; Turton
and Cheng, 2005):
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Wp an2

pan2 (20)
panl

vV

panl = vV

B-7.4 Thermodynamic Models

Film coating can essentially be considered an adiabatic evaporative cooling
process. Evaporation of the coating solution from the tablets depends on a
combination of the drying-air flow rate in the drum (impacting mass and heat
transfer between tablet and air), the system temperature, and the moisture
content of the air. These driving forces in turn are governed by apparatus design
and operating parameters. In general, parameters (such as spray rate or inlet air
temperature) cannot be set independent of each other, and a change in one
parameter will most likely influence the process in multiple ways.

Am Ende and Berchielli (2005) presented a semi-empirical thermodynamic film
coating model to predict the temperature and relative humidity of the exhaust
air. Mass and energy balances were formulated for a control volume of the tablet
bed. The change of enthalpy due to sensible heating and the latent heat of solvent
evaporation (water and/or organic components) was taken into account. Heat
loss to the surroundings was included as an empirical heat loss factor fu that was
fitted to match experimental data. The air flow from the spray nozzle was
neglected. One important parameter that is usually monitored in a coating
process and which is used for process control is the exhaust air temperature. This
temperature is given by:

C_ i Varin + XsM

p.air " air,in

air,in coath,STcoat - Xsmcoat Lvaps + fHLTRT

+ XM

m
Tair,out = m C

air,in ~p air

Cp,S + (21)

coat
where Tairout, Tairin, Tcoar, and Trr are the temperatures of the exhaust and inlet air,
coating liquid and the room temperature, respectively. mair'in and mcoat are the

mass flow rates of the inlet air and coating solution, Cp.ir and Cps are the specific
heat capacities of air and solvent, respectively. xs is the solvent fraction in the

coating solution. The latent heat of vaporization of the solvent is given as L\,aps.

For more than one solvent component, a combination of single-component values
is taken. Equation (21) can be used as a scientific basis for a Quality-by-Design
investigation of the scale-up of a tablet coating process (Prpich et al., 2010).
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Page et al. (2006a) developed another model to predict air and product
temperatures, product moisture, and air humidity in a film-coating process. In
their work, a Bohle lab-coater was divided into spraying and drying zones, and
balance equations for air humidity, air enthalpy, product moisture, and product
enthalpy are formulated for each zone were formulated. In addition, mass and
heat transfer were considered. In summary, a set of first-order ordinary
differential equations was set up and solved numerically. Most of the required
model input parameters were calculated or measured. A separate publication
(Page, Baumann, & Kleinebudde, 2006b) describes how the remaining
parameters were determined experimentally and how the model was applied.

B-7.5 Modeling of spray characteristics

In the treatment of the coating spray itself, analytical models are often used to
predict drop generation and impact. With that regard, the following non-
dimensional numbers are relevant:

pDV?
o

Weber number We =

Drop Reynolds number Re = ol (22)

Y7,
Ohnesorge number. Oh = A
\ poD

with p the density, D the characteristic length (here: diameter), v the

characteristic velocity, and pu the viscosity.

B-7.5.1 Drop impact and spreading

Bolleddula et al.(2010) studied the effect of droplets hitting a dry surface in the
context of pharmaceutical spray coating. They addressed the dynamics of highly
viscous Newtonian and complex rheological liquids over a range of Oh, We, and
Re numbers. The experimental data showed reasonable agreement with models
for the ratio of the maximum spread and initial diameter. An important result
was that the relation

=57.7Re™*

)

Oh

crit

which predicts the onset of splashing, see Figure 10 (Suzzi et al., 2010).
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Figure 10: Deposition model of impacting droplets: critical curve. From (Suzzi et al,,
2010)

Alleborn and Rasziller (2004) modeled the spreading and sorption of droplets
into a porous substrate. Based on a lubrication-flow approximation and the
Frumkin-Deryaguin model, they derived equations describing the time evolution
of a droplet situated on a substrate. This includes both, the change of the droplet
shape (profile) above the substrate, and the movement of the wetting front inside
it. The limiting cases of a very thin porous layer were in accordance to
corresponding experimental data.

Rafai et al. (2004) studied the time evolution of a spreading droplet for non-
Newtonian liquids (that is, liquids that show shear-rate dependence in their
viscosity, and exhibiting normal stresses). They find for the spreading radius R as
a function of time:

1/10
R(t) ~Vdmp3/1o(%j '[1/10, (23)

where t is the time, Vj,,, is the drop volume, & is the surface tension and p is the

rop

viscosity. Surprisingly, this is in accordance with the well understood wetting of

1/10
~1

Newtonian fluids on smooth solid substrates ( R(t) , Tanner’s law). For the

practical prediction of spreading rates, they also propose to replace the viscosity
with effective viscosity values to account for shear-thinning or normal stress
effects in fluids.
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B-7.5.2 Drop generation

To predict the droplet’'s mean diameter produced via pneumatic atomization,
Miiller and Kleinebudde (2007b) reported an expression for the Sauter mean
diameter (SMD) ds; (adapted from (Nukiyama & Tanasawa, 1939)):

05 15
585x10° (& _0225( 1000
d,, = —(_j +1683u°**(op ) 0225(—} , (24)
Vrel 10 ‘]
with V,, being the relative air velocity at the nozzle exit, o the surface tension, p

the liquid density, u the liquid viscosity and J the air-to-liquid volume ratio.

In a study of batch and continuous fluid-bed coating, Teunou and Poncelet
(2002) used a correlation for the (mean) droplet size dy suggested by Masters
(1979):

585x10°%/o u ) (10000, )"
d, =—————F—=—+597 — (25)
Vrel V p VO'P Qair

where Qliq is the liquid volumetric flow rate, Qair is the air volumetric flow rate.

The relative velocity v can be seen as approximately equal to the outlet air
velocity.

Varga et al. (2003) experimentally investigated the breakup and atomization of a
liquid jet and found a mechanism based on interfacial and Rayleigh-Taylor
instability. A model based on the Rayleigh-Taylor initial breakup yields a
practical expression for SMD:

0.6871/2(,0|Vg /40_1/2

d,, = F —,
ol oy ) u b -

with v and vg being the velocities and p) and 0, the densities of liquid and gas,

respectively; v is the kinematic viscosity and ) a proportionality factor. Eq. (26)

implies that the SMD is proportional to VéM, which was confirmed by the

experimental data. More recently, Aliseda et al. (2008) extended this study to a
theoretical and experimental investigation of the atomization dynamics of non-
Newtonian liquids and of the performance of two-component spray nozzles,
typically applied in pharmaceutical tablet coating. A Phase-Doppler Anemometry
was used to characterize the spray, and the rheology of six fluids, including two
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Opadry II water-based suspensions, was analyzed. An atomization model for the
Sauter mean diameter dz; based on (Varga et al., 2003) was developed:

d b 1/2 / 1/4 1 D 1/6 Re 1/12
—2=C,(L+ mr)[—gj 2Py 14C, | | —22| wep*Oh”
d, D, Rey, ep, b, ol p,

(27)

where d, is the liquid orifice diameter, by gives the size of the air outlet at the
nozzle tip, and C; and C; are model constants. The mass loading effect m, was
adapted from (Mansour & Chigier, 1995). The dimensionless numbers Re, Oh,
and We have been defined above in Eq. (22). Note that Weber and Ohnesorge
numbers are based on the liquid orifice diameter, as denoted by the subscript L

Eq. (27) implicitly indicates the dependency of dsz on the gas velocity as VE;SM and

surface tension as o2

. A comparison with the data showed that the model could
reasonably predict the Sauter Mean Diameter at a distance from the nozzle. In
addition, it was found that the pattern air plays a negligible role in the drop

formation.

B-8 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is a method used to simulate the flow
behavior of a fluid (i.e.,, liquid or gas). Apart from the velocity field of a fluid,
modern CFD software enables one to e.g. include different phases, considering
heat- and mass transfer between phases, or describe porous regions. Relevant to
coating is especially the possibility to track the movement of particles in the flow
(Euler-Lagrange approach). The particle movement is influenced by the liquid
flow, which in turn is affected by particles (two-way coupling). This can be used
beneficially to model the coating spray. In a Design-of-Experiment (DoE) study,
Wang et al. (2012) simulated drying of a single spray droplet as it traveled
through a volume of air. They showed the influence of the initial drop diameter
on the velocity and size loss over the traveled distance. Toschkoff et al. (2012)
simulated the air flow and spray movement in a non-perforated coating drum
using an Euler-Lagrange approach and following the trajectories of single
droplets in the air stream. Mass and energy transfer from and to the droplet was
considered, and spray loss of five spray nozzle setups was compared. Suzzi et al.
(2009) used CFD simulations to investigate the film formation on spherical and
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biconvex tablets under different conditions. An approach involving the Euler-
Lagrange Discrete Droplet Method was applied to simulate the spray flow in the
surrounding air. Film formation and evolution on the surface of the sprayed
tablet was simulated in a quasi-two-dimensional model. The coating solution was
a glycerol-water mixture of different concentrations/viscosities. The influence of
the air temperature, the drop velocity, the drop diameter and the coating liquid
viscosity on the coating thickness and the local distribution was investigated. The
results showed how the intra-tablet coating uniformity was affected by changes
in the process parameters. Continuum models (Euler-Euler approach) were also
used to describe the particulate motion. Ding et al. (2001) used an Eulerian
approach to simulate rotating drums and derived non-dimensional equations to
determine scaling relationships for rotating drums. They established that the
controlling factors were the Froude number, pseudo-Reynolds number, pseudo-
Euler number, drum geometry ratios, drum inclination, drum fill fraction, particle
size distribution and physical properties of the particles and the drum wall
(coefficient of restitution, elastic modulus).

[t should be noted that in the Euler-Lagrange model, the particles themselves can
only have limited interaction (such as coalescing droplets), but no sophisticated
models for particle collisions are included. For the full description of particle
movement and collision in a fluid stream, a coupled DEM-CFD has to be applied.
Applications of this coupling in coating processes of larger scale is relatively
novel, work in this field is shown in section B-9.4 .

B-9 Discrete Element Method (DEM)

Recently, the Discrete Element Method (DEM) became a valuable tool for
analyzing particulate processes in the pharmaceutical industry (Adam, Suzzi,
Radeke, & Khinast, 2011; Ketterhagen, am Ende, & Hancock, 2009b). It is
particularly well-suited to simulate the coating of tablets (or similar particles) for
two reasons. First, the movement of tablets in a coater is governed mostly by
gravitational and inertial body forces in combination with particle-particle and
particle-wall collisions. Additional forces due to the air flow or cohesion can often
be neglected or can be accounted for by DEM-CFD coupling (see below). Second,
although the number of tablets (in the order of 105-10¢) involved in the coating
process is high enough for granular behavior, in many cases it is low enough to be
processed with the available computational hardware. A default DEM simulation
provides limited data, such as the tablet position or velocity. To obtain additional
attributes (e.g., coating uniformity), it must be established which tablets are in
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the spray region (i.e., being coated) at a given time and which are not. For this,
different approaches have been suggested.

One of the first DEM applications for tablet coating was proposed by Yamane et
al. (1995), who used at most 600 spherical tablets due to computational
constraints at that time. The influence of the rotation speed, the fill level and the
size of the spherical tablets was investigated in terms of the RSD of residence
time and the average circulation time. For tablets in the spray zone that were
partially covered with coating from other tablets, only a fraction of the exposed
surface was taken into account in this early work.

Reducing the three-dimensional geometry to a two-dimensional problem is only
valid under certain conditions. Pohlman et al. (2006)demonstrated the effects of
end-walls in rotating drums of various length and found that the influence of the
walls on the overall flow is insignificant if the axial length is greater than the
diameter. In this case, the flow in the coater center can be approximated by the
flow in an infinitely long drum. For a length smaller than the diameter, the effect
of the wall could not be neglected.

Another important concern is how to treat the shape of particles/tablets. In the
literature, spherical particles are used or tablet shapes are approximated by the
number of different-sized spheres that are “glued” together (Favier, Abbaspour-
Fard, Kremmer, & Raji, 1999). It is known that the particle shape is a crucial
factor for numerical simulations (Abedi & Mirghasemi, 2011). For example,
standard round convex tablets have higher velocities in the cascading layer than
spheres of the same volume and equivalent diameter (Pandey & Turton, 2005).
Recently, models were developed that represent the bi-convex tablet shape more
correctly by using intersecting spheres. The top/bottom is described using two
partial spheres and the edge as a part of a relatively large sphere or a cylinder.
Contact detection algorithms for such spheres along with a comparison to “glued”
spheres are presented in (Kodam et al., 2009; Kruggel-Emden et al., 2008; Y. Song
et al., 2006). Experimental validation of static packing density and dynamic angle
of friction can be found in (M. Kodam, Curtis, Hancock, & Wassgren, 2012),
showing good agreement for the investigated tablet shape contact model. Large-
scale simulations of these approaches are still beyond current computational
capacity and have not yet been reported in the literature. However, this will
change in the near future with the increase in CPU power and the advent of new
approaches such as running DEM simulations on graphics processors (Radeke,
Glasser, & Khinast, 2010).
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An overview of the different DEM simulation studies is given in Table 1. As an
indicator, the number of particles in the simulation and their shape is stated. It
should be noted that this does not reflect the simulation time; this depends on
additional factors such as number of variations or the simulated time span.
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Table 1: Development of the number of simulated particles and the particle shapes
in DEM simulations over the recent years for selected references.

Year Number Shape of Type Reference
of particles
particles
1995 600 spherical Rotating drum (Yamane et al., 1995)
1999 200 irregular (18- Proof of (Favier etal.,, 1999)
30 glued principle
spheres)
2000 8880 Spherical Granulator, (Muguruma, Tanaka, &
liquid bridge Tsuji, 2000)
model
2002 11168 Spherical V-mixer (Kuo etal.,, 2002)
2002 2000 Spherical Angle of repose (Y. C. Zhou, Xu, Yu, &
Zulli, 2002)
2005 1500 Spherical Angle of repose (Li, Xu, & Thornton,
2005)
2006 10000 Spherical Rotating drum (Pandey, Song, et al,
2006)
2009 7500 Spherical Rotating drum (Kalbag et al, 2008;
22500 Kalbag & Wassgren,
2009)
2011 150 True biconvex Rotating drum, (M.Kodam etal, 2012)
tablet shape cylindrical
packing
2011 2516 / Spherical / 6 Hopper (Gonzalez-Montellano,
1163 glued sphere discharge Ramirez, Gallego, &
Ayuga, 2011)
2011 7830 Spherical Rotating drum (Ahmadian, Hassanpour,
& Ghadiri, 2011)
2011 1168 Irregular Rotating drum (Freireich, Ketterhagen,
(~15-20 glued & Wassgren, 2011;
spheres) Ketterhagen, 2011)
2011  40,000- Spherical Rotating drum (Dubey etal., 2011)
60,000
2011 40,000 Spherical Rotating drum (Sahni & Chaudhuri,
2011)
2012 26,362 Irregular (1-7 Rotating drum (Suzzi etal, 2012)
glued spheres)
2013 12,446 Spherical Rotating drum (Toschkoff et al., 2013)
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B-9.1 Material Input Parameters

The outcome of a DEM simulation depends on the choice of the material
properties used for the collision models, including stiffness and coefficients of
restitution and friction for walls and particles. The stiffness is commonly
described by the elastic modulus; for simulation purposes it is either estimated
from available literature values or measured for the used material (e.g., four-
point bending techniques (Podczeck, Drake, Newton, & Haririan, 2006) or
compression analysis (Gonzalez-Montellano et al, 2011)). Measurements can
also be performed via rebound tests for particle-wall (Gorham & Kharaz, 2000)
and double-pendulum tests for particle values (Wong, Daniel, & Rongong, 2009),
or by measuring the yield stress for single granule compaction (Ahmadian et al,,
2011). The coefficient of restitution (CoR), defined as the ratio of relative
velocities before and after the collision, is used to quantify the elasticity (or
plasticity) of a collision. Pandey et al. performed experiments using high-speed
video-imaging of a rebounding particle to determine the coefficient of restitution
(Pandey et al., 2006b).

Friction coefficients are required for all material pairings occurring in a system. A
straight-forward approach to measure friction is to fix an ensemble of particles
onto a carrier, and measure the force needed to drag the array over wall or
particle materials. In this way, Li et al. (2005) determined the friction of glass and
steel spheres moving over Perspex® or steel walls. They reported a constant
friction coefficient for these material pairings, as presumed by conventional
friction theory. Gonzalez-Montellano et al. (2011) measured particle-wall friction
according to the technique by (Couroyer et al., 1999). Another possibility is to
measure the bulk coefficient of friction using a Schulze ring shear cell (or other
shear testers) and adjust the particle-particle coefficient in simulations to achieve
the same bulk coefficient of friction(Ahmadian et al., 2011). Just et al. (2013)
show the measurement of the mechanical parameters Young's modulus,
coefficient of restitution (CoR), and of friction coefficients of coated and uncoated
tablets (gastrointestinal therapeutic systems). In addition to the direct
measurement, revised bulk friction coefficients were determined. This was done
by comparing the dynamic angle of repose of the tablets in a drum coater from
both, experiment and DEM simulation.

With regard to the macroscopic flow of a granular material, DEM simulations are
sensitive to certain parameters such as friction (Remy, Canty, Khinast, & Glasser,
2010), while others (e.g., CoR and especially stiffness) can be changed without
significantly influencing the outcome (Freireich, Litster, & Wassgren, 2009). Kuo

51



Investigation of pharmaceutical tablet film coating processes using numerical simulations

et al. reported that changes in the stiffness within a reasonable range had no
major impact (Kuo et al, 2002). Similarly, Ketterhagen found that the elastic
modulus could be increased by two orders of magnitude without significantly
changing the outcome (Ketterhagen, 2011). For pan coating, the coefficient of
sliding friction had a pronounced effect on the inter-tablet variation and the flow
profile (Kalbag & Wassgren, 2009). Zhou et al. showed that the static angle of
repose of glass beads depended on the sliding and rolling friction and was
unaffected by density, Poisson’s ratio, CoR and elastic modulus (Y. C. Zhou et al,,
2002). In addition, it was found that the dynamic angle of repose was greatly
influenced by friction coefficients (Pandey et al., 2006b). Ketterhagen et al.
performed measurements of the rolling resistance for different tablets
(Ketterhagen, Bharadwaj, & Hancock, 2010). An experimental investigation of the
kinetic friction of tablets based on a pin-on-disk setup was presented in
(Hancock, Mojica, St John-Green, Elliott, & Bharadwaj, 2010). While it is
important to measure the parameters in question, a sensitivity study showed that
DEM simulations were surprisingly robust (Freireich et al, 2009). Such
macroscopic properties as velocity and solid fraction fields were especially
insensitive to the stiffness and coefficients of restitution of the particles.

B-9.2 Inter-Tablet Coating Variability.

As pointed out above, the inter-particle variability Cy,nter as defined in Eq. (7) is of
major interest for many processes. Experimentally, Cy,ineer is normally investigated
by performing a coating run, taking tablet samples during or after the run, and
determining their coating mass. One challenge is to find a method for coating
mass determination that is both accurate and fast. For meaningful results, the
sample size should be large. In DEM simulations, one also has to find a way to
model the spray, that is, to quantify the amount of coating a tablet receives.
However, once this is done, the simulation yields the coating mass of all tablets at
all times. From this large amount of data, the Cy,ineer can be determined with very
high resolution. This is one of the reasons why the DEM has seen widespread
application in this field. Investigations differ in the type of apparatus used, and to
some extent in the way the spray is modeled (Toschkoff et al, 2013). Most
include at least variations in the rotation speed and fill level of the coating drum.

Dubey et al. (2011) investigated the effect of rotation speed, fill level and spray
patterns on mixing and coating uniformity. Three speeds (4, 6, 8 rpm), 100% and
67% loads and four spray patterns were studied. The residence time of tablets in
the spray zone was gathered to quantify coating in a post-processing step. For
one parameter setting, the DEM residence time results were compared to the
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coating thickness measurements using laser-induced breakdown spectroscopy.
The results showed that both followed a similar distribution. The spray pattern
had a significant effect, indicating the importance of axial mixing. Although the
coating uniformity increased with the rotation speed, for the investigated range
the effect was weak. Remarkably, higher fill levels led to better uniformity,
probably due to a poor mixing performance at lower fill levels. The difference
between the fill levels was smaller for high rotation speed. In two related works,
Sahni et al. (Sahni & Chaudhuri, 2011; Sahni, Yau, & Chaudhuri, 2011) studied the
mixing and coating of spherical particles in a lab-scale spheroid pan coater
without baffles via experiment and simulation. They aimed at calculating the total
number of particles passing through the spray zone and the frequency
distribution of the residence time. Variation parameters were the pan tilt, the
rotation speed (10, 20, 30 rpm) and the fill level (21, 37, 48%). In addition, for
the experimental coating runs, spray fluid concentration and spray flow rate
were altered. White- and red-colored lactose spheres were loaded following
certain patterns, and to quantify mixing, video imaging and thief samplers were
used. Coating was simulated by recording the spray zone residence time in post-
processing. Experimental and DEM results for mixing showed reasonable
agreement. For coating, no comparison of the results was made.

A combination of experiments, computer simulations and accompanying
analytical treatment is described in (Kalbag et al, 2008). Overall, spherical
particles were used. Experiments were performed by placing a single tracer
particle in the pan coater and recording the spray zone with a digital camera.
Simulations were based on DEM, and a solid fraction-based algorithm was used
to determine which spheres were in the spray zone. Although the algorithm did
not allow for partial tablet exposure, a more accurate and computationally
intense ray-tracing-based algorithm produced similar results. Different coater fill
levels and rotation speeds were investigated. The ranges were 3.6-7.2 kg and 8-
16 rpm for the experiments and 3.6-10.8 kg and 8-32 rpm for the simulations.
The results were presented in terms of appearance frequency, average fractional
residence time and related quantities. Appearance frequency is the number of
times a tablet appears in the spray zone during one revolution of the drum. Both
experiments and simulations confirmed well-known analytical models. The DEM
simulations showed that the distribution of the single-visit residence time (tsvrr)
became narrower with the increasing pan speed. This means that at high rotation
speed tablets tend to spend the same (short) time in the spray zone and at low
rotation speeds some tablets spend a longer time in the spray zone with wider
distribution, which negatively affects the coating uniformity. Both the average
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and the variation of tsvrr distribution decreased with the increasing rotation
speed for all loads, as is commonly reported (Chang & Leonzio, 1995; Denis et al.,
2003; Sandadi et al., 2004). The results for different loads followed no simple
trend. On the one hand, smaller loads with a higher sprayed-to-total-tablets ratio
yielded better uniformity. On the other hand, as Dubey et al. (2011) indicated,
larger loads resulted in better mixing which in turn promoted uniformity as well.
As such, the worst uniformity results were obtained at medium loads (~6 kg).
However, this was most noticeable for low pan speeds and less so or not at all at
high speeds.

The average fractional residence time was insensitive to the pan speed, inversely
proportional to the load and constant over coating time. This also follows from
Eq. (10) above. The standard deviation of residence time (i.e., the coating
uniformity) was in good approximation proportional to the square root of time,
which was expected for randomly mixed systems (Cheng and Turton, 2000b). By
assuming that the mean residence time increases linearly with the coating time,
the relative standard deviation (i.e., standard deviation divided by the mean) was
inversely proportional to the square root of the coating time, as commonly
reported in the literature.

From the DEM data it also followed that the appearance frequency was linearly
proportional to the ratio of sprayed to total tablets and that it decreased with %
power of the Froude number, as predicted in (Alexander et al., 2002) for speeds
higher than the transition speed. Higher friction coefficients (both for tablet-
tablet and tablet-steel contacts) also increased the dimensionless appearance
frequency, defined as the number of appearances a tablet makes in the spray
zone during one pan revolution.

DEM simulations for a cycled continuous coating apparatus were performed by
Suzzi et al. (2012). Three tablet shapes (round, oval, bi-convex) were modeled
using the glued-sphere approach, each with three fill levels (15, 18, 21 kg).
Friction coefficients and the coefficient of restitution were based on
measurements. Coating was modeled based on the residence time in a cylindrical
spray zone. In all cases, an increase in the coater’s fill ratio led to slower mixing
and to an increase in the relative standard deviation (RSD, here denoted by c.) of
the fractional residence time. While round and oval tablets showed similar
trends, bi-convex tablets were less affected by the fill level. The time evolution of
the relative standard deviation of binary mixing, cy, mx , was modeled as a
function of the number of revolutions Ny by the exponential law:
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Cv,mix2 = C\ir +EeXp (_kmix N rev) . (28)

where c,, is the RSD of a random binary mixture and kmix is the mixing constant
that is determined via fitting and subsequently used to quantify mixing
performance. The tablet flow was investigated in terms of translational and
rotational velocities and granular temperature (i.e., local variation in velocity).

Pandey et al. compared a MATLAB-based DEM code with video imaging results
using a tracer particle (Pandey et al., 2006b). Polystyrene spheres were placed a
narrow rotating drum, amounting to a fractional fill volume ¢ (defined as

volume of bed / pan volume) between 0.1 (4700 spheres) and 0.17 (7500
spheres). Also the pan speed varied (6, 9 and 12 rpm). The dependence of the
dynamic angle of repose on the above-mentioned parameters and on the friction
coefficients was investigated. The measured velocity profiles in the spray zone
showed qualitative agreement with the simulations. The maximum velocity was
found to be close to the mid-point of the cascading bed surface. Based on the data,
the scaling law for surface velocities described by Alexander et al. (2002) was
extended to include the effect of pan loading, resulting in the above-mentioned
Eq. (19).

New insights into the mechanics of inter-tablet coating variability were gained by
combining experiments, DEM simulations and an idealized analytical model in
(Kalbag and Wassgren, 2009). A periodic random coating model was proposed: to
simulate one coating event (one trial), a number of n, tablets were randomly
selected from all N, tablets, to which a defined coating mass was applied. The
random selection and coating application was repeated 7 times (that is, z trials

were done). The inter-tablet uniformity C, .4 for this random coating process

was derived as a function on the number of trials 7 :

Cv,rand (T) = l( 1 1} ) (29)

|\ n, /N,
The numbers of trials 7 is basically a measure for the coating time. Therefore, Eq.
(29) shows that even from this basic model it follows that the coefficient of
variation is inversely proportional to the square of coating time, a behavior that
is often described in literature. With some assumptions (e.g., uniform mass flux in
the spray zone), an equation for a non-ideal (realistic) coating process is derived
as:
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wld
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where o is the rotation speed, I is the coater length, w is the span-wise spray zone
width, D is the pan diameter, d, is the particle diameter, ¢ is the fill fraction and
Fr is the Froude number, defined in Eq.(14). Constants k, a, b and ¢ were
determined by fitting to the experiments. Based on the literature data
(Alexander, et al., 2002; Pandey, Katakdaunde, & Turton, 2006; Pandey, Song, et

al,, 2006), the following equation was derived:

Cv inter (t) R 45\/2_7Tl
’ o W

Furthermore, a generic set of equations was proposed to determine which

¢0.68Fr 70.10. (31)

settings result in a coating mass distribution with a given mean and maximum
spread. As such, the coefficient of variation of the coating mass distribution can
be decreased as follows:

e by decreasing the effective spray coating mass flow rate,
e by increase the number of tablets in the spray zone,

e by increasing the mixing efficiency,

e by decreasing the total number of tablets.

B-9.3 Intra-Tablet Coating Variability

DEM has been used less frequently for studying intra-tablet uniformity than
inter-tablet uniformity. A comprehensive analysis for tablets of six different
shapes was performed by Ketterhagen (2011). The tablets were modeled as
glued spheres, and the pan speed (16-28 rpm) and loading (1-2 kg) varied. To
identify which tablets were coated, the spray zone was defined and further
divided into rectangular bins. Only the uppermost tablet in each bin was
considered. The bin size was a critical parameter calculated from the tablet

length L, width W}, and thickness T, according to b= 1-5%} LprTp .

This way, inter-and intra-tablet uniformities were obtained. For the inter-tablet
uniformity, the single visit residence time tsyrr and the circulation time between
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appearances tscr were determined. Comparing them to the experimental results
for the bi-convex tablet shape showed very good agreement. For the intra-tablet
uniformity, the orientation of tablets in the spray zone was taken into account.
The orientation index OI was introduced to quantify the randomness of tablet
orientation and thus provides a measure for the intra-tablet uniformity. A
relationship between Ol and the tablet shape (expressed via sphericity or aspect
ratio) was studied (Figure 11). The main result was that the more a tablet
deviates from spherical shape, the lower the intra-tablet uniformity will be,
which could be helpful for designing a new product. A closer investigation of the
most non-uniform shape (almond shape) showed that decreasing the pan load
and increasing the rotation speed led to increased inter-tablet uniformity,
although the effect was relatively minor.
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Figure 11: Relationship of the tablet orientation indices predicted based on the
DEM data and the tablet sphericity (a) or aspect ratio (b). Taken from (Ketterhagen,

2011).

B-9.4 Liquid Forces and Liquid Transfer
When a newly-sprayed tablet collides with another tablet, mainly two additional
effects could affect the outcome: a transfer of the still-wet coating may occur, and
new (cohesive) forces due to the liquid may influence the flow behavior (Lekhal,
Conway, Glasser, & Khinast, 2006; Radl, Kalvoda, Glasser, & Khinast, 2010) .
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Depending on how fast the tablets are dried in a given coating process, the effect
may have serious impact on the coating quality (although in many applications
drying is sufficiently fast that these effects can be neglected).

A model that accounts for liquid transfer in DEM simulations was presented by
Shi and McCarthy (2008). Moisture levels were tracked for each particle, with the
simplification that liquid was evenly distributed on the surface. The model was
based on liquid bridges that form between two particles and includes cohesive
and viscous forces and the redistribution of liquid by the liquid-bridge rupture.
By applying it to a simplified coating process, it was established that cy,inter Was
inversely proportional to the square root of the coating time. When the capillary
force was smaller than the particle weight, the ¢, showed a clear tendency to
approach zero as the coating time increased, while for capillary forces greater
than the particle weight, the ¢, was predicted to converge to a non-zero value
with increasing time.

Nase et al. (2001) studied the effect of (predominantly capillary) cohesion in
granular materials and proposed a model for cohesion forces in DEM simulations
using tabulated values. The static and dynamic angles in hopper discharge and
rotating pan setups were studied via experiments and simulations and were in
good agreement. Two dimensionless numbers for characterization were
proposed: the Granular Bond Number Bog (the maximum capillary-force to-the-
particle-weight ratio) and the Collision Number Co (the maximum cohesive-
force-to-the collisional-force ratio).

Muguruma et al. (2000) included water adhesion into a DEM simulation to
investigate particle movement in a rotating fluidized bed granulator. The
adhesion force was calculated based on the liquid bridge formation between the
particles. The liquid bridge model ignored viscosity effects and liquid transfer
and assumed that particles had a uniformly distributed coating and that the
contact angle was zero. It showed that the adhesion greatly affected the particle
flow. Although high-speed particle tracking velocimetry confirmed the trends for
velocity profiles, the results differed quantitatively.

Song and Turton (2007) studied the influence of liquid bridges on colliding
tablets. A linear relationship between normal force and normal displacement was
assumed, with different stiffness for loading and unloading. Tangential forces
were estimated using an incremental slipping friction model. Additionally, the
adhesive and viscous forces were modeled based on the work of Muguruma et al.
(2000) and Nase et al. (2001). To determine the required parameters, tablets
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were covered in a thin film of liquids of different viscosities, and high-speed
videos of tablet-tablet collisions were made.

B-10 CFD-DEM Coupling

Fluidized bed coaters are in a sense more difficult to simulate than drum coaters,
and as mentioned cannot be treated in detail in the scope of this work. In a
fluidized bed, the movement of fluid and particles and especially their interaction
play a major role, and thus the air flow cannot be neglected as is often justified
for drum coating. Detailed results can only be achieved via a combination of CFD
and DEM methods, which for most processes is at the limit of current
computational power. Much effort has been made to fully couple CFD and DEM
(Fries, Antonyuk, Heinrich, & Palzer, 2011; Z. Y. Zhou, Yu, Nakagawa, & Luding,
2009). However, larger-scale applications for coating prediction are still scarce
(Jajcevic, Radeke, Scharrer, & Khinast, 2012; Jajcevic et al,, 2013). A few models
included DEM to account for the fluid flow. Terashita et al. (2000) used DEM
simulations to study a new draft-tube design in a fluidized bed coater. An
additional drag force was applied to particles to model the fluid flow.

B-11 Monte Carlo Method

The Monte-Carlo (MC) method can be seen as a class of stochastic computational
techniques based on repeated random sampling to obtain results. The random
sampling is done according to certain probability distributions. In a sense, the MC
does not directly model a system as a whole, but rather samples a larger number
of random configurations of the system to describe it. The MC method itself is
generally applicable and used in different fields. To be applied in coating
simulations, it depends on input that describes the general nature of the system
(such as the behavior of tablets or the nature of the spraying process). From this,
the MC method is able to predict the expected outcome of a process for different
settings of the underlying model parameters.

The needed input data can come from theoretical models, simulation tools
and/or experimental data. To be accessible to MC, most coating systems are
divided into at least two regions: the spray zone and the rest of the system, where
mixing and drying occur. The process is strongly governed by the nature of these
zones, the time the particles stay in the two zones and the particle propagation
from one zone to the other. These underlying principles are investigated
experimentally and/or theoretically, and the gained knowledge is used to build a
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Monte Carlo model. Once the model is set up, it is able to predict the (long-term)
outcome of a coating process.

In an early work going in the direction of drum coating but not including a spray,
MC was applied to simulate mixing in rotating drums (Cahn & Fuerstenau, 1969).
More recently, Kohavet al. (1995) used it to investigate six models to predict
mixing by axial dispersion in a rotary kiln. The simulation suggested less
dispersion than observed in the experiments. Pandey et al. (2006a) investigated
the influence of different parameters (coating time, spray shape and area, pan
loading, pan speed, particle diameter and spray flux) on the inter-tablet
uniformity cyinter, EQ.(7), in @ drum coating process. Two main inputs were
required for a MC simulation: first, information on the tablet movement (e.g.,
location and velocity of tablets, circulation time distribution and projected
surface area), which was gathered using video-imaging of the coating process,
and, second, spray dynamics, including the spray area and shape, and spray flux
distribution, which was collected from measurements. It was established that
Cv,inter Was inversely proportional to the square root of the coating time t.:

Cv,inter - 1/\/E - (32)

Variability decreased with increasing pan speed, increased axial spray zone
dimension, decreased particles size and a uniform spray distribution compared
to a center-heavy one. Verification experiments confirmed the trends for the fill
level and the pan speed, but the cynter values from simulation were significantly
lower than that in the experiments. Based on the MC simulation and a statistical
analysis of experimental results, the dependence of cyer On the investigated
parameters is proposed:

1.2 05
c =kOlp N,

viinter thcos (33)

where dp, is the particle diameter, N, is the number of particles, « is the pan
speed and k is a constant.

Nakamura et al. (1998) used MC to describe a tumbling fluidized bed. In their
model, a random walk of seed particles was simulated by taking into account the
rotation speed and fitting to the experimental data. Particles reaching the
designated spray zone received coating. For this model, the distribution of the
number of visits to the spray zone followed a normal distribution. The results
showed that the coating mass uniformity increased with longer coating time and
with high mixing rates. The simulation confirmed the quantitative trends
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determined based on the experimental data (Abe, Yamada, Hirosue, & Nakamura,
1998): while the effect of the particle size on coating uniformity was not the
same, the effects of the other operation conditions were reproduced.

KuShaari et al. (2006) proposed a MC model for calculating the coating
uniformity in a bottom-spray fluidized bed with a Wurster tube. The movement
of particles was modeled as a random walk so that the velocity distributions
matched the data from the high-speed image analysis in (Subramanian et al,,
2003). Spherical particles in the simulation involved the same surface area of
standard round convex tablets as the one used in experiments. When the
particles entered the spray zone, they received coating based on the local spray
flux. Additionally, the voidage profile between the particle and the nozzle was
considered and used to account for partial covering of the particles. The results
were in agreement with the model of Cheng and Turton (2000b). Predictions
were made for the coating uniformity resulting from different gas velocities and
gap heights.

Choi and Meisen (1997) presented a model for a fluidized bed, including one-
dimensional continuity and momentum equations for gas and solids in the spout
and mass balance equations for the applied sulfur coating. Two different models
are applied: a simple but quick model, and a more advanced model incorporating
hydrodynamics and inertial impaction. The latter partitioned the fluidized bed
into three zones: spout, annulus and fountain. The underlying assumption was
that the particles in the spout and annulus region can be modeled as a plug flow,
while particles in the fountain are assumed perfectly mixed. The amount of
coating a particle received was calculated based on the residence time of the
particle in the spout region. The models were used to estimate the distribution of
the coating material over the particles.

Jogkelar et al. (2007) proposed a MC model to predict coating mass variability in
a pan coater. It was assumed that the number of tablets in the coating zone was
constant and the residence time in the spray zone was the same. Kandela et al.
(2010) used MC simulations together with video imaging experiments to study
the effect of the pan load (10 kg and 12 kg), the speed (4-12 rpm) and the tablet
shape. Inter- and intra-tablet uniformities were some of the quality attributes
considered. The tablet shape was quantified as sphericity, expressed as the ratio
of the surface area of an equivalent sphere to the surface area of the tablet. The
two inputs for MC were spatial movements of the tablet (from video imaging) and
spatial distribution of the spray flux (analytical approximation).
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Freireich and Wassgren (2010) investigated intra-particle coating variability
(cv,intra) for spherical particles using analysis and MC simulations, including a DEM
case study. Basically, the spheres were sprayed from a certain direction, leaving a
partial coating on roughly one half of the sphere. This was repeated multiple
times using different orientations of the particle. The cy,intra was then calculated as
the ratio of the film height standard deviation (calculated over the whole surface)
to the mean film height. They showed that as long as the particle was convex,
uniformly random orientations in the spray zone led to cynra proportional to the
inverse square root of the number of coating events, eventually approximating
zero (perfectly uniform coating). If a particle has a preferred orientation, as it
does for many tablet shapes (Ketterhagen, 2011), ¢yntra Will approach a non-zero
value even for an infinite number of coatings. More recently, Freireich et al.
(2011a) applied the above-mentioned model to DEM data in (Ketterhagen, 2011)
and found that qualitatively c,inra was smaller for tablet shapes with a greater
degree of symmetry. In all cases, the coating thickness on the edge was lower
than on the top/bottom, with differences of up to 30%.

B-12 Population Balance

An approach that is connected to the MC method (described above) is using
Population Balance Equations (PBEs). PBEs are used to describe how
“populations” of separate particles develop in certain properties, such as coating
mass, with time. Mathematically, they are a set of integro-partial differential
equations; the connection to the MC method is that it can be applied for the
solution of the PBEs, and that both heavily depend on input data describing the
system.

In the application to coating processes, the amount of coating a particle gets is
commonly calculated from the time it spends in the spray compartment. The used
models then define compartments/regions the particles can be located in, and
describe the particles flow between the compartments. In the most straight-
forward models, two compartments are defined, representing the spray zone and
the circulation region.

One of the first two-compartment models was proposed by Sherony (1981), with
particles coated in one compartment and dried in the other. The probability that
a particle moves from one compartment to the other was proportional to the
number of particles with the same weight in that compartment. Based on this
basic model and assumptions, cyinter is approximated as:
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Cv inter :125 M’ (34)
, tc

where £ is the volume fraction of the solids in the spray region and p. is defined
according to Eq. 9. The relative standard deviation cy,nter is proportional to 1/

\/E; this is in line with the results found using DEM as presented in section B-9.2

(see also Eq. (29)). A similar two-component model was proposed by Wnukowski
and Setterwall (1989) for a top spray fluidizer bed coater with the same square-
root dependency for t. In their work, they developed an analytical
transformation of population density functions and a numerical solution for the
population balance equations. The model assumed two well-mixed zones. In
general, a population balance model using two well-mixed compartments needs
input data for the fraction of particles that are in the active zone and for the
circulation rate of particles between the well-mixed zones. Both are difficult to
estimate experimentally. An extended model included a third compartment to
account for more complex flow phenomena (Maronga & Wnukowski, 1997). Liu
and Litster (1993) used a population balance model to predict the (inter-particle)
coating mass distribution for a continuous spouted bed coater. When a size-
dependent growth term was used, the results of the population balance
simulation were in good agreement with experimental data, which was not the
case for size-independent growth term model predictions. For no obvious reason,
larger particles were coated preferentially. The simulations also predicted a more
uniform coating mass distribution for batch operation of the spouted bed
granulator than for continuous operation (that is, where large particles are
continuously removed from the top of the granulator).

Eldredge and Drown (1999) developed a compartment model for a continuous
fluidized bed coater and calciner, including spraying, attrition and fines removal.
A surface renewal two- compartmental population balance model for pan coating
based on the model in (Sherony, 1981) was proposed by Denis (2003). The
compartments are a perfectly mixed domain (i.e., the cascading upper layer
where tablets are coated), and a plug flow region (the bulk of the bed). The three
parameters used were the size of the spray zone, the spray rate and the turnover
time of tablets in the bed. The study showed that although the coating
distribution was asymmetric, it could roughly be approximated by normal
distribution for longer coating times. The predicted coating mass distribution
was in agreement with the experimental data. From the experiments it also
followed that the turnover time was inversely proportional to the rotational
speed and that it depended on the fill level. More recently, Freireich et al. (2011b)
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developed a sophisticated population balance model that used input data from
DEM simulations of particle movement. It was proposed for a mixer-coater, but
the principle is valid for other particle processes as long as the underlying
assumptions hold. From the DEM data, the SVRT distribution was extracted for
each region (spray zone and bed zone). A sub-compartment model was then
generated to reproduce the SVRD distribution, based on which a system of
population balance equations was formulated. This way, only a small fraction of
the entire process had to be simulated via the computationally-intense DEM
method, from which the PB model took over to calculate the long-term estimates.
This combined approach can help to decrease computation time for large systems
and/or longer simulation times.

B-13 Summary

Coating of particles (pellets, tablets, etc.) is an important process step in many
industries. This is especially true in a pharmaceutical setting. Typically, the
coating layer is crucial for the proper functionality of the end product. As a
consequence, high quality, reliability and efficiency are expected of the coating
process. To achieve this goal, significant research efforts have been devoted to
this topic, which are still ongoing. For a deeper understanding of the process, it is
helpful to combine the knowledge from:

1. Experimental investigations, which provide data of the process and the
properties of the involved particles and substances. Experiments are the
most direct approach, and closest to reality.

2. Computational simulations, which offer highly resolved data. For
example, the velocities of all particles are virtually impossible to gather
by experiment, but readily available from simulation.

3. Mathematical modeling to understand the underlying principles, often
based on input data gathered from experiment and simulation. The result
is often an analytical expression that may be based on an approximation,
but is still immensely useful to provide a quick estimate of process
characteristics.

This work gives an overview of recent work related to the latter two, modeling
and simulation. Where it makes sense, experimental work has been included as
well.
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In summary, from all presented approaches, the analytical models (simple
experssions predicting coating quality) are the fastest and easiest to apply, but
also the least detailed ones. Even with a significant increase in computational
power such simplifications will always have their merits. A higher level of
information is provided by Monte Carlo and/or population balance models. These
models are still abstract to a degree, but yield much more information. The
resolution is sometimes limited, but for many applications it is high enough,
making those approaches a good trade-off between accuracy and required
computational resources. Finally, methods such as CFD and/or DEM aim to
directly capture the physical system. For many systems, this is nowadays
possible, and with the continuously increasing computational power, larger
systems and higher resolutions will become possible soon. These simulations
may also be used for generating or parametrizing analytical models that are
straightforward to apply.

The collected knowledge available in the referenced literature provides helpful
insights and a deep understanding of the underlying mechanics, and can serve as
a valuable tool for the process design and optimization.
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B-14 Notation

B-14.1 Latin symbols

Symbol Meaning Unit
b bin size m

Gy specific heat capacity at constant pressure ]/ (kg K)
Cy Coefficient of Variation (relative standard deviation) -

d Diameter m

D Drum diameter m

f fractional time -

g gravitational acceleration m/s?
L Drum load kg
Lyap latent heat of evaporation ]/kg
m mass kg
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number -
total number -
volumetric flow rate m3/s
time S
velocity m/s
Volume m?3
spray width m
fraction -

B-14.2 Dimensionless numbers

Ar
Fr
We
Re
Oh
Co
Bog

Archimedes number

Froude number

Weber number

Reynolds number (here: for a sphere)
Ohnesorge number

Collision number

granular Bond number

B-14.3 Greek Symbols

Symbol
a

u

Qo y =<

2SN

Meaning Unit
coating fraction (ratio of particles in the spray to total particles) -
without subscript: dynamic viscosity Pas
with subscript: mean of the variable denoted by the subscript

kinematic viscosity m?/s
Spray rate g/min
Ludolph's number -
density kg/m?
without subscript: surface tension N/m
with subscript: standard deviation of the variable denoted by the
subscript

Number of trials -
Filling degree of the drum, fractional fill volume -

Rotation velocity (of the drum) rad/s,
often also
rpm

B-14.4 Subscript

0
air

circ

Relating to the total process or the initial state

relating to the surrounding air/gas.

coating

Circulation in the tablet bed (as opposed to “in the spray zone”)
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ct cycle time

d relating to the drop

g relating to the gas/fluid

in inlet

inter between particles

intra over a single particle

1 orliq relating to the liquid

cpp coating per pass

mf minimum fluidization

p particle (for consistency also used for the special case “tablet”)
R residence

rel relative

RT room temperature

S solvent

SCT Single Cycle Time

SVRT Single Visit Residence Time

t terminal

\ velocity

32 denoting a diameter as Sauter mean diameter

B-14.5 Superscript

mean of variable x

X
X rate of change over time of variable x
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Chapter C: Detailed Analysis of Air Flow and Spray
Loss in a Pharmaceutical Coating Process

Published as: Toschkoff, G., Suzzi, D., Tritthart, W., Reiter, F., Schlingmann, M., &
Khinast, J. G. (2012). Detailed Analysis of Air Flow and Spray Loss in a
Pharmaceutical Coating Process. Aiche Journal, 58(2), 399-411.

C-1 Abstract

In the pharmaceutical industry, more than half of all tablets receive a film coating.
A commonly used technique is drum coating, where a film solution is applied to
the moving tablets by a spray nozzle. Important process parameters include the
amount and temperature of drying air, as well as spray nozzle position. Among
other influences, the proper adjustment of these parameters has a great impact
on spray loss, defined as the fraction of spray liquid that does not form a film on
the tablets. Often, the lack of scientific data hinders a process setup based on
engineering principles, resulting in operational conditions based on trial-and-
error approaches. Here we show how a coating system can be numerically
modeled by means of computational fluid dynamics (CFD) techniques.
Furthermore, we present how different parameters affect the efficiency of the
process, leading to a deeper understanding of the coating device.

C-1.1 Keywords
Multi-phase flow, Computational fluid dynamics, pharmaceuticals, tablet coating,
spray loss

C-2 Introduction

For many pharmaceutical products, the application of a coating layer to tablets or
granules is an important step in the production process. According to the IMS
Midas Database for 2007 (IMS Health Care, USA), for more than 50% of all tablet
products, applying a coating is part of the production process. The purpose of
coating application can be roughly divided into two categories: functional and
non-functional. Functional coatings are used for taste or odor masking, to change
the dissolution behavior or to add additional active ingredients. A non-functional
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coating is, e.g., a colored outer layer whose sole purpose is the increase of visual
attractiveness and recognition value.

In all of these cases, both intra-tablet and inter-tablet uniformity of the film is of
great importance (Tobiska & Kleinebudde, 2003). Intra-tablet uniformity is a
measure of the variation of film thickness on a single tablet, whereas inter-tablet
variation is the difference in film mass and quality between different tablets. If,
for example, the purpose of the film is to protect the API from gastric juices, a
single tablet with insulfficient film thickness or quality can lead to the rejection of
the whole batch.

In the course of the coating process, a tablet normally passes through a spray
zone multiple times, where each time a partial coating layer is applied. For a
single tablet, the time between two coating events, as well as the local film
distribution in a single coating event, can differ considerably. If the variation
between two events is large, a large number of partial coatings have to be applied
to reduce statistical variance and to get a uniform coating layer. This way, the
varying and poorly controlled conditions for a single event can be statistically
compensated by the high number of tablet passes under the spray region.
However, this results in a drastic increase in process time and, as a consequence,
a decrease in efficiency. Therefore, it is highly desirable to understand and
control the coating process as well as possible.

In this study, we focus on pan coaters, where tablet cores are placed in a rotating
drum, and a film-building liquid is applied to the moving tablets by means of one
or more spray nozzles. In every real, non-idealized tablet coating process, there is
a certain percentage of liquid that does not end up forming a film on the surface
of the tablets. This so-called spray loss is known as a critical issue for many
surface treatment applications, for example in the paint, coating and
metallurgical industry (Davis, 2004) and is encountered in the pharmaceutical
industry as well, e.g., in particle and tablet coating (Réhse, 2009) or fluidized bed
devices (Schreiber, Vogt, Werther, & Brunner, 2002). A corresponding
quantitative indicator is the spray yield, i.e., the ratio of the deposited spray
material mass to the total mass introduced. For pan coating, the spray loss can be
divided into two components:

o the liquid that ends up forming a film on the coating apparatus, and

¢ the non-depositing droplets that are removed with the drying air.

70



Detailed Analysis of Air Flow and Spray Loss in a Pharmaceutical Coating Process

The problem associated with the first component lies in the increased efforts
necessary during the cleaning process. The second component consists of
partially or totally dried spray droplets, which are contained in the exhaust air
and in most cases have to be removed by means of a filtering system before the
drying air can be allowed into the environment. Eventually, the filters have to be
cleaned or disposed, introducing an additional time- and cost-consuming
component to the process. Thus, minimization of spray loss represents an
important factor for the enhancement of efficiency and profitability of the coating
process

Another important topic in aqueous tablet coating is the water content of the air
inside the coater. In many cases, the tablet cores are sensitive to water, and
humidity should be kept as low as possible. The acceptable range of water
content cannot be stated in general, and largely depends on the properties of the
tablet cores and the film forming liquid. While it is possible that problems arise
from too dry tablet surfaces, normally the more significant concern is an over-
wetting of tablets (as this may lead to hydrolysis of the API in the final
formulation). However, the spray coating process as such demands the
application of a water- (or solvent-) based liquid. As a result, it is desirable that
the water (or solvent) is removed fast and efficiently by the drying air, in this way
maximizing the spray rate that can be used without over-wetting the tablet bed.
Thus, the drying capacity of the system should be maximized.

To a large extent, coating quality and especially spray losses depend on the
quality of the spray produced by the nozzle. The most important parameters in
this context are size and velocity distribution of the spray droplets. Also, as stated
above, a significant amount of drying air has to be introduced, creating a
pronounced air movement throughout the device. The behavior of the spray
droplets after leaving the nozzle, and with it the amount of spray loss, depends to
a large part on this air stream inside the coater.

Traditionally, the optimization of pharmaceutical processes is often based on
empirical analysis. Although many input variables can be monitored in an
experimental setup (Ruotsalainen et al, 2002), an analysis of the spray’s
behavior in the coating process by experimental measurements is hard to
accomplish, especially for a production-scale coating apparatus. An alternative
approach that sees increased use nowadays is the application of modern
computational simulation tools. They allow overcoming some of the limitations of
experimental measurements, thus offering the opportunity to get a deeper
understanding of the process. So far, computational investigations of coating
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processes have mainly concentrated on two aspects: the statistics of the tablet
movement (Freireich & Wassgren, 2010; Mueller & Kleinebudde, 2007b), and the
local film formation on the tablet surface (Kalbag & Wassgren, 2009; Suzzi et al.,
2010). To our knowledge, apart from a work on the influence of different
parameters on the spray shapes in a lab coater (Muliadi & Sojka, 2009), no work
has been published focusing on the description of the drying air stream inside the
coater and its influence on the spray.

The aim of this work is a novel application of computational fluid dynamics (CFD)
to study the air stream inside an industrial-scale pan coater and its impact on the
spray behavior inside the coater. The effects of air flow, spray nozzle position and
orientation on spray loss and product quality were investigated. The following
steps were performed:

e Determination of the size- and velocity distributions of the spray
droplets by means of PDA measurements;

e Implementation of the spray in the CFD simulations in accordance with
the measurements;

e Modeling of the deposition on the tablet bed, the coating process, the
evaporation of the spray and the wall film in order to estimate the effects
of the drying gas flow;

e Post-processing of the simulation data to arrive at both qualitative and
quantitative conclusions.

In the next section, the setup of the investigated pan coating system is described.
First, the geometry of the pan coater is reported, followed by the definition of the
operating conditions. Next, the experimental characterization of the spray is
presented and the adopted numerical methods are then described, followed by
the results of our numerical investigations. Finally, a detailed discussion of the
results and a conclusion is presented.

C-3 Materials and Methods

In the following, the coating system used for the investigations is described.
Process parameters are presented, the positions of the tablet bed and the spray
nozzle are provided, and the spray characterization by the application of PDA
measurements is described.
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C-3.1 Characterization of the coating system

A drum coater with a non-perforated rotating drum (Nicomac Coating System
classic 350, Nicomac srl, Italy) was investigated. Figure 12 shows a schematic
drawing of the coating process.

Rotation direction

Spray gun

zone , o ) N «/ Dryingair outlet

Drying air inlet

Figure 12: Schematic representation of a coating process in a drum coater. A tablet
emerging on the top enters the spray zone and the drying air zone before re-
entering the bed.

Along the rotational axis of the coating drum, separate channels for incoming and
outgoing drying air are located inside a metallic cylinder. At the upper left of the
cylinder, the spray gun system is mounted. The drying air enters the drum at the
bottom of the cylinder and the exhaust air is removed at the upper right location.
The parameters characterizing the coating process are listed in Table 2. These
values were used to define the boundary conditions of the simulation. The stated
horizontal angle of the tablet bed was estimated visually, and was subject to
change during the process as the growing coating layer alters the friction
between tablets and coater.

Table 2: Parameters defining the coating process.

Coater parameter Value
Drum diameter at the front/back 0.6 m
Drum diameter in the middle 1.5m
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Drum length 1.6 m
Tablet bed horizontal angle ~ 30°

Inlet air flow 1500 m®/h
Inlet air temperature 60 °C
Outlet pressure relative to atmosphere - 20 Pa
Tablet bed weight 300 kg
Tablet bed temperature 35°C
Rotation velocity 6 rpm

In the process, the film solution is applied via two-component air-liquid nozzles
(Schlick model 930 Form 7-1 S35 ABC, Schlick Atomizing Technologies,
Germany). A peristaltic pump is used to transport the liquid through the hole
located at the center of the nozzle tip. The spray atomization is assured by
pressurized air (termed atomizing air) that flows through a circular opening
surrounding the tip at a high velocity relative to the liquid velocity. Following the
manufacturer recommendations, a second air stream (termed pattern air) from
two additional outlets at the nozzle front is activated as well. This is done to alter
the spray pattern from a circular to an elliptical cross-section with increased
mass flow uniformity.

C-3.2 PDA measurement of spray properties

Measurements of the spray characteristics were performed using the phase-
Doppler anemometry (PDA) technique (Hirleman, 1996). It is capable of
simultaneously measuring the particle diameter, velocity and mass flux of spray
droplets (Zaidi, Altunbas, & Azzopardi, 1998). Owing to the high spatial
resolution and ease of use, spray characterization using PDA systems has found
widespread application (Kim & Kim, 2009; Payri, Tormos, Salvador, & Araneo,
2008). In early systems, the two best-known sources of error have been Gaussian
beam effects and slit effects. Both can be greatly reduced by using a dual-mode
PDA, where a standard PDA is combined with a planar PDA system (Tropea et al,,
1996). Therefore, in this work a dual-mode PDA system (DANTEC DualPDA,
Dantec Dynamics A/S, Denmark) was used for the characterization of the spray
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under realistic operating conditions. The measuring system consisted of a laser
generating unit, a transmitter unit emitting the laser, a detector (58N81) and a
processor connected to a personal computer (Flow and Particle Processor BSA
60). The two laser beams of 514.5 nm and 488 nm wavelengths were generated
by an Argon-lon laser and introduced into the transmission unit via fiber optic
cables. The scattered light was measured and pre-processed by the DualPDA
system. The raw data, including the diameters and velocities of every single
measured droplet, was transferred to a personal computer. In a post-processing
step, histograms were created, giving the frequency distribution of the measured
quantities across all droplets of a single measurement.

For the PDA measurements, the same spray gun as in the Nicomac coating system
was used. As the spraying liquid, a preparation of a methacrylic acid copolymer
dispersion (Eudragit L30D-55, Evonik Réhm GmbH, Germany) was used (EVONIK
Rohm GmbH, 2007). Water was added to the commercial form, i.e.,, an aqueous
dispersion with 30% dry substance, until a percentage by weight of approx. 20%
of dry substance was reached. The viscosity of the final dispersion at room
temperature was 1.7 mPas. For the nozzle operation, the atomizing air and
pattern air pressure was 1.2 bar. The liquid flow rate was 60 g/min. The values
were chosen according to nozzle manufacturer recommendations and practical
experience from an industrial coating process.

Figure 13 shows the central part of the experimental setup. The laser beams
enter from the left, and the bright area near y=-40 shows the measurement
location, i.e., the crossover region of the four laser beams inside the spray. The
spray nozzle is located in the foreground on the right-hand side; in the
background the receiver unit can be seen. The distance of the measurement point
from the nozzle exit was 0.2 m, approximating the distance from nozzle to the
tablet bed recommended by the manufacturer. Measurements were done for nine
different positions from -80 mm to 80 mm with an interval of 20 mm along the
horizontal spray axis, as shown in Figure 13. From the data sets for all positions,
a mean value was calculated.
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Figure 13: Picture of the experimental setup, showing the spray gun on the right
and the receiver unit at the bottom. The laser beams are entering from the left, the
beam crossing area (measurement zone) can be seen at position -40.

C-4 Numerical Model

For the numerical simulation of the dynamics of the air flow and the coating
spray, the CFD (Computational Fluid Dynamics) code AVL FIRE (AVL LIST GMBH,
Austria) was used. The model of the coating process included three subsystems:

e the air flow inside the coater
¢ the motion of spray droplets in the air stream
e the deposition of spray on surfaces as a wall film

Additionally, multi-phase evaporation of the coating liquid from the spray
droplets, as well as from the wall film, was considered.

In our work, the common Reynolds-Averaged Navier-Stokes (RANS) approach
was used to resolve the gas flow. This included the Reynolds-averaged forms of
the conservation equations for mass, momentum, energy, as well as gas species.
For closure of the equations, a standard x—¢ model of the turbulent flow (V. C.
Patel, Rodi, & Scheuerer, 1985; Wilcox, 1998) was applied. The numerical
solution of the problem was carried out in two steps. First, the air flow without
spray was calculated until a converged state, i.e., a dynamic equilibrium, was
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reached. Then, a transient calculation was started, using the converged steady-
state as initialization. The spray was “introduced” into the air stream for a
predefined time. To reduce calculation time, the spray droplets were simulated as
parcels. A single parcel represents a certain number of identical droplets (the
concept is explained in detail in the section on the spray module below). For each
time step of the CFD calculation, the trajectory of the spray parcels was computed
for a series of sub-steps. The necessary size of the sub-steps was determined
automatically by the software based on the size of the CFD step and the parcel
velocity. We were using a two-way coupling between continuous and solid phase.
The application of numerical methods for the treatment of the droplet motion,
the film formation and the evaporation is described in the next sections.

C-4.1 Mesh Generation

Based on the geometry of the coater described above, a hybrid computational
grid was generated, consisting of approximately 1.5 million cells of both
tetragonal and hexagonal shape. As the coater pan was nearly symmetric with
respect to a mirror plane normal to the rotational axis, only one half of the coater
was considered, and symmetry boundary conditions were applied at the mirror
plane. In Figure 14, a three-dimensional representation of the simulation regime
(i.e., the back half of the coater) is shown.

Figure 14: Three-dimensional graphic of the back half of the coating drum. The
cylinder along the rotation axis in the middle holds the air inlet and outlet. The
tablet bed is approximated by a moving (straight) wall at the lower left.
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The cell size is automatically refined, i.e., near critical regions, such as the tablet
bed wall or the air inlet, the size of the cells is decreased and, therefore,
resolution is increased. Position and angle of the wall are taken from
observations of an industrial coating process (see Table 2). The observations also
showed that the tablet bed in the used coating pan is relatively flat for moderate
to high fill levels. For the simulation, the tablet bed could therefore be
represented by a moving wall with reasonable accuracy. However, for a coating
apparatus with pronounced baffles, or for low fill levels, this assumption would
not work.

While it is not feasible to resolve every single tablet at the tablet bed surface, a
model for the treatment of the surface roughness has been applied, which takes
the effects of roughness into account by an additional term in the wall function,
directly modifying velocity at the wall. The surface roughness model needed the
mean height of the roughness, i.e., the typical difference between high and low
areas on the surface. As an estimate, half the height of a tablet was chosen.

C-4.2 Spray module

In general, an aqueous coating solution consists of several components, including
a suspended polymer in water, as well as additional additives in smaller
quantities (e.g., talcum). Here, it was assumed that for the droplet movement and
deposition, the exact composition has little influence, as long as macroscopic
properties, such as density and viscosity, were modeled realistically. Therefore,
for simplicity the spray was assumed to consist of only two substances, 80%
water and 20% glycerol, the latter representing the film-forming polymer and
additional components, similar to the approach suggested by Aliseda et. al
(Aliseda et al., 2008). The physical properties of glycerol were taken from the
manufacturer’s specifications (The Dow Chemical Company, 2009).

The motion of the spray droplets was tracked using a Lagrange Discrete Droplet
Method (DDM), based on the model of Dukowitz (Dukowicz, 1980). Due to a large
number of droplets in the spray, it was not feasible to evaluate the encountered
equations for every single droplet. Instead, we used the common statistical
approach, where a group of identical droplets is represented by a single parcel.
The amount of droplets in a parcel was calculated according to the given spray
rate. In this way, the calculation time was greatly reduced without altering the
statistical results. For each CFD time step, the Lagrange DDM equations were
evaluated at a series of sub-steps for each parcel.
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The movement of droplets is governed by Newton's equation:

du
mdd—td:Fd+FG+Fp, (35)

with U, being the droplet velocity. The drag force F, is given as

1
Fd :EpgAdCD|urel|'urel (36)

A, is the projected area of the droplet, U, is the relative droplet velocity, and

C, is the drag coefficient. The force F; is a combination of gravity and

buoyancy force, i.e.,
FG =Vd(pd_pg)g1 (37)
and F is the pressure force:
F, =V,Vp. (38)

Equation (35) was solved by direct time integration for each Lagrangian sub-
step. The DDM incorporated a two-way coupling between the continuous and
disperse phase, i.e., the influence of the air flow on droplet motion as well as that
of the droplets on the surrounding air was considered.

C-4.2.1 Mass and heat balance
The mass balance equation for a droplet is given as
dm,

el —Me, 39)

where M, is the mass of the droplet. The only source term on the right hand side

is the mass source for evaporation Mg, other sources like droplet break-up by

secondary atomization or droplet collision were neglected.

It was assumed that the temperature T, inside a droplet is uniform. The droplet

temperature decreases due to convective and latent heat loss, depending on the
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heat and mass transfer rate to the gas phase. The heat balance equation in the
droplet is given by:

_daT ) :
MyC, 4 d_td = —Ah(T, )Jm; +Q, (40)

with C, , being the average of the specific heat capacity of all components of the

droplets, Ahis the latent heat of evaporation, and Q the heat transfer rate

between gas phase and droplets. Values with an over bar are evaluated at a
reference temperature and reference gas composition, i.e, at a location
sufficiently far away from the droplet surface.

For the evaporation of spray droplets, a multi-component model based on the
work of Abramzon and Sirignani was used (Abramzon & Sirignano, 1989), with
the extension of Brenn et al. (Brenn, Deviprasath, Durst, & Fink, 2007), allowing
for separate evaporation of the liquid species. In this model, the mass transfer
from the liquid to the gas phase was calculated separately for each component.
The total evaporated mass was then the sum of the amount evaporated for each

species Mg, J. For the heat transfer, at the beginning mean values based on the

liquid composition were calculated; the calculation then proceeded equivalent to
a single-component model using the mean values. The evaporation model
approach is based on the film theory, according to which the rate of evaporation

Mg is calculated from the Sherwood and Nusselt numbers for mass and heat
transfer, respectively. In the case of an evaporating droplet, corrected values of

the Sherwood and Nusselt numbers, Sh* and Nu™ are used. This is explained in
detail below.

The mass transfer rate M; in the mass and energy balances are:

Me ; =70, D, ;d Sh InfL+B,, ;) with me =>"m_ (4D

Ay

Me =7—>d Nu*In(L+B; ). 42)
p.d

The terms denoted with an overbar (i.e., thermal conductivity Zg , specific heat

C,.q- gas density p, and binary diffusion coefficient 5911- of species j in the gas

phase) were evaluated at the reference point (Piccioli, 2006). d was the droplet
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diameter. In the equation (41) above, the Spalding mass transfer number B, ,

was defined as:

W —W,

1,8 ],
By j “ W (43)
J.S

Here, w, is the mass fraction of species j at the surface of the drop, to be
calculated from the vapor pressure at the droplet temperature, and w; , is the

gas phase mass fraction in the bulk.

The Spalding heat transfer number B; in equation (42) is given as

B, =(1+B,)" -1, (44)
Coa Sh
O =_r4 ,
c,, NuLe (45)

with C, , the gas phase specific heat capacity at the reference pointand C,, the

specific heat of the droplet liquid. The Lewis number Le is given as

pe,d
Le= : 46
P (46)

To calculate the temperature of the droplets from (40), the mass transfer rate

M. defined above, and the heat transfer rate Q between droplet and

surrounding gas are needed. Q was defined as:

. C,o(T, T
Q=mE[—C"“’(§ ), )}- (47)

T

However, to calculate the heat transfer rate, the mass transfer rate has to be
known, and vice versa. Therefore, for each time-step, a consistent solution had to
be found by iteration.

To account for the relative motion of spray droplets and gas phase, the Nusselt
number NU and the Sherwood number Shjfor component j were calculated
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from the Reynolds ( Re ), Prandtl ( Pr ) and Schmidt ( SC ) numbers, according to
empiric relations (Ranz & Marshall, 1952a, 1952b):

Nu =2+ 0552 Re¥?Pr*?, (48)
Sh; =2+0552 Re"/?sc}’°. (49)

The values of Nu and Shj above are correct for a non-evaporating droplet. As

mentioned, the model is based on film theory, where heat and mass transfer is
described by gas films of constant thickness. Therefore the evaporation from the
droplets was modeled with the aid of a virtual constant film. The thickness of the
film was adjusted from classic film theory, this was taken into account by

calculating the corrected Nusselt number Nu® and Sherwood number Shf from

the corresponding non-evaporating values as defined in (48) and (49), and a
correction function:

. Nu -2
Nu =2+—( FT ), (50)
Sh, —2
Sh;‘:2+(FJ—). (51)
M, j

The temperature correction function F; and mass correction functions F,, i

have the same form, and are given as:

P In(1+B;)

T

Fr=0+B, , (52)

P In(L+B,, )

Fu =(1+B, 5
M

, (53)

In equation (43), the mass fractions W, of the different liquid components j

were needed. They were calculated from the mole fractions of each component at
the droplet surface, given as
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pv,j
p

Ais = Xjd?j (54)

Here, y;, is the mole fraction inside the droplet, p,; is the vapor pressure of
species jand p is the total pressure. The activity coefficients y; for the water-

glycerol mixture were calculated using a group contribution method, i.e., the
UNIFAC method (Agrdria et al., 1997; Attarakih, Abu Fara, & Sayed, 2001).

C-4.3 Wall film model

When modeling film formation on the walls of the coater (including the tablet
bed), one can assume that the film thickness is much smaller than the wave
length of variation in pressure along the walls. Therefore, one can assume that
the film surface in each cell was parallel to the wall surface. Numerically, this
meant that the simulation of the wall film was done in two dimensions, i.e., in the
plane of the wall surface. The advantage of a two-dimensional model was that no
additional computational grid has to be generated for the film treatment. The
thickness of the film was only entered as a scalar value for each existing cell, i.e.,
the wall film thickness inside a single cell was constant. Thus, particular care was
exercised to ensure that the computational grid of the coater close to the walls
was sufficiently fine to ensure an excellent representation of the variation in film
thickness. The time evolution of the wall film is governed by the film transport
equation:

05 , o, ou,

1
:—S,
o ox ox, p" (59)

with 0 being the thickness, and p the density of the wall film, S, is the area-

specific source term. To solve equation (55), the source term == and the mean

velocity components U, and U, have to be calculated.

The mean velocity components were calculated from analytical velocity models,
taking into account forces due to gravity, pressure gradients and in-plane shear.
Due to the low film thickness and thus small mass, inertial effects could be
neglected, leading to a series of steady-state velocity profiles for each time step,
greatly reducing the computational cost of solving the transport equation.
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The source term consisted of film mass deposited by the spray as described in
section C-4.4 below, and film mass lost by evaporation. The evaporation mass

flux mg; from the film is described by Fick’s law of unidirectional diffusion

. pg(D+Dt) 8\Nj
Me; = Tw, oy (56)

Here, p, is the density of the gas phase, D and D, the molecular and turbulent

(Stefan diffusion):

diffusion coefficients, and w; is the mass fraction of component j at the surface.
The partial derivative ow i /0y is the concentration gradient of the mass fraction
normal to the surface. The density p, is calculated from the ideal gas law. For the
diffusion coefficient D, empirical correlations were used, and W ; could be

calculated from the saturation pressure. This left the gradient of the mass
fraction and the turbulent diffusion coefficient as unknown quantities. Here, they
were modeled by using the boundary analogy of momentum and mass transfer,
i.e., the turbulent concentration profile and the turbulent diffusion process near
to the liquid surface were modeled by using the analogy to the turbulent velocity
profile2s.

C-4.4 Spray Impingement

The model for spray impingement was based on the work of Mundo et al.
(Mundo, Sommerfeld, & Tropea, 1995). When a spray parcel hit a surface, it is
either deposited on the wall or it splashes back, i.e., the incident droplet breaks
into smaller droplets. It has been established that this process occurs depending
on the dimensionless Reynolds number Re and Ohnesorge number Oh:

AL
Re=— 57
Hy ©7)
M
Oh =t (58)

VpLod

where p, is the liquid density, V; the droplet velocity, d the droplet diameter,

and f, theliquid dynamic viscosity.
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Mundo showed that when plotting the experimental data for Ohas a function of
Re, the regimes of splashing and deposition are separated by a critical curve
given as

Oh,..., =57.7Re ™, (59)

critical

The critical curve is shown in Figure 15. For the region over the critical curve, the
droplets splash on impact. In this case, only a fraction of mass was transferred to
the wall film. The rest did not deposit but formed newly generated droplet
parcels. For the region under the critical curve, the complete liquid mass of the
droplet parcel was transferred to the wall film.
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Figure 15: Ohnesorge number Oh as a function of Reynolds number Re. The
splashing region and the deposition region are separated by the critical splashing
curve.

C-5 Results and Discussion

In the first part of this section, the outcome of Phase-Doppler anemometry (PDA)
measurements is presented. As mentioned above, the aim of these measurements
was to provide the basis for realistic spray simulations. After that, the results
concerning the air flow inside the coater and the spray simulations are described.
Finally, indicators quantifying the process quality and the amount of spray loss
are given for different nozzle configurations.
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C-5.1 Spray Characterization by PDA Measurements
One of the most important quantities that influence the quality of the tablet film,
and the coating process in general, is the size distribution of the spray droplets.

For this reason, we first concentrated on the experimental characterization of the
coating spray.

For good coating results, droplets should be roughly in the range of 10 um to 60
um. The measured distribution of the spray droplet diameter for standard
operating parameters, i.e., atomizing air and pattern air pressure of 1.2 bar and a
liquid flow rate of 60 g/min, is shown in Figure 16. The shape of the distribution
(an approximate Gaussian shape with a tail to higher droplet diameters) was
typical for this kind of nozzle. It could be seen that nearly all droplets had a
diameter smaller than 60 pm. A droplet diameter smaller than 10 um was
considered undesirable due to the large area-to-volume ratio: these particles
could be already partially or completely dried before reaching a tablet surface,
therefore forming a film of lesser quality, or not contributing to film formation at
all. In Figure 16, approximately 38% of droplets, which is 4% of the total droplet
mass, have a diameter smaller than 10 pm.
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Figure 16: Number-weighted spray droplet size distribution in pm, as a mean of all
positions in the PDA spray measurement at a distance of 20 cm.

C-5.2 Numerical Implementation of the Spray

While the output of the PDA measurements provided a distribution of the
diameter and the velocity at a distance of 20 cm from the nozzle outlet, in the
numerical simulation the spray was initialized by specifying the diameter and
mass distribution of the spray parcels at the nozzle outlet. To ensure a correct
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correlation between measurement and simulation parameters the droplets were
initialized according to the measured droplet diameter distribution. At a distance
of 20 cm, diameter and velocity of the simulated spray were then compared to
the experimental data.

It should be noted that coalescence was not taken into account, as for the two-
component nozzle it can be expected that droplet interaction was negligible. A
concern, however, was the correct velocity distribution at the tablet bed. In the
real nozzle, atomizing and pattern air introduced a driving air flow. It was found
that in the numerical simulation, these air flows can be omitted if a higher parcel
starting velocity is chosen. After leaving the nozzle, the parcels were quickly
decelerated by the drag force; in turn they accelerated the surrounding air and
generated the required air stream. By using a velocity of v =180 m/s it could be
shown that the simulated spray is in good agreement with the PDA
measurements. A comparison of the velocities at the tablet bed for the simulation
and the experiment is shown in Figure 17. It can be seen that the deviation
between measurement and simulation was well inside acceptable boundaries,
given the simplifying model assumptions. It is interesting to note that both the
PDA measurement and the CFD simulation show a kink near the maximum of the
curve, the origin of which was not conclusively known.
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Figure 17: Number-weighted distribution of spray droplet velocities for
experimental measurements (0) and CFD simulation (x). By increasing droplet
starting velocity, the lack of atomizing air flow was compensated such that the
curves show good agreement.
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C-5.3 Simulation of the Air Flow inside the Coater

To a large extent, spray droplet movement and tablet film formation are
governed by the drying air flow. Thus, it is critical to understand the air flow in
the coater. In the following section, the drying air flow is studied in more detail.
To depict the nature of the air flow, different properties of the air are shown in
two-dimensional plots using cut planes through the coater geometry. Figure 18
shows the location of the cut planes: A) vertical through the nozzle position, B)
vertical behind the air inlet, C) and D) are horizontal above and through the air
inlet/outlet structure, respectively.

Figure 18: Location of the cut planes for the generation of two-dimensional plots
inside the coater.

In Figure 19, the velocity of the drying air stream is shown for a cross-section
through the coater, perpendicular to the rotational axis (plane A in Figure 18). As
can be seen, the surface of the tablet bed was represented by a moving wall, i.e,
the missing circle section in the lower left part.
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Figure 19: Air velocity for a cross-section through the location of the spray nozzle,
perpendicular to the rotational axis. Streamlines are drawn in black.

As expected, zones with increased air velocity existed near the inlet and outlet.
Starting from the inlet, the drying air streamed downwards and hit the tablet bed.
After drying the tablets coming from the spray zone located upstream, the inlet
air had increased humidity and should leave via the outlet. However, as Figure 19
shows, instead the majority of air moved along the drum wall (against the
rotational direction). Furthermore, a smaller portion of the inlet stream was not
following the main flow, but formed an undesirable eddy between the spray zone
and the area where the inlet air impacts the tablet bed.

The results suggested that a more effective removal of the humid air would be
desirable. If feasible, one option could be the reduction of the inlet air flow rate,
while increasing the inlet air temperature. Other possibilities include increasing
the pressure drop at the outlet or installing a well-designed baffle system for the
air outlet.

Figure 20 shows that the counter-clockwise stream of the air that was seen above
extended to the back section of the coater. As the air inlet and outlet did not cover
the whole length of the coater, this section lied behind inlet and outlet. Without
the direct air stream from the inlet to the tablet bed, the eddies near the tablet
bed were not seen; however, eddy formation over the outlet region could be
observed.
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Figure 20: Vector plot of the air flow velocity inside cut plane B.

The lateral air movement is depicted in Figure 21 and Figure 22, the horizontal
cuts through the coater. Note that the color scale has a maximum value of 6 m/s,
compared to 12 m/s in the plots above. Overlaying the air flow against the coater
rotation direction shown above, a rotational air flow in lateral direction took
place. The air streamed from the middle of the coater to the end at the left side,
and returned to the middle due to the lower pressure at the outlet.
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Figure 21: Vector plot of the air flow velocity inside cut plane C.
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Figure 22: Vector plot of the air flow velocity inside cut plane D.

C-5.3.1 Water Content in the Coater

For the incoming air, the humidity was set to be 0.01, resembling a typical value
of environmental air. At the start of the simulation, the water mass fraction inside
the coater was set to 0.008 instead of 0.01, as it could be assumed that the dry
and hygroscopic tablets will absorb some water from the environment. Without
spray, in this setup the mean humidity would slowly rise from 0.008 to 0.01 with
time, as the initial air was gradually replaced by fresh inlet air. If the additional
water of the spray was included, the humidity would reach even higher values.
Also, the humidity would be higher in areas directly affected by the spray, posing
the risk of local over-wetting that could potentially damage the tablet cores. In
Figure 23, the distribution of humidity, i.e., the mass fraction of water in the gas,
at 0.5 seconds after the start of spraying is shown.
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Figure 23: Mass fraction of water inside the coater.

Regions of high water content could be seen in the areas where the spray hit the
tablet bed and along the tablet bed, but also in the area between the tablet bed
and the inner cylinder. The latter region originated from direct water
evaporation from relatively small spray droplets carried over from the primary
spray zone by the air flow. The picture was qualitatively the same for other times,
with increasingly higher maximum water content. In Figure 24, the time
evolution of the average mass fraction of water in the coater over the simulated
period is shown. While the water content increased steadily, it could be seen that
the rate of increase slows down with time, as in the long term a dynamic
equilibrium with a constant average level of humidity had to be obtained. While
the average mass fraction of water was well inside typically acceptable limits,
Figure 23 shows that the moisture near the tablet bed was approximately 1.6
times higher than the corresponding average value, meaning that local over-
wetting could still occur.
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Figure 24: Average mass fraction of water in the coater as a function of time.

C-5.4 The Influence of Nozzle Placement on Spray Loss

In general, spray loss in drum coating occurs for two reasons. One part of the loss
is made up of the spray droplets that are too dry to stick to a surface (spray
drying phenomenon) or do not hit a surface at all. In both cases the droplets
eventually leave the device with the exhaust air. The other contribution to spray
loss is spray liquid that forms a film on surfaces other than the tablets and has to
be removed during post-process cleaning.

In Figure 25, the spray inside the coater after 0.5 seconds spraying is shown. The
color and size of the droplets is proportional to the water content. The big
droplets close to the spray nozzle still had a water content close to the initial
spray water fraction of 0.8. The small droplets at the right-hand side were
already partially or completely dried. It could be seen that a fraction of the spray
moves towards the tablet bed, but was then dragged upwards and impacts the air
inlet/outlet cylinder. The dry droplets that came close to the outlet leave with
exhaust air. The rest of the droplets followed the flow of drying air and either left
after several rotations with a varying residence time, or stuck to the rotating
coater wall.
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Figure 25: Spray after 0.4 seconds. The color of the spray droplets show the amount
of water, ranging from the starting concentration of 0.8 (red) to 0 (blue). The
droplet size is proportional to the water content as well. Additionally, the air flow
velocity is shown as a vector plot.

The figures concerning the air and spray flow discussed above provide a
qualitative picture of the dynamics of the process. In the following, more
quantitative measures are described. While in a numerical simulation arbitrary
values for the operating parameters may be selected, strict regulations and cost
concerns limit the parameters that can be changed for an already established
industrial process. In this work, the parameter chosen for variation was the spray
gun placement, which may be changed both in simulation and reality. Thus, an
investigation of the influence of the nozzle position on the coating process,
especially on the amount of spray loss, was performed. These variations are
shown in Figure 26. Starting from a base point (B), the spray nozzle was tilted
away from (1) or towards (2) the air inlet. Additionally, a higher position (3) and
two lower positions (4, 5) were selected.
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Figure 26: Variation of position and angle of the spray gun in the coating drum.
Left: B denotes the standard position, 3-5 are variations translated parallel to the
tablet bed. Right: Case 1 and 2 are a variation of the angle for basis position.

Concerning the numerical work, the gas flow simulation was first started without
spray until convergence was reached. Then, the spray was activated, and a time
span of three seconds was simulated. The following key parameters were
computed by integration over all simulation time steps to arrive at quantitative
conclusions for the amount of spray loss:

e Spray mass leaving through outlet: the fraction of total liquid mass that had
left the coater with the exhaust air

¢ Relative amount of film on the coater wall: The relative amount of liquid
that formed a film on a surface other than the tablets.

The results are shown in Figure 27 and Figure 17, respectively. When comparing
the amount of spray loss for the different setups (Figure16), it can be seen that
case 1 and case 3 performed better than the other cases, including the base case.
“Better” in this case means that a larger percentage of the introduced spray
stayed inside the coater instead of leaving with exhaust air. Taking the spray
drying mentioned above into account, it can be concluded that the spray loss
consisted largely of dried spray droplets.
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Figure 27: Total mass of the spray droplets leaving with the outlet air, relative to
total introduced mass.
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Figure 28: Total mass of spray droplets that hit a wall other than the tablet bed,
relative to total introduced mass.

From this information on spray loss only, it can be concluded that case 1 and 3
should be preferred, as in these cases the largest amount of spray stayed in the
coater. However, this would not take into account where the coating liquid is to
be found in the coater. To get more information on the liquid distribution, we
calculated the relative amount of film formation on coater surfaces other than the
tablet bed (Figure 28). In case 3, a significant increase of unwanted material
deposition was detected, showing that for this case, the low amount of spray
droplets in the exhaust air comes with the price of increased deposition on coater
surfaces. To examine this phenomenon in more detail, the distribution of the wall
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film after three seconds of simulation time for case 3 was visualized, as shown in
Figure 29.
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Figure 29: Wall film thickness on the coater wall, from no film (white) to a
thickness above one micrometer (black). It can be seen that apart from the tablet
bed, film liquid is also deposited on the rotating wall near the tablet bed top and
the middle cylinder.

Apart from a coating of the tablet bed as expected, the rotating coater wall near
the top of the tablet bed was showing film formation as well. In addition, a wall
film was building up on the air inlet/outlet cylinder in the middle of the coater,
on the side opposite of the outlet. Closer investigations showed that this
phenomenon happened for all other nozzle positions, although to lesser extents.
Film formation in the same locations has also been observed in industrial coating
processes using the described coating equipment, underlining the predictive
capability of the simulation model.

In summary, a reduction of spray losses compared to the standard operational
conditions (B) was seen in case 1 and case 3. However, in case 3 the reduction
occurred because a large portion of the spray ended up forming a highly
undesirable film on the rotating coater wall. Therefore, making a nozzle
arrangement according to case 1 was the optimum choice, where the spray loss
was reduced without negative side effects by slightly tilting the spray nozzle
away from the inlet.
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C-6 Conclusions

In this work, we have presented the modeling of a pan coating process using
Computational Fluid Dynamics (CFD). A hybrid mesh was generated mimicking
the geometry of a full-scale industrial coater. The critical process parameters
(e.g., inlet air temperature, flow rate, drum rotation speed) were selected
according to standard operating conditions. A central part of each pan coater is
the spray nozzle. In order to simulate the spray as realistically as possible, Phase-
Doppler anemometry measurements were performed, using Eudragit L30D-55
filming solution to generate the basis for the “numerical” spray.

The results indicate that a detailed understanding of air flow inside a coater is
necessary to optimize the dynamics of a coating process. As an important
quantitative measure for the quality of the coating procedure, the spray loss was
calculated. As variation parameters, different nozzle positions and directions
were chosen. The rationale behind this choice was the fact that these parameters
could be easily changed, even in an already validated process. Our results showed
that the usual recommendation of placing the spray nozzle at a distance of one
third of the total tablet bed length from the top of the tablet bed gave the best
results. However, instead of orienting the spray strictly perpendicular to the
tablet bed as is common practice, tilting the nozzle away from the inlet air
showed a reduction in spray loss.

The model of the coater process described in this work was aimed to capture the
fundamental phenomena leading to spray loss in an industrial coating process.
Nevertheless, many aspects need to be further investigated. As a next step, the
model will be expanded, e.g., by increasing the number of spray nozzles or
accounting for the elliptical shape of the spray. A more detailed description of the
turbulent air flow through the tablet bed is desirable as well. In the future we also
intend to apply more sophisticated approaches, such as the LES-LPT model that
we developed recently (Sungkorn & Khinast, 2010). The influence of a range of
additional parameters, such as temperature, air flow boundary conditions or
nozzle type, will be investigated in the future.

In addition, the validation of the numerical results represents an important step
in our future work. Thermal imaging of the coater’s internal surfaces, or the
quantification of the spray mass trapped inside the filters are some examples of
our current activities. Furthermore, the coating efficiency on the tablet bed is to
be quantified by means of Near-Infrared (NIR) spectroscopy online methods.
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C-7 Notation

C-8 Latin Symbols

Symbol
A

BMJ', BT
Cp

SI Unit

mZ

J/(kg K)

m/s

kg/kg
mol/mol
m

m

Quantity

Area

Spalding mass and heat transfer number
Specific heat capacity at constant pressure
Drag coefficient

Particle diameter

Diffusion coefficient

Force

Mass and temperature  correction
Gravitational acceleration

Specific Enthalpy

Mass

Pressure

Heat transfer rate

Pan radius

Area-specific mass source

Time

Temperature

Velocity

Volume

Mass fraction

Mole fraction

Cartesian coordinates

Space component normal to the wall
Non-dimensional wall distance

C-8.1 Dimensionless Numbers

Symbol
Le
Nu
Oh
Pr
Re

Quantity

Lewis number (=Sc/Pr)

Nusselt number (=al/k)
Ohnesorge number (=x/(pol ))
Prandtl number (=cpu/k)
Reynolds number (=uL/v)
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Sc
Sh

C-8.2 Greek Symbols

Symbol SI Unit
Y -

A -

o m

£ m2/s3
® -

A W/(m?K)
7 Pas

1% m?/s

p kg/m3
o N/m

w rad/s

Schmidt number (=v/f)
Sherwood number (=knL/b)

Quantity

Activity coefficient
Variation

Wall film thickness
Turbulent dissipation
Exponent for heat transfer calculation
Heat conductivity
Dynamic viscosity
Kinematic viscosity
Density

Surface tension

Pan rotational speed

C-8.3 Subscripts and Superscripts

Symbol
X

oo

— (overbar)

100

Quantity

Rate of change or flux of variable x
Bulk

at the reference point
Droplet

Drag

Evaporation

Gas

Gravity and buoyancy
Index

Interfacial

Pressure

relative

Surface value

Vapor
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Chapter D: Effect of tablet coating parameters:
combining non-destructive measurements and
dissolution testing

SUBMITTED as: Toschkoff, G., Schinwald, C., Mark], D., Koller, D. M., Scheideler, M., Leitner,
M., & Khinast, ]. G. (2013). Effect of Tablet Coating Parameters: Combining Non-
Destructive Measurements and Dissolution Testing. European Journal of Pharmaceutics
and Biopharmaceutics. Submitted.

The author of the thesis would like to stress that the description of the optical
coherence tomography (section D-4.2 ) was written together with the co-authors
Dipl-Ing. Daniel Markl and Dr. Michael Leitner; as cited below. Figure 32 and
Figure 33 were created by Dipl.-Ing. Daniel Markl. The experimental work described
in this manuscript was done by co-author Dipl-Ing. Christoph Schinwald in the
scope of his diploma thesis (under the supervision of the author of this thesis).

D-1 Abstract

Pan coating is widely used in the pharmaceutical industry to cover tablets with a
functional thin film. One of the most common types is enteric coating. Those films
are resistant to gastric juice and dissolve in the gastrointestinal tract, providing a
targeted release of the active pharmaceutical ingredient (API).To guarantee
functionality, tablets are subjected to a standardized dissolution test (US
Pharmacopeia Apparatus II, “USP II"). If they fail the test, the entire tablet batch
may be rejected. Although reasons of failure are not always clear, no further
investigations can be undertaken since USP II is a destructive test. This calls for
an investigation of how different process conditions influence the outcome of the
USP II test and a study of the USP II failure mode in more detail.

In this work, enteric-coated tablets were examined via a series of non-destructive
measurements and finally subjected to the USP II dissolution test. By using non-
destructive methods before dissolution, the same tablet can be subjected to all
tests subsequently. We selected methods that can be readily applied in a
production environment: direct length and weight determination, optical
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coherence tomography (OCT) and near-infrared (NIR) spectroscopy. Each sample
tablet was assessed using all of the above-mentioned methods and the results
were compared. It was found that the influence of process parameters on the
release characteristic was not as critical as previously assumed. Relatively fast
and cheap methods (e.g, direct diameter measurement) were suitable for
collecting basic information. OCT proved to be a flexible tool for in-depth coating
quality validation.

D-1.1 Keywords:

tablet coating, dissolution, modified release, optical coherence tomography
(0CT),

D-2 Introduction

Tablet coating is a common unit operation in the pharmaceutical industry. The
applied coating layer has various functions, such as giving the tablet a certain
color, adding an active pharmaceutical ingredient (API) or controlling the API
release rate of the tablet. In today’s industrial practice the most common coating
process is pan coating. Here, tablets are placed in a pan rotating at moderate
speeds and a coating liquid is sprayed onto them. Usually, the tablets are top-
sprayed with a water-based coating using several spray guns. For drying, heated
air is introduced into the coating pan; the exhaust air is extracted and filtered.

Coating is frequently applied to modify the release of the API from the tablet. One
important type is enteric coating, providing an outer layer that dissolves in the
alkaline environment of the intestinal tract but not in the low-pH environment of
the stomach. Thus, the tablet can pass the stomach unharmed, and the API is
released only once it reaches the intestinal tract. This can be applied to protect
the stomach from certain types of API. Once a batch of enteric-coated tablets has
been produced, it is subjected to a standardized dissolution test, typically
following the US Pharmacopeia (<711> Dissolution, harmonized with the
European and Japanese Pharmacopeia). During the test, the accuracy of the
release behavior of the tablet is examined. If the film coating fails the dissolution
test, the entire batch has to be reworked or rejected. This leads to significant time
and financial losses, especially since coating is one of the last steps in the tablet
production.

Therefore, understanding the influence of the coating process parameters on the
quality of the final product and especially on the reliability of the coating layer is
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important. A number of studies are described in literature. For example, an
aqueous film coating process is investigated in (Porter, Verseput, & Cunningham,
1997) via a Design of Experiments (DoE) by varying the amount of suspension,
the drying inlet air temperature, the spray rate, the atomizing air pressure, the
pan speed and the number of spray guns. The output factors in question (i.e., the
coating uniformity, the loss of weight during drying and the coating process
efficiency) were determined by weight measurements. A similar DoE approach
was applied in a study of the uniformity of a taste-masking coating (Dubey et al,,
2012). The uniformity was quantified by laser-induced breakdown spectroscopy.
In another study (Tobiska & Kleinebudde, 2003), the influence of parameters
such as tablet size, fill level, and pan speed in a lab scale enteric coating process
was investigated. After the process, tablets were subjected to a dissolution test. It
was found that the rotation speed has a strong effect on the minimum amount of
coating liquid needed for an enteric coating. A different approach that saw
increased application in the pharmaceutical industry lately is computer
simulation (Adam et al, 2011; Ketterhagen et al, 2009b). Where they are
applicable, simulations can give information that is not accessible via experiment
(Toschkoff et al., 2012), and were successfully applied to study quantities such as
the batch coating mass variability (Dubey et al., 2011; Kalbag & Wassgren, 2009;
Suzzi et al,, 2012; Toschkoff et al,, 2013). However, studies on the uniformity or
quality of the coating layer are less common (Freireich, Ketterhagen, et al., 2011;
Suzzi et al, 2010), and the prediction of coating dissolution is yet outside the
scope.

A general challenge in the study of coating processes is to find a suitable method
for the quantification of the coating quality. Various methods for analyzing the
film are discussed in the literature. The coating morphology of enteric-coated
tablets during the USP II dissolution test was analyzed using Scanning Electron
Microscopy (SEM) and Confocal Laser Scanning Microscopy (CLSM) and
compared to the release profile (F. Liu et al.,, 2009). The roughness of the film
coating surface in batches prepared with varying spray gun pressures was
analyzed using CLSM. (Ruotsalainen, Heinamaki, Guo, Laitinen, & Yliruusi, 2003).
Another common method for analyzing the quality of a film coating is near-
infrared (NIR) and/or Raman spectroscopy. Models predicting the film-coating
thickness and the tablet hardness were developed using multivariate data
analysis (MVDA). Moreover, the drug-release performance was studied (Kirsch &
Drennen, 1995). Other studies investigated the influence of different tablet loads
and plenum pressures in a fluidized bed coater on the coating thickness and
compared various methods of analysis, such as X-ray fluorescence, Raman and
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near-infrared spectroscopy (Cahyadi, Karande, Chan, & Heng, 2010). Raman
spectroscopy was used to implement a PLS model that predicts the tablet's
exposure time in a pan coater (Romero-Torres, Perez-Ramos, Morris, & Grant,
2005). A similar approach was used for predicting the tablets’ film coating
thickness by examining the Raman spectra of batches with varying weight gain
and titanium dioxide concentration (Kauffman, Dellibovi, & Cunningham, 2007).
One of the major drawbacks of using NIR or Raman spectroscopy for coating
monitoring is that it does not provide an absolute value of the coating thickness,
and thus, requires a complex calibration procedure based on primary
measurements. This drawback could be overcome using optical coherence
tomography (OCT) for the characterization of tablet coating, which allows the
direct measurement of the coating thickness. OCT is increasingly applied to non-
destructively evaluate the coating thickness and coating homogeneity of tablets
with different shapes and formulations (Koller et al., 2011; Mauritz et al.,, 2010;
Zhong et al., 2011). A comparison of different methods is given in (Brock et al,,
2012).

Studies dealing with the coating process often investigate the coating quality of
the finished product. However, the same level of attention is not paid to the
actual outcome of a dissolution test, although often this will determine whether a
tablet is deemed suitable for distribution or not. The aim of this work is to
evaluate the influence of different process parameters on the film coating quality
and directly relate this to the results of the applied dissolution test (USP <711>
“Dissolution” Apparatus II, hereafter termed “USP II test”). The investigated
process parameters are the tablet bed temperature, the spray rate and the supply
air flow rate. In addition to the USP II dissolution test, the enteric coating layer
quality was analyzed via a series of non-destructive methods. All measurements
were done subsequently with the same tablet, the destructive USP II test
obviously being the last step. This procedure makes it possible to directly see
how the process settings influence the outcome of different coating quality tests,
and to assess to what extent the data from non-destructive tests can be used to
predict the result of the critical dissolution test.

D-3 Materials and methods

For this study, coated tablet batches were produced in a lab-scale coating
apparatus with varying conditions. To obtain clear results, the batches were
produced out of specification (00S), i.e., on purpose the process parameters were
chosen outside the range of the standard settings. One aim was to establish a
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connection between the results of the different analytical methods and the
dissolution test. For this purpose, a set of tablets was chosen from each batch.
This tablet was then analyzed using the following non-destructive methods:

e length measurements with micrometer gauges to measure the coating
thickness on the cap and band of the tablet,

e tablet weight measurements to determine the coating mass,
e OCT to validate the film coating thickness and quality, and
e NIR spectroscopy in order to give information on the moisture content.

Finally, the critical quality attributes “gastric-juice resistance” and “API release”
were measured using the USP II test. The following sections discuss the tablet
properties and the process parameters, followed by the details of the
measurement methods (dissolution/disintegration test, mechanical size and
weight measurement, OCT, NIR spectroscopy)

D-3.1 Tablet cores

The tablet cores were standard round bi-convex shape, with a diameter of 8 mm
and a raw weight of 200 mg. They were made with a rotary press and contained
an AP], acetylsalicylic acid (ASA), and typical excipients.

D-3.2 Coating Process

An enteric coating layer was applied to the cores using a custom lab-scale non-
perforated coating pan (Brucks Wabru Pan L10 GE, Heinrich Brucks GmbH,
Alfeld, Germany); the apparatus is shown in Figure 30. To enhance drying, heated
air was blown onto the tablet bed. The exhaust air was extracted from the pan.
For coating, a standard preparation of Eudragit L30D (Evonik Industries AG,
Essen, Germany) was produced according to manufacturer guidelines.
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Figure 30: Laboratory coating apparatus, consisting of a coating pan, supply and
exhaust air tubing, an atomization nozzle, a peristaltic pump, a coating suspension
container and a control unit.

The coating parameters were adjusted according to the experimental plan
described below. The spray rate was modified by increasing or decreasing the
rotation velocity of the peristaltic pump. The supply air power was adjusted at
the control unit and the tablet bed temperature was controlled by changing the
supply air temperature. The process was terminated after a gain in weight of 15
mg and was monitored via at-line weight measurement of 20 tablets.

D-3.3 Experimental setup

The drying kinetics of the applied suspension is crucial for the formation of the
film coating (Cole, Hogan, & Aulton, 1995). For this reason, three process
parameters directly influencing the drying time were chosen, i.e.,

e the tablet bed temperature;
e the spray rate; and
e the drying air flow rate.

To validate the effect of each input parameter, one input factor at a time was
changed. A base point was defined based on a-priori knowledge of the process
(level 0). With regard to the base point, each parameter was increased and
decreased (level 1 and level -1, respectively). This meant that all level 1 and level
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-1 runs were considerably out of normal specifications for the coating process.
For the base point, three replications were performed. A list of the experimental
runs is given in Table 3.

Table 3: Experimental plan showing the parameter settings used for the coating
runs. The numbers in brackets indicate the level, i.e., whether the setting is
considered high (1), low (-1) or base (0).

Batch ID Tablet bed Air flow rate Spray rate

temperature (m3/min) (g/min)
(°0)

BO1 31 (0) 1.6 (0) 5.3(0)
B02 42 (1) 1.6 (0) 4.4 (0)
B03 23 (-1) 1.6 (0) 4.9 (0)
B04 31 (0) 1.6 (0) 2.4 (-1)
B05 31 (0) 1.6 (0) 7.2 (1)
B06 31 (0) 2.4 (1) 4.7 (0)
B07 31 (0) 0.8 (-1) 3.8(0)
B08 31 (0) 1.6 (0) 4.8 (0)
B09 31 (0) 1.6 (0) 4.7 (0)

During the experiments, the target spray rate could not be set as exactly as the
other parameters. Therefore, a target spray rate was set but the actual spray rate
was measured by weighing the loss of coating liquid. For the further evaluations
and statistical models, the real (measured) spray rate was taken into account, as
reported in Table 3.

D-3.4 Stress-tested tablets

From each batch (excluding repetition, BO1 to B07), six tablets were sampled and
subjected to a stress test. They were placed in 0.1 molar hydrochloric acid for
two hours (equivalent to the first part of the combined test described in D-4.4 )
and then stored for over a month. The aim was to determine the long-term effects
of the disintegration test. A visual inspection revealed no deviations from the
non-stressed tablets. The stress-tested tablets were then subjected to the same
measurement procedure as the regular (non-stressed) tablets. The results are
presented separately below.

D-4 Measurement methods

In this study, two types of measurements were done. First, the quality of the
coating, especially the thickness, was investigated using non-destructive
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methods. Second, the release performance was quantified using a dissolution
tester (USP apparatus II). The different measurement methods are described in
the following sections.

D-4.1 Length and weight measurements

During the coating process, the gain in the coating thickness is often monitored
by controlling the tablet's gain in weight. Although this is a convenient and
straight-forward approach, the problem is that the uncoated tablet cores
themselves show a significant variation in weight, which may be comparable to
the (light) weight of the coating layer. Moreover, this method does not
discriminate between the weight gain due to the coating material or to other
factors, such as solvent (water) in the core.

In our study, the tablet weight was determined using a high-precision balance
(SI-234A, Denver Instrument, Bohemia, US). For each measurement, ten tablets
were selected from each batch. Ten uncoated tablet cores were measured as a
reference. The coating weight gain was then calculated by subtracting the mean
uncoated weight from the mean coated weight:

Meoat = Miotal — Meore (60)

The standard deviations connected with M and mea are in good
approximation independent from each other. Therefore, accounting for the
propagation of error, the standard deviation of the coating mass is given as:

— 2 2
Om,coat = \/ Om, total + Om, core (61)

where “m.core and Op e are the standard deviations of the weight
measurements of the coated and uncoated tablets, respectively. Equation (2)
shows that the uncertainties in the weight measurement of both coated and of
uncoated tablets increase the total uncertainty of the coating mass.

The same problem arises when the film coating thickness is determined by
comparing the height or diameter of uncoated and coated tablets: uncoated
tablets do vary in size. Since the tablet cores are produced via compaction, and as
such the die diameter is constant, the variation in diameter is lower than the
variation in height (or weight). The tablet diameter can be measured with a
micrometer screw gauge (Digimatic outside micrometer 293-821, Mitutoyo Inc.,
Japan). For the height of the tablet, a height gauge can be applied (Absolute
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Digimatic dial gauge ID-S 543-690B, Mitutoyo Inc., Japan), measuring the distance
between the outer-most points of the caps. This low-cost method can easily be
applied at-line.

In our study, we measured the height and the diameter (along three different
directions) on the ten tablets from each batch. The coating thickness was
determined by subtracting the mean value of the uncoated tablets lcre from the
mean value of the coated tablets liw and by dividing the result by two to reflect
that the coating was measured twice:

1,
dcoat = E (ltotal - lcore) (62)

Similar to Eq. 2 the standard deviation is

o, =1 o2 1+ Of (63)
d,coat 2 I, total 1, core

where 0y torg “lcore and Fiteral are the standard deviations of the length
measurements of the uncoated and coated tablets, respectively.

D-4.2 Optical Coherence Tomography (cited from Toschkoff, G. et al.,
(2013). Effect of Tablet Coating Parameters: Combining Non-

Destructive Measurements and Dissolution Testing.)

“OCT is a contact-free, non-destructive imaging method which can be used to
investigate the internal structure of translucent and turbid materials. OCT allows
the determination and localization of reflecting interfaces, separating media
characterized by different refractive indices. The measurement principle is based
on low-coherence interferometry (LCI), which uses near-infrared light sources
with high spatial but low temporal coherence (i.e., a large bandwidth spectrum
corresponding to coherence lengths of several microns). The short coherence
length together with the interferometer acts as a temporal filter in terms of the
arrival times of back-scattered and back-reflected photons from different sample
structures (e.g., interfaces, pores, impurities). Comparing the arrival times of
single scattered photons and a reference beam allows the acquisition of a depth
or axial scan. Unlike other high-resolution microscopic techniques, in OCT axial
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and lateral resolutions are decoupled. The axial resolution Az is limited by the
coherence length of the light source [,.:

I. 2In2 A3
= (64)

Az ==
2 mn AAFWHM

where 4a is the central wavelength, &4z is the spectral bandwidth (i.e., the
full-width of half maximum of the spectral profile) of the source and n is the
refractive index of the sample (Wojtkowski, 2010).

The depth-resolved information can be acquired either in the time-domain (TD-
OCT) by moving the reference mirror of the interferometer or in the frequency-
domain (FD-OCT). In FD-OCT the depth-resolved data is obtained by detecting
and processing the spectrum of the interfered signal. The main advantages of FD-
OCT compared to TD-OCT are the higher acquisition speed (more than 105 depth
scans per second) and the better sensitivity. The interference spectrum can be
acquired in parallel (spectral-domain - SD-OCT) or sequentially (swept-source -
SS-0OCT). The images presented in this work were obtained with the SD-OCT
approach.

Cross-sectional two-dimensional (2-D) images are generated by scanning
laterally along the sample object. The lateral resolution is determined by the
focused spot of the scanning beam:

A f

A
X mn d

(65)
where d is the spot size of the beam on the objective lens and fis the focal length
(Fercher, 2010). An example of a 2-D OCT image of a film-coated tablet is shown
in Figure 31. Furthermore, three-dimensional (3-D) volumetric data can be
created by scanning the incident optical beam in a raster pattern.
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Figure 31: Two-dimensional OCT image of a film-coated tablet. Optical image
dimensions (in air): 2 x 1 mm?.

An in-house built OCT setup (Koller et al., 2011) with a supercontinuum white
light laser source (Koheras SuperK Versa, NKT Photonics, Denmark, A, = 820 nm,
Algwi 4o =820 pm) was used. This setup provides an axial resolution 4z
of 2.0 um (in air) and a lateral resolution Ax of 6 um. Moreover, this setup allows
the visualization of 1.5 images per second using 1000 depth scans per image.

In order to measure the distance between layers in an OCT image, the pixel size
must be determined. The optical image dimensions (in air) are 6 mm and 2.5 mm
in the lateral and axial directions, respectively. Each OCT image consists of 1000
depth scans, where each scan corresponds to one measurement recorded by a
CCD camera (Atmel Aviiva, 2048 pixel, 14 mm? pixel size, 12 bit resolution). The
size of the corresponding digital image was thus 1000 x 1025 pixels. The pixel
sizes (valid for a medium with a refractive index n=1) Ry in the lateral direction
and Ry in the axial direction are given as

6 mm

R,= ————=6 :
= To00px - O Hm/PX -
R = 2.5mm_243 (66)
v = Tozspx - 243 wm/px

The coating thickness was determined by measuring the distance on the OCT
image in the units of pixel, multiplied by the pixel size and divided by the
refractive index n of the coating. The refractive index of the used coating was
taken as Ngudragic = 1.48 (Koller et al,, 2011). Due to the large number of images
and the variation between images, two methods were implemented. First, the
distance was measured semi-manually with appropriate software. Second, an
automatic image analysis algorithm was developed and applied, which needed no
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manual correction and was therefore suitable for comparison of larger image
sets.”2

D-4.3 Near-Infrared (NIR) spectroscopy

The NIR measurements were performed using a FT-NIR spectrometer (FT-NIR
Spectrum 400, Perkin Elmer, USA). The obtained spectra were analyzed using
commercial software for multivariate data analysis (Unscrambler®, CAMO
Software AS).

For the measurement, ten tablets from each batch were selected, and NIR spectra
were recorded for both caps of each tablet using the NIR probe of the
spectrometer. Different wavelength ranges were evaluated for their prediction
ability. One of the models was based on the theory that dissolution performance
is related to the moisture in the tablets. This model produced the best results
when the spectra were limited to the wavelength range of 1786 - 2174 nm. The
data were then preprocessed via a standard normal variate (SNV) transformation
to remove multiplicative variations between the spectra, such as variations in the
physical properties of the tablet.

Finally, a principal component analysis (PCA) was carried out to extract essential
information from the large data set. The spectra were projected into a lower-
dimensional space which is spanned by linearly uncorrelated variables (the
principal components). The first principal component represents the most
dominant source of variability in the data. Each succeeding component is defined
such that the next dominant sources of variability is accounted for, under the
condition that it has to be linearly uncorrelated to all previous components.

D-4.4 Disintegration and dissolution test

Following the non-destructive measurements, the same tablets were investigated
in a dissolution tester (DT 800, ERWEKA R, Germany). The tests were performed
according to the USP II dissolution test guidelines (United States Pharmacopeia
34 /National Formulary 29, Chapter <711> Dissolution, 2011). It consisted of two
parts, i.e., the disintegration test measuring the resistance to gastric juice, and the
API-dissolution test, measuring the dissolution profile of the APIL.

* Toschkoff, G., Schinwald, C., Markl, D., Koller, D. M., Scheideler, M., Leitner, M., &
Khinast, J. G. (2013). Effect of Tablet Coating Parameters: Combining Non-Destructive
Measurements and Dissolution Testing. Submitted to Eur ] Pharm Biopharm.
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During the disintegration test, each tablet was placed in 0.1 molar hydrochloric
acid (pH=1) and constantly kept in motion to simulate the stomach environment.
A solution of hydrochloric acid containing 100 % dissolved API was prepared as a
reference. After two hours, a sample was taken and the API concentrations in the
sample and reference were compared in an UV-VIS spectrometer (Agilent 8453,
Agilent Technologies Inc., USA). The characteristic absorption at 280 nm was
measured to calculate the percentage of release according to the calibration
curves. To pass the disintegration test, the API concentration in the sample had to
be lower than 10%.

During the dissolution test, the hydrochloric acid was neutralized in-situ using a
phosphate buffer of pH=6.8 to simulate the intestinal tract environment. The
tablets were moved for 30 minutes in the buffer solution. Samples were taken
every ten minutes and compared to a reference phosphate buffer with 100 % API
in solution. The absorption at a characteristic wavelength of 265 nm was
measured and the release percentage was determined. To pass the dissolution
test, an API release of at least 75 % after 30 minutes (corresponding to an
immediate release formulation) was necessary.

D-5 Results and discussion

As a first step, a larger number of tablets were investigated via NIR, the results
are shown in the next subsection. Based on the NIR results, a number of tablets
were chosen from each batch for closer investigation. The criteria for choosing
the tablets are described below. These tablets were subjected to a series of non-
destructive measurements (weight measurement, micrometer screw gauge, OCT
imaging). The results for those tablets are discussed together with the outcome of
the dissolution tests further down. Finally, the corresponding results for the
stress-tested tablets are shown.

D-5.1 Near-infrared spectroscopy: moisture screening

Figure 32 depicts the score plot of the PCA analysis of the gathered spectra.
Applying PCA to the data set may be viewed as a classification of the main events
affecting the tablets.
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Figure 32: Score plot of the first and second principal components of the NIR
spectra. The ellipse exemplarily indicates the clustering of batch BO1. The values in
parentheses of the PC 1 and PC 2 label state the percentage of total variance
explained by each principal component. As example, batch 01 is highlighted by an
ellipse.

It showed that the first two principal components described the main variations
between the tablets from the different batches. Clustering of the batches was
observed, especially for the first principal component (PC 1). For high drying
rates, most of the resulting batches were located at lower values of PC 1. These
were especially batches B02 (high tablet-bed temperature) and B04 (low spray
rate). A high air flow rate (B06) did not show a strong effect. Values of PC 1 were
higher for batches produced with slow drying (B03, B05, and BO07). The
replication runs B08 and B09 with medium settings were distributed around the
PC 1 and PC 2 score center as expected. Surprisingly, batch BO1 showed similar
behavior to the batches produced at a high drying rate, although the spray rate
was slightly higher than for B08 and B09. Apparently, the bed temperature was
not changed by the higher spray rate, due to the relatively high inlet temperature.
In this way, a first complete coating layer was formed rapidly and acted as a
moisture barrier. Thus, subsequent spraying would not wet the core. This
beneficial behavior of slightly higher spray rate together with a higher air
temperature can also be seen in the corresponding industrial-scale process. In
sum, it can be seen that the principal component PC 1 is connected to the
moisture level of the coating process.
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Tablets located at the center of the respective batch cluster were deemed
representative of the whole batch and were further investigated, as described in
the “Methods” section.

The same procedure was applied to the stress-tested tablets (Figure 33). The
twelve measurement points per batch correspond to the two caps of the six
tested tablets.
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Figure 33: Score plot of the first and second principal components of the NIR
spectra for the stress-tested tablets. The values in parentheses of the PC 1 and PC 2
label state the percentage of total variance explained by each principal component.

In this case, the spectra of the same batches did not form clusters and did not
follow a discernible trend. The simulated gastric juice appeared to penetrate the
tablets during the test, affecting their moisture content and making it impossible
to distinguish one tablet from another. As before, one tablet per batch was chosen
for further investigation.

The results suggest that performing combined NIR and PCA measurements are a
suitable way to detect the tablets’ moisture content. To validate this and to
develop a predictive model, a reference method for moisture measurement is
required. However, this was beyond the scope of this work.

D-5.2 End point determination by tablet weight

For our process, the targeted end point of the coating was a mass increase of 15
mg. Table 4 shows the average weight before and after coating. While the values
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were slightly higher than the target, a consistent end point requirement was met
for all batches. The spread between the highest and lowest coating mass was less
than 10% and in the order of the standard deviation of the weight measurement.
Table 4: Weight of tablet batches

Batch Id Mtablet Otablet Mcoating O coating
(mg) (mg) (mg) (mg)

Uncoated 199.9 0.7

B01 215.3 0.5 15.3 0.9
B02 215.7 0.6 15.7 0.9
B03 216.4 0.9 16.5 1.1
B04 215.1 0.6 15.2 0.9
B0O5 216.2 0.7 16.2 1.0
B06 215.7 0.3 15.8 0.8
B07 215.4 1.0 15.4 1.2
B08 215.0 0.9 15.1 1.1
B09 216.0 0.3 16.0 0.7

Height and diameter measurements

The film coating thickness that was determined using the micrometer screw
gauges is shown in Figure 34 for all batches. As expected, the error was greater
for the coating thickness on the tablet’s cap for the following two reasons. First,
only one measurement direction per tablet was possible in the axial direction,
while the radial measurements were performed for three positions (directions).
Second, the uncoated cores already had a higher variation in height than in
diameter: the diameter was determined by the fixed diameter of the die, while
the height was influenced by variations in the pressure force curve during the
compaction process.
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Figure 34: Film coating thickness for the different batches, determined with a
micrometer screw gauge.

In Figure 34, the coating on the band is always thinner than on the cap, with the
magnitude of the difference between cap and band changing from batch to batch.
For the processes operated using “wet” settings (i.e., low tablet-bed temperature
(B03) or a high spray rate (B05)), an almost equal thickness of the film on the cap
and edge and therefore a higher inter-tablet coating uniformity were observed.
The “dry” processes with high tablet-bed temperature (B02) or low spray rate
(BO4) resulted in higher coating thickness on the cap of the tablet compared to
the band. A possible explanation is the longer drying time during the “wet”
processes and the associated re-distribution of the coating liquid from freshly
coated to surrounding tablets due to the tablet bed movement. In a “dry”
environment, the applied coating solidifies almost immediately. Due to the
preferred orientation of bi-convex tablets, the tablet’s cap is exposed to the spray
more often than the band, and thus, receives more coating mass (Freireich,
Ketterhagen, et al., 2011; Ho et al., 2007). Variations in the air flow rate (B06 and
B07) did not affect the coating distribution significantly.

D-5.3 Optical Coherence Tomography

The coating thickness was determined based on the OCT images both semi-
manually using image processing software (Image Processing Toolbox, MATLAB,
Mathworks, Inc., Massachussets, USA) and automatically using an in-house
developed algorithm. Although the results obtained via the algorithm and the
manual evaluations generally correlated very well, for two batches distinct
differences were observed (Figure 35). One reason is that on the OCT images the
lower boundary (transition between coating and core) is not as defined as the
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upper boundary (coating-air) due to a lower difference in the refractive index
and because the coating solution fills pores on the core surface and to an extent
diffuses into the core.
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Figure 35: Film coating thickness determined manually and automatically from
OCT images.

Figure 36 shows the film coating thickness on the tablet cap determined with a
micrometer gauge and from OCT images. In most cases, the OCT results were
above those obtained with the micrometer. However, the mechanical
measurements showed higher standard deviations than those based on OCT
images, to the extent that the differences between the two curves were not
statistically significant. While the deviation of the micrometer gauge was low
enough to determine significant differences between the cap and edge coating,
the OCT method was a better choice for comparing more subtle differences
between the batches.
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Figure 36: Film coating thickness as determined based on OCT images (semi-
manual evaluation) and “direct” length measurement (micrometer gauge).

OCT images showed that one tablet had a damaged coating. For the damaged
area, a three-dimensional image was assembled from the 2-dimensional scans
(Figure 37), which demonstrated that coating was missing on an area of
approximately 1 mma?. Since this tablet was used for the replication experiment, it
was decided not to replace it but to subject it to the disintegration/dissolution
test.
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Figure 37: Three-dimensional image of the region with the missing coating from
batch B08. Optical image dimension (in air): 6 x 0.5 x 2.5 mm?.

D-5.4 Dissolution and disintegration test

The results of the disintegration and dissolution tests are shown in Figure 38.
Only one tablet (the one with the missing coating) failed the disintegration test.
All tablets passed the dissolution test, i.e., the full amount of API was released
from all tablets after less than 20 minutes. Despite the process parameters
considerably out of specification and differences in the appearance of the coating
surface, the intact coating layer was functional for all tablets.
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Figure 38: Dissolution performance in 0.1 m polar hydrochloric acid of pH =1
(gastric) and phosphate buffer of pH = 6.8 (intestinal).

D-5.5 Stress-tested tablets

The seven stress-tested tablets were measured the same way as the regular
tablets. The dimensions of the tablets were measured before and after the
disintegration test, during which the coating thickness on the cap (Figure 39) and
edge (Figure 40) of the tablets seemed to have increased by approximately 30
um. However, the thickness was calculated based on the height/diameter
measurements under the assumption that the size of the core was constant. An
increase in the core size with the constant coating thickness would still register
as a “coating thickness” increase. Thus, in this case the micrometer gauge
measurements could only state a significant increase in volume without
differentiating whether the coating or the tablet core changed in size.
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Figure 39: Film coating “thickness” (in fact a measure of total thickness, see text) on
the caps for tablets from different batches determined with micrometer gauge

before and after the disintegration test.
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Figure 40: Film coating “thickness” (in fact a measure of total thickness, see text) on
the band for tablets from different batches determined with micrometer gauge

before and after the disintegration test.

The advantage of the OCT-based method is that the coating thickness is measured
directly, regardless of the size changes in the core, and can therefore determine
whether the coating or core size increased. Figure 41 shows the coating thickness
of the tablets before and after the disintegration based on the OCT

measurements.
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Figure 41: Film coating thickness determined from OCT images before and after the
disintegration test.

Surprisingly, the coating thickness did not increase; for most batches it decreased
slightly. However, since the total volume increased, the size of the tablet core
must have increased. This swelling was most likely caused by the diffusion of the
gastric juice into the tablet during the disintegration test. With the increase of
volume, it also makes sense that the coating is stretched thinner; in addition, a
small outer part of coating will most likely dissolve as well.

Additionally, the weight of the tablets was measured before and after the
disintegration test. The average was calculated using 6 tablets from each batch
(Figure 42). The tablets’ weight increased significantly, which was in agreement
with the observed swelling of the core.
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Figure 42: Weight of tablets before and after the disintegration test.

123



Investigation of pharmaceutical tablet film coating processes using numerical simulations

Although the dissolution test is known to increase the weight of tablets (Thoma &
Bechtold, 1999), the exact mechanics are not clear. The results presented in this
work indicate that the thickness of the coating layer decreases and, therefore, the
increase in volume and weight must be due to the swelling of the core.

The seven tablets used for the disintegration testing were stored for over a
month. Examining them showed that the coating thickness decreased, the core
size increased and that moisture was present. Still, when these tablets were
finally subjected to the API release test, they all had full API release after less than
20 minutes (Figure 43). Therefore, the moisture inside the film coating did not
lead to the API degradation.
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Figure 43: Release performance of the tablets used for the disintegration tested.

D-6 Conclusion

The main goal of this work was to study how varying process conditions
influence the coating, and in further consequence the outcome of the USP II test.
For this, the film coating of tablets produced with “out-of-spec” parameters was
analyzed via different methods. Selected tablets were used in a series of non-
destructive tests and a final destructive USP II disintegration/dissolution test.
The coating thickness was determined with a micrometer screw gauge and OCT.
The obtained results were compared and their relationship with the outcome of
the final dissolution test was investigated.

The straight-forward measurement of the film coating thickness with the screw
gauge had some limitations. The coating thickness on the band could be
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measured with acceptable accuracy, but the thickness on the cap of the tablet was
error-prone. Moreover, it was impossible to determine if the observed weight
increase was due to the actual increase in the coating thickness or to the swelling
of the core. In contrast, OCT imaging directly measured the tablets’ coating
thickness, regardless of the core size changes. Additionally, the images provided
general information regarding the thickness distribution and the coating quality.
Due to its fast processing time, the OCT method may potentially be used as an at-
line or even in-line PAT tool for coating process monitoring.

All tablets (with one exception due to damage) tested in the USP II dissolution
apparatus showed excellent gastric juice resistance and API release performance.
Even the considerably out-of-spec process parameters did not lead to failure. The
only exception was a tablet with damaged coating, which was detected based on
OCT images prior to the dissolution.

[t is known from the literature that coating on the tablet band tends to be thinner
than on the cap (Freireich, Ketterhagen, et al, 2011; Ho et al, 2008). Our
investigation confirmed this observation. However, the uniformity of the coating
layer increased for the “wet” process conditions (i.e., high spray rate and/or low
temperature).

During an additional investigation, the tablets were stress-tested (subjected to
the simulated gastric juice for 2h without disintegrating and then stored for over
a month) before being measured in the same manner as the regular tablets. The
combination of different non-destructive measurements for the same tablet led
to the conclusion that the coating thickness of the tablets actually decreased,
while the tablet core volume and mass increased due to moisture uptake.
However, the tablets showed a complete release of AP], i.e.,, humidity in the core
did not cause the API to degrade.
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E-1 Abstract

In the pharmaceutical industry, drum coating is routinely used for the production
of film tablets. In order to produce a high-quality product, it is important to
understand this seemingly simple process in great detail. In our study we present
the implementation of three different methods to include spray coating in DEM
simulations: (1) an enhanced “spray zone approach” working during run-time,
(2) the “discrete drop method”, a novel approach for tablet coating also applied at
run-time, and (3) the “ray-tracing method”, which is applied after the DEM
simulation using the saved data. Each method is described in detail. For
evaluation purposes, the different models were applied to simulate the same
coating process, and the comparability, advantages and limitations are discussed.
In general, all three methods can give comparable results. However, the spray
zone approach depended heavily on its model parameters; the discrete drop
method was more reliable and versatile. While the time resolution is higher for
the first two methods listed above, the third is faster and more flexible.

E-1.1 Keywords
Discrete Element Method, Spray coating, Granular materials, Particulate
processes, Simulation

E-2 Introduction

Drum coating of tablets is a common unit operation in the pharmaceutical
industry. During this process, a large number of tablet cores are placed in a
cylindrical drum rotating around its horizontal axis. The rotational motion leads
to radial and axial mixing of the tablets (Muliadi & Sojka, 2010). To enhance the
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mixing and to achieve uniform coating, most commercially available systems
have baffles mounted inside the drum. A coating layer is formed by spraying a
coating liquid onto the moving tablet bed, typically consisting of an aqueous
polymer dispersion. To prevent over-wetting of the tablets and to extract the
solvent, an air flow through the coater is established, which may affect the tablets
and the spray to a varying degree (Toschkoff et al., 2012). While the dominant
factor globally is the movement of the tablet, locally it is the tablet-drop
interaction (Bolleddula et al., 2010; Suzzi et al., 2010). When a tablet travels
through the spray zone (that is, the region in the coating drum where the
droplets hit the tablets), its exposed surface is covered with coating-liquid
droplets that spread on the surface. The solvent evaporates and the remaining
substances form a partial film on the tablet surface. In the course of a coating
process, each tablet visits the spray zone multiple times. Each time, a partial
coating is applied, and after a sufficient number of visits the tablet core is
completely covered with a layer of a certain thickness. The relative effect of
droplet size, impact and frequency, liquid spreading, drying and the ensuing
solid-state transformations determine the morphology and quality of the coating.

While the tablet coating process itself is relatively simple, it is vital to understand
it in detail, since the regulations in the pharmaceutical industry require a
consistently high product quality. The main two criteria for adequate process
performance are intra- and inter-tablet uniformities. Intra-tablet uniformity
describes the variation of the coating thickness on one tablet. Inter-tablet
uniformity describes the differences in total coating mass between individual
tablets. An entire batch can be rejected if either or both of the required values are
not met.

To achieve a deeper understanding of the coating process, a number of
experimental investigations have been performed to study the influence of
process parameters on the outcome (Mueller & Kleinebudde, 2007b; Sandadi et
al,, 2004). Both inter- and intra-tablet uniformities have been measured (Tobiska
& Kleinebudde, 2003), with a trend towards novel non-destructive techniques,
such as Terahertz-Pulse Imaging (Ho et al, 2007) or Optical Coherence
Tomography (Koller et al., 2011; Mauritz et al., 2010; Zhong et al., 2011).

Along with experimental investigations, the Discrete Element Method (DEM) has
gained interest as an additional tool for analyzing the process via simulation. In
general, DEM has successfully been applied to many particulate processes
(Gonzalez-Montellano et al., 2011; Remy et al., 2010; Tsuji, 2000; Zhu, Zhou,
Yang, & Yu, 2008), in the pharmaceutical industry (Ketterhagen, am Ende, &
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Hancock, 2009c; Kuo et al., 2002; Turton, 2008) and especially to tablet coating
(Yamane et al., 1995). DEM-based tools are particularly well-suited for tablet
coating for two reasons. First, the movement of tablets in a coater is governed
mostly by gravitational and inertial body forces, in combination with particle-
particle and particle-wall collisions. Additional forces due to air flow or cohesion
are mostly negligible. Second, although the number of tablets involved in the
process is high enough for granular behavior, in many cases it is small enough to
be processed with the available computational hardware. Pandey et al. (Pandey,
Song, et al, 2006) investigated the movement of spherical particles in a pan
coater both computationally via the DEM and experimentally via video-imaging
and demonstrated that the results for the dynamic angle of repose and the
cascading layer velocity were in good agreement. Sahni et al. (Sahni et al,, 2011)
used both simulations and experiments to study the influence of different
parameters on mixing in a pan coater, with both methods showing the same
qualitative behavior. In many cases, the investigated particles had a spherical
shape or were approximated by spheres to reduce the computational effort. A
few studies that focused on the influence of the shape itself (Ketterhagen, 2011;
Suzzi et al, 2012) used the “glued sphere” approach to approximate arbitrary
shapes by a number of spheres (Favier et al,, 1999). An alternative new method is
to apply a contact detection algorithm that models the bi-convex tablet shape
using parts of intersecting spheres (M.a C.]. b H. B. ¢ W. C. a d Kodam, 2012; Song
et al.,, 2006). The shape is especially important for intra-tablet uniformity, since
non-spherical tablets may not achieve perfect uniformity even for infinite coating
times (Freireich & Wassgren, 2010).

A default DEM simulation provides limited data, such as the tablet position or
velocity. To obtain additional attributes (e.g., coating uniformity), it must be
established which tablets are in the spray region (i.e., being coated) at a given
time and which are not. Different approaches to this problem have been
proposed. Freireich et al. (Freireich & Wassgren, 2010) calculated intra-particle
coating variability via Monte-Carlo simulations. To detect the spray zone, a two-
dimensional grid was used. The dimension along the cylinder axis was neglected
due to the small axial length of the cylinder. Another approach was presented in
(Freireich, Li, et al, 2011) who combined DEM simulations with a population
balance method in a compartment model. The spray zone was detected by
projecting parallel rays in a rectangular region onto the tablets and detecting
collisions. An experimental and computational study of the inter-tablet coating
variability was performed in (Kalbag & Wassgren, 2009). Based on the results of
the experiments the bi-convex tablets were approximated in a DEM simulation by
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spheres of the same volume, which were reported to have nearly identical
circulation times (Pandey & Turton, 2005). Using the output data of the DEM
simulation, one proposed method to detect the spray zone is using the fill fraction
of static cubical voxels. It is less accurate than a ray-tracing method, but needs
less computational time (Kalbag et al., 2008). In an investigation of the influence
of the particle shape on inter- and intra-coating uniformity, a top-detection
algorithm to monitor residence time in a rectangular spray zone was used
(Ketterhagen, 2011). The tablets on the top in each bin were detected each 20 ms.
To evaluate single visit residence times, a threshold value of 100 ms was defined:
if two visits to the spray zone are only separated by a short time span (shorter
than the threshold), they are counted as one single, longer visit.

In our work, three different spray methods were implemented and integrated
into a DEM simulation of a tablet coating process, namely:

1. using an enhanced static spray zone during the simulation,
2. including spray droplets directly into the DEM framework, and

3. applying a ray-tracing algorithm on saved data after the actual DEM runs.

The development was done with a focus on the simulation of tablet coating
processes, but the models are applicable to general particle processing steps
involving sprays.

E-3 Materials and Methods

E-3.1 Simulation of the Coating Process

The simulated tablet coating process was performed in a lab-scale drum coater
(BFC5, L.B. Bohle, Germany), in which the drying air enters and leaves via a fully
perforated drum. It is therefore assumed that the spray is not significantly
affected by the air, and thus, the influence of the air stream was neglected in our
work. To promote axial tablet mixing, two ribbon-shaped baffles were mounted
inside the drum. The coater geometry used in the simulation was provided by the
manufacturer and is shown in Figure 44.
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Figure 44: Geometry of the Bohle coating drum used for the investigation of spray
modules. From left: front view, side view, and a perspective view.

DEM simulations were performed with the software package EDEM 2.3 (DEM
Solutions Ltd., Edinburgh, UK]). As tablets, spherical particles of a diameter of 4
mm were considered. This simplification (i.e., spherical tablets) was chosen as
the implementation of spray models is the focus of the present work. The
material parameters and simulation settings for the DEM simulations are given in
Table 5.

Table 5 Parameters for the DEM simulation.

Material property Geometry (steel)

Poisson’s ratio 0.25

Shear Modulus 7.93x10%° Pa
Density 7850 kg/m3
Material properties Particle (tablet)
Poisson’s ratio 0.3

Shear Modulus 1x10° Pa
Density 1200 kg/m3
Interaction

particle—steel = particle—particle
Coefficient of Restitution 0.74

Static friction coefficient 0.16

Rolling friction coefficient 0.01
Simulation

Time step length 6X1075 s
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Cell size 0.008 m

For the initialization, 12446 particles were placed into the rotating drum, and the
simulation was run until a dynamic equilibrium state of the tablet motion was
reached after 2 seconds. This was then used as a starting point for all subsequent
simulations including the spray model, running for 18 seconds each. Three
different spray-modeling approaches were investigated in our work. An elliptical
shape was chosen for the spray cross-section, approximating the shape produced
by a typical spray nozzle. The size and location of the spray zone is shown in
Figure 45.

Figure 45: Size and position of the spray zone shown in a top view of the coater.

E-3.2 Spray Simulation Details

In general, spray simulations can be performed in two different ways, i.e., during
the simulation along with other calculations for each time step (run-time), or
after the simulation (post-processing). Due to the small time steps required by
DEM simulations, data are typically not saved at every simulation time step. For
example, a typical simulation time step is in the order of 50 ps, while only each 10
ms data are written to the hard disc. Everything in between is lost after the DEM
simulation, and therefore, only reduced data sets are available for post
processing. Thus, a run-time method can, on one hand, take advantage of the
small DEM time step and use the full data sets. On the other hand, the run-time
spray simulation prolongs the already extensive simulation by up to 15%. This is
the strength of the post-processing method: a typical run only takes a few
minutes. However, a change of rotation speed or tablet shape still necessitates a
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re-run of the DEM simulations. Nevertheless, when changing only the properties
of the spray zone, such as position or size, this is not necessary.

In this work we developed and implemented two methods for the run-time spray
simulation, and one post-processing algorithm. The run-time methods were
realized using the programming interface provided by the software. The first one
was based on an existing spray zone module but its functionality was
significantly extended to better model a realistic spray. The second one was a
method involving actual spray particles rather than the definition of a spray zone.
The post-processing method was based on a ray-tracing algorithm and
implemented in MATLAB. All three are detailed in the next sections.

E-3.2.1 Improved Spray Zone Approach

A common way of measuring for how long a particle is sprayed is to define a
spray zone, i.e, a geometric region in which the particles “receive” a coating
mass. At each time step, particles are detected to be (or not to be) in the spray
zone. If they are in the spray zone the particle’s residence time is increased by the
length of the time step. The most straightforward approach is to use the
residence time in the zone as a measure of the coating mass received.

The DEM code used in our work already featured basic spray-zone detection
features during run-time and post-processing. The run-time module only
supports cubic spray zones, in which the faces are perpendicular to the
coordinate axes. However in a realistic spraying process, only the tablets on and
close to the top of the bed (i.e., tablets that are completely or partially exposed to
the spray) receive coating mass. A very basic approach is to define a static spray
zone around the top part of the tablet bed, i.e., only the upper layer of the tablets
is in the zone. However, this only works if the tablet bed top is more or less
stationary during the process. This is not the case for most coating drums,
especially if baffles are present. In this case, either tablets in the second layer
below may also receive coating, or tablets on the top do not receive coating.

To address these issues, we implemented an algorithm that uses a more general
spray zone, and detects which tablets are on top of the bed so that only these
received coating. This “improved spray zone approach” operated during run time
and was implemented as a user module for the DEM software. The two
components (generalized spray zone and top detection) are explained in the
following two sections E-3.2.2 and E-3.2.3.
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E-3.2.2 Spray zone detection
To resemble a realistic spray, the spray zone is represented by a cylindrical zone
with elliptical cross section (see Figure 46).

Spray zone

\ P bottom

Figure 46: Schematic of the spray zone, showing the points and vectors governing
the zone detection.

Position, orientation, and size of the zone are defined by stating the center points
of the bottom and top faces of the cylinder ( Pyt and Py, respectively), and
the major and minor ellipse axes normal to the cylinder axis. With this, the

normalized axis vector l..s are defined as

(67)

Iaxis = (ptop - pbottom) /| ptop - pbottom

For each tablet a check is performed if it is positioned within the zone. A scalar

projection onto the axis vector gives a measure for the relative axial position of

the tablet:

Itab = prel : Iaxis = | prel ”Iaxns| COS(C() :| prel | COS(CZ) (68)

with Py being the vector from the bottom face to the particle center:
Pt = Pub — Photiom- For |y <0, the tablet position is lower than the lower face. If

|45 is larger than the cylinder’s height, the particle is above the higher face. In

both cases, particles are not being coated. If |tab is between 0 and the cylinder

height, the next step is to check if the particle is inside the cylinder’s mantle. For
this purpose, a scalar projection of pr. onto the vectors of the ellipse axes ax and
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ay is performed to obtain the tablet’s positions p’ubx and p’uby in the local
coordinate system of the ellipse:

P - &
Pl =2
tab,i |ai|

i=X,Y. (69)
The inequality defining an ellipse can then be used:

y 2 ' 2
ptab,x ptab,y

Al RS

(70)

If the inequality in Eq. (70) holds true, the tablet is within the spray zone. In this
case, the residence time of the particle in the spray zone is increased by the
length of the time step.

E-3.2.3 Top Detection

For reliable results with the spray-zone approach, only tablets at the top of the
tablet bed should be included, since only these tablets receive spray mass. An
additional algorithm was implemented that detects which tablets are on top at
each time-step during the DEM simulation. This approach and its limitations are
described in the following paragraphs.

For the detection, a static plane is defined that has to be approximately parallel to
the top of the particle bed. For convenience, the direction of gravity is adjusted so
that this plane can be chosen normal to the z-direction, see Figure 47.
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Figure 47: Schematic of the top detection by introducing a plane and dividing it into
a detection grid.

The plane is divided into a regular grid with grid spacing Ag in both x- and y-

direction. For each field of the grid, the particle that is the top-most in each field
needs to be found. In other words, when looking from above through the grid,
those particles that are seen as being the uppermost in each grid field are
detected. The search for the top-most particle is done at each time step of the
DEM simulation, and therefore, has to be efficient. Therefore, a fast algorithm
using the center point of the spheres was developed.

Which particles are recognized as being on the top depends on the user-defined
grid spacing. This is a consequence of the fact that normally particles are partially
exposed rather than clearly “on top” or “not on top”. One has to define a threshold
of exposure above which a particle is seen as being “on top”. Effectively, the grid
spacing sets this threshold. An example is given in Figure 48, rather extreme grid
spacing values are used to show the effect more clearly.
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Figure 48: Influence of the grid spacing on the top detection algorithm for (a) widel
and (b) narrow spacing. The filled circles denote particles that would be detected
as being on the top of the tablet bed.

In Figure 48a, the larger grid spacing leads to some top particles not being
detected (e.g., particle “A”). If a smaller grid spacing is chosen, Figure 48b,
particle A is detected, but partially hidden particles (such as particle “B”) are
detected as being on the top as well. In any case, choosing the grid spacing always
implicitly sets a threshold, which should be chosen such that the most reliable
results are achieved.

The relative grid spacing, that is, the spacing divided by the particle size is defined
as:
Ag

Ag,rel = (71)

IFpar‘(icle

The grid described above can be expressed as a grid matrix, where each field is
represented by an element in the matrix. Each field is identified by its row index
Iy and column index Iy. If the ranges of the tablet bed are [Xmin, Xmax] and [Vmin, Ymax]

in the x and y directions, respectively, the grid matrix has (Xmax ~Xmin)/ Ag rows

and (Ymax-ymin)/ A, columns.
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The algorithm needs to quickly find the grid field a certain particle can be found
in. That is, for a given particle position p, the algorithm has to find Ik and I,. As
the plane was normal to the z-axis, only x- and y-position of the particle (pwbx and
Praby) have to be considered, as those determine the location of the particle in the
grid plane. With this, the assignment of a given particle of position pn to the grid
could be obtained efficiently by calculating row index Ik and column index I
according to

Prabx — Xnmin

|, =|——|+], 72

X _ d J (72)
pa, _ymin

|, = ”’%Ju. (73)
L y

(The expression inside the brackets is rounded down to the nearest integer).
This assignment is done sequentially for all particles. At the start, all elements of
the grid matrix are empty. For each particle, Eq. (72) and (73) give the
corresponding matrix element. If it is the first particle to be assigned to this
element, the height of the particle (the z-coordinate) is saved in the previously
empty grid position (I Iy). If not, the array already contains the height level,
which is compared to the height of the current particle. If the new value is higher,
it replaces the old array value. This way, after all tablets looped through, the grid
matrix contains the z-coordinates of the highest (top) particles.

E-3.3 Discrete Drop Method

Another approach to modeling the spray process is to directly account for the
spray droplets as particles (i.e., “discrete drop method”). There are two reasons
for doing this: first, the DEM software is designed for particle simulations, and
thus, most of the needed framework is already implemented. Second, a spray
description based on particles is closely aligned with the physical reality, i.e., size
and speed distributions and the individual spray pattern may be implemented in
a straightforward fashion. A typical illustration of the spray is shown in Figure
49,
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Figure 49: DEM simulation of a tablet coating process, including the coating spray.
The spray droplets are colored blue, with darker shades indicating bigger droplets.
The tablets are colored according to coating mass, from white (no coating mass) to
red (high coating mass).

In most applications, it is neither feasible nor necessary to reproduce every single
spray droplet with a corresponding DEM particle. Instead, a statistical approach
is used, under which each particle is seen as a “package” that represents a certain
number of identical droplets. This will obviously be inaccurate for a low number
of packages. However, when averaged over a larger number, the spray pattern of
the “package” statistically modeled the physical spray.

In our implementation, an additional property termed “coating mass” is added to
the existing properties of every particle. Similarly, an additional global property
“wall coating mass” is defined. “Drop” particles are treated as normal particles,
with some exceptions that involve their behavior upon collision. Three types of
collisions are possible:

e Drop - drop: the collision is ignored, the calculation proceeded
immediately to the next particle.
e Drop - non-drop particle (i.e., the tablet): the mass of the drop package

is added to the coating mass of the non-drop particle, and the drop is

deleted.
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e Drop - wall: when a drop particle collides with a wall, the mass of the
particle is added to the global “wall-coating mass” and the drop is deleted.
This way, the total amount of spray mass that would end up on the wall,

accounting for the coating loss, is monitored.

Droplet collisions are neglected, as well as back-splashing effects and the
generation of daughter droplets. This can be, however, easily implemented in
future work, e.g., based on some of our previous work (Suzzi et al,, 2010).

The spray itself consists of “drop-particles”, where at every time step a defined
number of drops are introduced. Each particle is assigned the following
properties:

- velocity magnitude and direction,
- size,

- location

The velocity is set to a (typical) mean velocity of 12 m/s. The size of each
generated droplet is either constant (uniform drops) or may follow a prescribed
size distribution (non-uniform drops). Both approaches were tested. In the latter
case, the size of each drop is sampled randomly from the distribution shown in
Figure 50. The volume-weighted mean drop size is the same as the constant size
of the uniform drops, meaning that the spray had the same mass flow rate for
both uniform and non-uniform drops.
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Figure 50: Drop diameter distribution from which sizes for the non-uniform case
were sampled.

The most straight-forward location for drop initialization is the tip of the spray
nozzle. However, this is not always the best choice. Often, the size distribution
and the velocity profile of the used spray gun are known from phase-Doppler
anemometry (PDA) measurements at some distance from the nozzle. In this case,
it is convenient to initialize the drops at the location corresponding to the PDA
measurement plane, so that the PDA results can be directly applied for drop
creation. This mode of initialization is chosen here.

For this, the drops are randomly distributed over an elliptical area resembling
the cross-sectional shape of the spray. For a random placement of each drop, two
uniform random numbers, radius p and angle ¢, are sampled from the range

(0,1] and (0, 2], respectively. From this, the location of the drop inside the
ellipse is calculated according to:

Xg1 =p 2COS
Yar = p bsing

with a and b the semi-major and semi-minor axis of the ellipse, respectively. The
Cartesian coordinates xe.i and yen are taken relative to the center of the ellipse,
that is, the center has coordinates Xen = yen =0. The exponent u, termed area
uniformity exponent, influences the radial distribution of drops inside the ellipse.
For a value of u = 0.5, the drops are evenly distributed across the whole area. If it
is larger, the drops show a concentration near the center of the ellipse. For a
lower value, more drops are located closer to the border. Figure 51 compares the
spray pattern for different values of the area uniformity exponent u.

(74)
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Figure 51: Spray pattern for different exponents of the radial sampling: 0.3 (left),
0.5 (middle, uniform) and 0.7 (right).

E-3.4 Post-Processing Ray-Tracing Approach
During a simulation, data are written to the hard disk at defined intervals,
typically much larger than the simulation time steps. Data include the particle’s

e position (%, y, and z components)
e velocity (x, y, and z components)
e angular velocity

e orientation (3x3 rotation matrix)

From the particle’s position in the coater at a given time it can be determined
whether the tablet is in the spray zone at that time. For that purpose, an
algorithm based on ray-tracing was implemented. In a sense, the algorithm is
similar to the spray module as it detected the intersection between a (virtual)
drop trajectory and the tablet.

E-3.4.1 Ray-Tracing Detection Algorithm

Ray-tracing spray detection is based on the idea of representing the droplet
trajectories as rays. The algorithm assumes that the particles are spherical (as
was the case in this work). Particles of different shapes, e.g., biconvex tablets,
would be treated using an enclosing sphere of a user-defined radius
(Ketterhagen, 2011).

In the algorithm two main sets of information are needed: the positions of the
tablets at each time step, and the rays that represented the spray zone. The
positions of the tablets are exported from the DEM code and read in once at the
beginning of each calculation. The set of rays is defined by choosing equally-
spaced points on a defined ellipse and adding appropriate vectors normal to the
ellipse pointing towards the tablet bed. As in the case of the run-time modules
above, the size of the ellipse is taken from experimental measurements of the
spray pattern at an appropriate distance (see Figure 52).
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Figure 52: Principe of the ray-tracing method. The blue dots are the center
positions of tablets as read in from the DEM simulation output. Tablets that are hit
by a ray are colored red.

Using this approach, the rays represent the trajectory of a spray droplet. A
particle coating event was detected if a ray terminated at the spherical particle
(or at the enclosing sphere for non-spherical particles). Consider a sphere with a
center ¢ and a radius r and a ray with an origin 0 and a unit-length direction
vector a. The distance between the ray origin and the intersecting point(s), d, is
given as

d,, =(c-0)-a+/D, (75)

with D :[(C ~0)- a]2 —(c-0)-(c-0)+ r2. A determinant D of less than zero
indicates that the ray and the sphere does not intersect. If D is zero, the sphere is
touched tangentially, and the only solution for d is taken into account. For D
greater than zero, two solutions exist: the points where the ray enters and leaves
the sphere. Of these two, only the smaller distance is counted.

At each time-step, a loop over all rays in the defined set is performed. For each
ray, Eq. (75) is solved for all particles. It should be noted that for larger systems
(i.e., systems where the number of particles in the spray zone is very small
compared to the total number), the computation time can be decreased by first
excluding particles that cannot be hit due to some criteria, and then only solving
Eq. (75) for the remaining particles. In any case, the particles that return the
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smallest d (i.e., the particle closest to the nozzle) are detected as being coated.
This is repeated for all time steps, and the following information is extracted:

e Total number of rays intersecting with a particle, representing the
number of drops and thus the coating mass accumulated during the
coating process. From this, coating mass distributions are obtained.

e Number of visits to the spray zone, regardless of the duration of the visit,
for each particle and the corresponding distribution.

e Single-visit residence time (SVRT) distribution (Kalbag & Wassgren,

2009). Here, the duration of all visits in the spray zone is collected.

For the computation of the SVRT, a threshold time is defined: only when two
visits are separated by a time longer than the threshold they are counted as two
separate events. Otherwise, the two visits are considered as a single event. While
similar, SVRT and coating mass distributions are conceptually different. For
SVRT, all spray zone visits of any particle are equally taken into account, ignoring
the identity of single particles. For coating mass distribution, all spray events for
a given particle are added and attributed to the particle.

E-3.5 Simulation parameters

From the description of the three methods above, it can be seen that each method
requires one or more parameters that need to be set. In this section, the
parameter settings for the three different approaches are provided.

E-3.5.1 Spray zone approach

The parameter settings used are given in Table 6. Top detection “yes” means that
the top detection is used (the default). Alternatively, all particles in the spray
zone are coated, not only the ones on top. The column “relative detection grid
spacing” provides the spacing of the top detection grid. For smaller values, i.e., a
finer grid, the chance to detect all top particles increases, as well as the chance to
falsely detect lower particles.
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Table 6: Settings for the spray zone approach for the different simulation runs.

Case Top Relative
detection detection grid
spacing
1 Yes 1
2 Yes 1.25
3 Yes 1.5
4 Yes 2
5 No -

E-3.5.2 Discrete drop method

The parameter settings used are given in Table 7. Uniform drops “yes” means
that all drops have the same diameter. Alternatively, they follow the distribution
in Figure 50 (“no”). The area uniformity exponent u describes the concentration
of the spray at the center or the boundary of the spray zone; 0.5 gives a uniform
distribution. Drops per event describes the number of drops introduced at every
droplet-introduction event. Spray interval describes the time span between two
spray drop introductions.

Table 7: Settings for the Discrete Drop method for the different simulation runs.

Case Uniform Area #drops Spray
drops uniformity per event interval
exponent u (ms)

1 Yes 0.5 10 1

2 Yes 0.5 50 1

3 Yes 0.5 100 1

4 Yes 0.5 200 1

5 Yes 0.5 400 1

6 Yes 0.5 200 0.5

7 Yes 0.5 200 2

8 Yes 0.3 200 1

9 Yes 0.7 200 1

10 No 0.5 200 1

E-3.5.3 Ray-tracing method
Table 8 provides the number of rays that are used to detect the spray zone, with
higher values increasing the resolution of the method.
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Table 8: Settings for the different cases using the post-processing ray-tracing
method.

Case Number
of rays

24

70

128

217

308

442

N NG R |W N(=

572

E-4 Results and Discussion

The primary quality aspect of a coating process is the coating mass distribution
(CMD). An optimal process should yield a narrow distribution, and thus, the goal
of process optimization is to choose the design and operating parameters
accordingly. The most comprehensive information is provided by reporting a
histogram of the CMD itself. In addition, the Relative Standard Deviation (defined
as RSD =o'/ u,where p is the mean coating mass and o is the standard

deviation of the coating mass over all tablets) can be used as a simple
quantitative indicator. Moreover, an important parameter is the percentage of
tablets that have zero coating.

[t should be noted that the spray-zone approach provides only the residence time
of the tablets. To calculate the actual coating mass, the residence time is
multiplied by a factor that represents the coating a particle receives per unit time
in the spray. Similar, the post-processing module gives the number of rays. This is
then multiplied by the coating amount per ray to arrive at a coating mass. Here,
these factors are chosen such that all three methods apply the same total coating
mass, allowing a meaningful direct comparison of the methods.

E-4.1 Spray zone approach (SZA)

In Figure 53, the RSD and the fraction of zero mass tablets are shown for all cases
(as defined in Table 6).
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Figure 53: RSD and the amount of zero residence time tablets at the end of the
simulated period for the investigated cases for the spray zone method.

In addition to the choice of using top detection or not (see below), the spray zone
algorithm is based on a single parameter, i.e., the spacing of the detection grid. In
the methods section E-3.2.3 it was pointed out how this influences the spray
zone method. In cases 1 to 4, the grid spacing is increased from 1 to 2 with 0.25
intervals. As can be seen, both the RSD and the percentage of uncoated (zero-
residence time) tablets increase significantly with increasing grid spacing. This is
to be expected: an algorithm excluding a large number of particles from being
detected in the spray zone will result in an uneven CMD. Still, it is notable that
both values quantitatively follow a similar trend.

In Figure 54, the corresponding coating mass distributions are shown. For
comparison, the result for case 4 of the discrete drop method is drawn as well
(dashed line).
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Figure 54: Comparison of the coating mass distribution for different settings of the
relative grid spacing Ag,rel' The result for the discrete drop method (case 4) is

shown as reference (dashed line). Zero-coating mass data were omitted.

A high value of Agyre, means that the algorithm misses any particle as being on

top, if it is positioned slightly lower than the top particle, while in fact it still
belongs to the top layer. Particles slightly lower than others and particles slightly
covered by others will not be coated. Thus, values higher than 2 are not
considered. Similarly, values below 1 result in coating of particles that are almost
totally covered, and should be excluded. The curves in Figure 54 show a clear
trend: the smaller the spacing, the broader is the computed distribution of the
coating mass. This is because more particles are detected for small detection radii
and therefore a relatively larger amount of the particles is coated. This influence
on the distribution width can be clearly seen when plotting the relative standard
deviation as a function of the grid spacing (Figure 55). It is evident that although
the same spray process is simulated in all cases, the uniformity of the CMD
strongly varies.
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Figure 55: Relative standard deviation of coating as a function of top detection grid
spacing.

For reference, the CMD obtained by the discrete drop method (DDM) is shown as
well in Figure 54. The agreement between DDM and the spray-zone approach is

best for Ay = 2, the highest value. As a consequence, it is clear the top detection

grid spacing should be chosen carefully. Since a “correct value” is not known a
priori this is not a trivial task. If possible, the “best” value should be determined
by comparison with experiment or a reference method (such as DDM). Overall, it
is evident that the spray zone method is sensitive to the choice of the grid
spacing.

Coming back to Figure 53, case 5 is the same as case 2, but with top detection
disabled. Thus, all particles in the spray zone receive mass rather than only those
at the top. In this case, significantly more particles are coated at the same time. It
is known that a large number of sprayed particles (relative to the total number of
particles) leads to more uniform results (Kalbag et al., 2008). This can also be
seen here: the RSD is far lower for case 5 compared to case 2. A comparison
between the CMDs with and without top detection is shown in Figure 56. It is no
surprise that the results differed significantly, clearly demonstrating the
necessity of some form of top detection for this type of approach.
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Figure 56: Comparison between the coating mass distribution with and without top
detection (case 2 vs. 5).

E-4.2 Discrete drop method (DDM)

An overview of the RSD and the amount of uncoated particles is given in Figure
57 for all cases (see Table 7). In the case of the spray zone approach described
above, the trends for RSD and uncoated particles are more or less the same. This
is not the case here for the discrete drop method. Thus, there are not only
changes in the RSD of the CMD, but those changes occur for different reasons. In
the following sections the influences of different parameters are discussed.
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Figure 57: RSD and the amount of zero-mass at the end of the coating process for
the discrete drop method.

E-4.3 Number of Drops and Spray Interval

As mentioned in section E-3.3 , drops are not generated in every simulation time
step. Rather, a user-defined number of drops is initialized at a given interval (the
“spray interval”). Those two parameters, i.e., number of drops per spray event
and spray interval between events, have a significant impact in the results.

In Figure 57, case 1-5 denote variations in the number of drops (from 10 to 400)
per event and a spray interval of At=1ms. For case 1 (10 drops/step) and case 2
(50 drops/step), the percentage of uncoated particles is noticeably higher than
for the cases with more drops. This shows that in case 1 and 2, there are not
enough drops to provide statistically reliable results. Apparently not all particles
that are in the spray zone are actually hit by a drop. However, above 100
drops/step with At=1ms (cases 3-5), the results are consistent. Apart from the
higher-than-normal number of uncoated particles, it is expected that a low
number of drops also results in stronger overall fluctuations of the CMD. Yet, with
an increasing number of drops, the results should converge. In Figure 58 it can be
seen that this is indeed the case, as the curves are getting smoother and are
converging with increasing number of drops per step.
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Figure 58: Influence of the number of drops per introduction step on the coating
mass distribution

A similar result is seen for changes in the spray interval, with shorter intervals
resulting in higher resolution. The results in Figure 57 for an interval of 0.5 ms
(case 6), 1 ms (case 4) and 2 ms (case 7) are very close to each other, suggesting
that even the longest step of 2 ms is sufficient, although the amount of zero-
coated tablets slightly increases at higher intervals. A comparison of the
distributions is presented in figure 16, showing consistent results for all spray
interval times as well. This is understandable, considering that the average
residence time in the spray zone is in the order of 100 ms (see below Fig. 23).
This means that in the time it takes a tablet to cross the spray zone, even for 2 ms
intervals some 50 introduction events occurred. However, longer intervals did
not result in an appreciable speed-up of the code and were therefore not
investigated.
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Figure 59: Influence of the drop introduction interval on the coating mass
distribution.

As both the number of drops per spray event and the spray interval influence the
number of drops, in Figure 60 both variations are shown in one plot, i.e., plotting
the RSD and zero-mass fraction versus the amount of drops introduced per ms.
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Figure 60: Relative standard deviation (left axis, filled symbols) and relative

amount of zero mass particles (right axis, empty symbols) as a function of the drop
number per time.
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With increasing number of drops per time, the results converge to a constant
value. While below 200 drops/ms, results seem unreliable, going from 200
drops/ms to 400 drops/ms does not change the outcome significantly. In
conclusion, this means that cases 4, 5, and 6 provide a large enough number of
drops and therefore sufficient resolution.

Furthermore, a rough estimate of the number of tablets sprayed at the same time
can be made. For this, the area of the spray zone is divided by the area of a circle
having the same radius as the particles, showing that the number of particles in
the spray zone is in the order of 100. Therefore, at a rate of 200 drops / ms, about
2 drops per tablet are generated per millisecond. Keeping in mind that tablets
stay approximately 100 ms in the spray zone, on average each tablet receives 200
drops per coating event. This is a large-enough number to provide sufficient
statistics for the CMD, even for tablets deviating from this estimated mean.

E-4.3.1 Spray Area Uniformity

The spray module offers the option of using non-uniform area distribution of
droplets by adjusting the area uniformity exponent. In cases 4, 8, and 9 the value
of uis 0.5, 0.3 and 0.7, respectively (also see Figure 51). Other than that, the three
cases are identical. Looking at the RSD in Figure 57 above, it follows that the
boundary-heavy pattern (u = 0.3, case 8) produced a more uniform coating, while
the centered spray pattern (p = 0.7, case 9) showed a considerable decrease in
uniformity compared to the uniform area distribution (case 4). This can be
explained by the fact that most of the particles move through the spray from top
to bottom. For a uniform distribution, a tablet crossing the spray on the left or
right side of the center receives less spray than a tablet travelling through the
center. This effect can be counteracted by the border-heavy distribution, or
exacerbated by the center-heavy distribution. However, the amount of zero
coating is almost the same for all three. For all distributions, a droplet traversing
the spray zone is very likely to receive at least a small amount of coating,
explaining the identical amount of particles with zero coating in the three cases.
The CMD in Figure 61 shows a similar behavior for the three different values of
the area uniformity exponent.
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Figure 61: Influence of the spray cross-sectional area uniformity on the coating
mass distribution.

Pronounced differences occur for small masses, below 0.3 mg. In this region
(small mass), p=0.7 does not show the fluctuations of the other cases, which
decrease at ~0.08 mg and increase to a local maximum at ~0.2 mg. However, for
p =0.7 a higher number of particles with relatively high coating levels exist,
strongly decreasing the RSD. This is in line with the practical experience that a
center-heavy spray pattern negatively influences uniformity in a tablet coating
process. On the contrast a boundary-heavy spray (u=0.3) should increase
uniformity.

E-4.3.2 Drop size uniformity

In case 10, non-uniform drops are used. They were randomly sampled from the
distribution in Figure 50, such that on average they have the same mass flow as
the uniform drops. Case 4 has the same settings as case 10 (only with uniform
drop size), and thus, is used as comparison. When comparing the two cases in
Figure 57 it can be seen that the RSD is similar for both cases, while the number
of uncoated particles is less for non-uniform drops. A result of the non-uniform
size distribution is the presence of relatively small drops. Apparently they can
reach particles in the lower layers of the bed, even when they are almost covered
by other particles, thus leading to a higher absolute number of coated particles.
(Here, the advantage of using a DEM approach for the drops becomes evident, as
in this method the true size of a drop is considered, and drops are not assumed to
be point sources). A comparison of the CMD for both cases is given in Figure 62.
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The curves show differences, but are in general similar to each other. In
summary, the drop size distribution does have an influence; however, drops of
uniform size seem to be a reasonable approximation.
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Figure 62: Comparison of the coating mass distribution for uniform and non-
uniform drop size distributions (Cases 4 and 10 in Table 6, respectively)

E-4.4 Ray-tracing method

Just as the number of drops governs the performance of the drop algorithm, the
number of rays is the most critical parameter in the ray-tracing method. Figure
63 shows the relative standard deviation as a function of the number of rays
used. The curve quickly converges towards an asymptotic value, and is almost
constant for more than 200 rays. In this study the highest number in this figure,
i.e., 572 rays are used. In this case, the algorithm took approximately 10 minutes
using a regular personal computer.
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Figure 63: Relative standard deviation as a function of the number of rays.

As mentioned above, the evaluation in post-processing mode allowed a more
comprehensive - though less accurate - method for the coating analysis. Similar to
the other methods, the CMD is shown in Figure 64 (a bar plot is used for better
comparison with the following plots). Particles with zero coating mass make up
32 % of all particles, and are omitted in the histogram.
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Figure 64: Coating mass distribution gathered after the DEM simulation using the
ray-tracing method.

In addition, the algorithm also provides the number of visits for all tablets, and
the single visit residence time. The number of visits, Figure 65 , provides basic
information regarding the coating variability.

157



Investigation of pharmaceutical tablet film coating processes using numerical simulations

Frequency

o 1 2 3 4 5 6 7 8
Number of visits

Figure 65: The number of visits to the spray zone for the total simulation time.

It does not take into account how long or how effective a single visit is, but it
provides a first impression of the overall process performance. The significant
amount of zero-visit particles can be seen, but most of the tablets have visited the
spray zone at least once. The distribution also shows a tail towards high
numbers, reaching up to eight visits in some cases, which is a considerable
spread, and thus, a source of low coating uniformity.

The single-visit residence time (SVRT, figure 23) gives the average duration of a
visit to the spray zone. It can be seen that durations from just over 0 seconds to
approx. 0.1 seconds are about equally probable. Longer visits are increasingly
rare, and no visit is longer than 0.3 seconds. The SVRT thus gives an important
time-scale of the process and can be used as a basis for other coating models. In a
coating process, the sources of variation can be roughly divided into two parts:
variation in the number of visits and variation in a single coating event (Turton,
2008). Under the common assumption that the received coating is proportional
to the time spent in the spray zone, the latter can be described by the variation in
the number of visits and in SVRT, which can be determined from the presented
simulations to be used in various generalized models.
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Figure 66: Histogram of the Single Visit Residence Time of all visits to the spray
zone.

E-4.5 Comparison of the Approaches

Apart from the influence of the parameters on the same mode], it is interesting to
compare the results obtained for the three different methods. To do this, the most
reliable parameter sets for each method were selected. The spray zone model
depends on the top detection grid spacing and it was shown that the largest
spacing (case 4) is most reliable. For the discrete drop method case 4 was chosen.
In the ray-tracing method the maximum number of rays (case 7) was used.

shows the CMD for the selected cases of all methods. The three distributions
show a very close match in terms of their qualitative behavior. This means that
each method is able to capture the general process behavior, and one would
arrive at similar predictions. However, there are deviations, especially for low
coating masses. While the results for the two run-time methods are relatively
similar, the ray-tracing approach shows more pronounced variations from these
two. This can be expected, as the latter method is considered to be the least
accurate method. It has to be noted however, than the deviation between the
models is in many cases smaller than the variations of the same model, but with
different parameters.
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Figure 67: Comparison of the coating mass for the base settings of all three spray
modules.

E-5 Conclusion

In this work, we investigated and compared three ways of simulating a coating
process, and specifically the spraying event, using DEM. In two methods the
calculations were performed during the DEM simulation run. The third approach
was a ray-tracing algorithm that was applied after the DEM simulation using the
position data output from the DEM runs.

All of the above methods had distinct advantages and disadvantages. Generally,
the post-processing ray-tracing method was less accurate since it involves longer
time steps. Nevertheless, this method was fast. Moreover, it requires only one
DEM run for multiple spray simulations. The other two methods used all of the
available data and the simulation time increased by approximately 15%, which
may be significant for large-scale simulations.

The above spray simulation methods were applied to the same coating process.
Any variations in the results were therefore due to the model assumptions.
Comparing the models showed that they did not give identical results, as was
expected, but gave the same qualitative outcome for reasonable settings.
Comparing the results for different settings of a given model indicated that the
performance strongly depended on the algorithm parameters, which is important
for comparing simulation with experiments. The sensitivity of the models with

160



Spray Models for Discrete Element Simulations of Particle Coating Processes

respect to the parameters was investigated, and the results show which
parameters are critical. For most of them, the outcome converged to a constant
value if chosen within an accurate range (e.g., number of droplets). However, for
some parameters (such as the detection radius), there may be no obvious or
“right” choice. Therefore, the validity of the model should be carefully checked.

The three methods are non-exclusive. If desired, all three can be applied to one
simulation. However, since the spray-zone method showed inherent inaccuracies,
it may be better to use the more versatile discrete-drop method during the DEM
simulation. This can then be complemented by the ray-tracing post-processing
method after the DEM simulation, if needed.

A typical industrial coating process may take a few hours. Nowadays, DEM
simulations can only simulate a small fraction of the total time. From these
limited DEM data, however, the final outcome can be predicted; this will be
included in future work.

Acknowledgements

The Research Center Pharmaceutical Engineering is a K1 Competence Center
initiated by the Federal Ministry of Transport, Innovation & Technology (BMVIT)
and the Federal Ministry of Economy, Family & Youth (BMWEF]J). We acknowledge
funding by the Austrian Research Promotion Agency (FFG), Land Steiermark and
the Styrian Business Promotion Agency (SFG).

161






Design-of-Experiment based DEM simulation of an active tablet coating process.

Chapter F: Design-of-Experiment based DEM
simulation of an active tablet coating process.

In preparation as: Toschkoff, G., Just, S, Funke, A. Djuric, D, Knop, K,
Kleinebudde, P., Scharrer, G, Khinast, ]. G. (2013). Design-of-Experiment based
DEM simulation of an active tablet coating process.

F-1 Abstract

Tablet coating is a common unit operation in the pharmaceutical industry, where
a coating layer is applied to tablet cores. A special subclass is active coating, that
is, the coating itself contains an active pharmaceutical ingredient. In this case, the
uniformity of coating mass between the different tablets of a batch is especially
critical.

In recent years, discrete element method (DEM) simulations gained usage to
investigate tablet coating. In this work, the DEM is applied to capture an active
coating process as closely as possible, by e.g. using measured model parameters
where possible, and using non-spherical particles. It is studied how the
operational conditions (rotation speed, fill level, number of nozzles, and spray
rate) influence the uniformity. For this, simulation runs are planned and
interpreted according to a statistical design of (simulation) experiments. Further,
it is sought to generally get a deeper understanding of the process in terms of
residence times and dimensionless scaling laws. To this end, the results are
interpreted in the light of analytical models.

Results are presented at different detail levels, going from an overview of all
variations to in-depth considerations. It showed that the biggest uniformity
improvement in a realistic setting can be achieved by increasing the number of
spray nozzles, followed by increasing the rotation speed and decreasing the fill
level.

F-2 Introduction

The coating of tablets is a common unit operation in the pharmaceutical industry.
The target is to enclose the tablet core in one or more thin, solid layers. Most
commonly, the coating is applied by constantly moving tablets in a rotating drum,
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and spraying the coating liquid (containing solvent and film-forming solutants)
onto them. Heated air is traveling through the system to enhance the evaporation
of the solvent.

The coating layer may have different functions such as protection from
environmental influences, taste masking, or release control. A special case is
active coating, where the coating itself contains an active pharmaceutical
ingredient (API). In each case, the coating layer has to fulfill strict quality
expectations. A central topic is the uniformity of coating. The magnitude of
coating typically is stated as the coefficient of variation (cv), also termed reladive
standard deviation. Here, two categories can be defined: intra- and inter-tablet
uniformity. Intra-tablet uniformity (cvinwa) is the uniformity of coating layer
thickness on each single tablet. Inter-tablet uniformity (cvinteer) denotes the
uniformity of the coating mass between different tablets. In an active coating
process, the latter is more critical than the former: the tablets have to pass the
test on uniformity of dosage units according to the regulations (Directorate for
the Quality of Medicines of the Council of Europe, 2011; Ministry of Health
Labour and Welfare, 2011; U. S. Pharmacopoeial Convention, 2011b). This
applies to the amount of API, and with it to the directly related amount of coating
mass. The actual regulatory threshold value for the uniformity depends on a
number of factors: in this work, this amounts to a cyinter that must not exceed
6.25%.

The challenge is therefore to design a coating process that will reliably yield
tablets of high uniformity. For this, a high degree of understanding of the process
is needed, in especial how the process parameter affect the outcome. To this end,
various experimental studies have been performed (e.g. (Brock et al., 2012; Just,
Toschkoff, Funke, Djuric, Khinast, et al., 2013; Koller et al, 2011; Mueller &
Kleinebudde, 2007b; Pandey & Turton, 2005; Sandadi et al., 2004; Wang et al,,
2012)). In recent years, this has been complemented by the use of computer
simulations. While simulations have their downsides (e.g. the quality of the
simulation depends on the input parameters), a valuable advantage of
simulations is that they can provide a large amount of high-fidelity data, and
enable to extract quantities which are hard or impossible to measure.

Different simulation approaches exist and were applied for coating processes
depending on which part of it was to be looked at (Toschkoff & Khinast, 2013),
ranging from detailed methods such as computational fluid dynamics (CFD)
(Toschkoff et al, 2012) to quick analytic models such as renewal theory
(Freireich & Li, 2013). For particulate processes, as are common in the
pharmaceutical industry, the discrete element method (DEM) has seen increased
application (Ketterhagen et al., 2009c). Tablet coating in special has shown to be
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well suited for the DEM approach, and a number of studies were done, many of
which include the investigation of the inter-tablet coating uniformity. Dubey et al.
(Dubey et al., 2011) studied the influence of drum rotation speed, fill level on
tablet mixing and coating uniformity. Different spray patterns were implemented
in a post-processing step to gather the residence time of tablets in the spray zone.
The result of one DEM simulation was compared to the laser-induced breakdown
spectroscopy (LIBS) measurements, showing good agreement. A significant effect
of spray pattern was seen. The coating uniformity was higher for higher rotation
speed and higher fill levels. In two similar works, Sahni et al. (Sahni & Chaudhuri,
2011; Sahni et al,, 2011) studied the coating of spherical particles in a lab-scale
pan coater. The number of spray zone passings and the residence time
distribution was gathered for different pan tilt, rotation speed and fill level.
Simulation and experiment showed reasonable agreement for the mixing
performance. Kalbag et al. (Kalbag et al., 2008) did experiments and DEM
simulation for spherical particles. Particles in the spray zone were detected based
on their solid fraction; for comparison a ray-tracing-based algorithm was used,
with agreeing results. It was concluded that an increase in pan speed lead to a
lower, narrower single-visit residence time distribution. Thus, a higher pan speed
led to better coating uniformity, as was also found elsewhere (Chang & Leonzio,
1995; Denis et al.,, 2003; Sandadi et al.,, 2004). The results for different loads
followed no simple trend. On the one hand, smaller loads with a higher sprayed-
to-total-tablets ratio yielded better uniformity. On the other hand, as also Dubey
et al. (2011) indicated, larger loads resulted in better mixing which in turn
promoted uniformity as well. Suzzi et al. (Suzzi et al., 2012) investigated a cycled
continuous coating process, with a cylindrical spray zone defined in post-
processing. They found that an increased fill ratio resulted in a decreased
uniformity (increased RSD of the fractional residence time) for round and oval
tablets. Kalbag & Wassgren (Kalbag and Wassgren, 2009) compared DEM results
with experiments and analytical models based on periodic random selection of
tablets. An increase of uniformity was seen for decreasing the spray rate, increase
the number of tablets in the spray zone, increasing the mixing efficiency, and
decreasing the total number of tablets.

In this work, an active coating process was investigated, for which strict
regulations apply with regard to the coating uniformity. To give reliable results,
an effort was made to model the process as close to reality as possible,
incorporating previous achievements and including new developments. The DEM
simulations were done following a statistical design of (simulation) experiments
(DoE), where process parameters are chosen according to an existing real-life
coating process. Most material parameters for setting up the simulation were
taken from measurements of the actual tablets, and the geometry of the coater
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was provided by the manufacturer. An advanced post-processing algorithm is
used for the spray modeling. The main aim of the study is to investigate how the
inter-tablet coating mass uniformity, and with it the API uniformity, is directly
affected by the process parameters. Further, it is sought to create a deeper
understanding of the underlying principles of the coating process. Based on this,
guidelines are given on how to consistently achieve a high coating uniformity in
compliance with regulations.

F-3 Methods

F-3.1 Coating process

The considerations in this work are based on an active coating process for the
production of tablets that contain two APIs: one of delayed release in the coating
and one of immediate release in the core. In the process, gastrointestinal
therapeutic systems (GITS) were used as starting material (Bayer Pharma AG,
Leverkusen, Germany). The GITS are round biconvex two-layer tablets of approx.
9 mm diameter and approx. 5 mm height containing the API nifedipine. They
were already coated with a layer of cellulose acetate and polyethylene glycol. The
investigated process adds an additional coating layer containing the API
candesartan cilexetil.

The coating is done in a lab coater (BFC 5, L.B. Bohle Maschinen + Verfahren
GmbH, Ennigerloh, Germany). The geometry of the coating apparatus was
provided by the manufacturer, and directly loaded into the DEM software (Figure
68). The operation settings used for the simulation runs are described in section
F-3.3 and F-3.4.
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A
:

.

Figure 68: Coating drum geometry as used in the simulations, filled with 3.5 kg of
tablets. (The front of the drum was covered by a non-rotating wall which is not
shown here.)

To assess the quality of the coating for a given setting, the central quality
attribute was the variation of coating mass between the tablets (inter-tablet
uniformity). It was quantified as the coefficient of variation cv,nwr, defined as the
standard deviation of coating mass divided by the mean mass:

2 —

N
Cuner = 1 = \/ii(mc,i - m_c) /m, , with m, = % > mg, (76)
7,

mc N i=1 1

where N is the number of tablets, and m.,is the coating mass of tablet i. The aim
is to get consistently low values of cyner. Note that in an experimental
investigation, the total variation is estimated from the variation in a sample,
while in the DEM simulation the coating of all tablets (the whole statistical
population) is used for the calculation.

For an active coating on tablets, regulations define a maximum acceptable
variation in coating mass (Directorate for the Quality of Medicines of the Council
of Europe, 2011; Ministry of Health Labour and Welfare, 2011; U. S.
Pharmacopoeial Convention, 2011b). The allowed value of variation depends on
the exact application. For the application described in this work, and using a
worst-case scenario, this amounts to an upper limit for the cy, inter of 0.625 (or 6.25
%).
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F-3.2 Simulation setup

For the simulation, a commercial software (EDEM 2.4.4, DEM Solutions Ltd.,
Edinburgh, UK) was used. The round biconvex tablet shape is approximated by
the “glued sphere” approach. Each particle was made up of eight intersecting
spheres fixed relative to each other, such that the enclosed volume was equal to
that of the bi-convex tablet (Figure 69). One tablet had a weight of 282 mg. The
total number of tablets depended on the fill level, and was between 10638 (3 kg)
and 14177 (4 kg).

Figure 69: Top view and side view of the tablet created using the glued sphere
approach. The bi-convex shape of the actual tablet is shown by the wire mesh and
the black outline.

To set up a DEM simulation, material properties of the tablets are needed. The
values were taken from measurements reported in (Just, Toschkoff, Funke,
Djuric, Scharrer, et al.,, 2013). It is known that the friction parameter (between
particle and wall as well as between two particles) has great influence on the
outcome (Kalbag et al., 2008). At first, a direct measurement of the friction
coefficients using a “pin-on-disk” tribometry setup was tried, which did not yield
reliable results. A more useful approach (that sees increased application in
literature as well) was to obtain the friction values from indirect calibration. For
this, the dynamic angle of repose was measured experimentally, and the friction
coefficients in simulation adjusted to get agreeing results. This was done for
coated and uncoated tablets, giving two different friction coefficients (“coated”
and “uncoated” here refers to tablets with and without the active coating layer; as
mentioned above the “uncoated” tablets are in fact already pre-coated with
another material). All simulation parameters are summarized in Table 9.

At the beginning of each simulation, the tablets are placed in the drum, and in an
initial phase the drum is rotated for 6 seconds so that the tablet bed reaches a
stable state. After that, the simulation that is actually used for further evaluation
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is started. For each set of process parameters, a process time of 90 seconds is
simulated.

F-3.2.1 Spray modeling

A standard DEM simulation gives values such as the position and velocity of
tablets, but does not yield information on the coating. For this, additional
methods are needed (Toschkoff et al., 2013). Here, a post-processing algorithm is
used. During the simulation, the position data of all tablets is written out every
0.02 seconds. These positions are then read in by an in-house algorithm to
simulate the application of coating. The spray is simulated by a set of rays that
are oriented normal to the tablet bed surface. For each time step, the algorithm
determines at which particle each ray is terminating (if any). By assigning each
ray a certain amount of coating mass based on the targeted total spray rate, the
coating mass on each tablet was then calculated. The whole algorithm is repeated
for each nozzle in the setup. The outcome is the modeled coating mass on each
tablet for each time step, both per nozzle and total.

One additional input for the simulation is the shape of the spray zone. This was
taken from measurement: the spray nozzle was mounted above a piece of card in
the same distance as used in the active coating process (approx. 10 cm) and the
resulting spray pattern was measured. Its shape could be approximated by an
ellipse, with major and minor axes of 6.5 cm and 3.2 cm, respectively. This was
then used for the simulation. A drawing of size and position of the nozzles is
shown in Figure 70.

| s @---—I-D 13.22 mm

Note: 4-nozzle setup 6.5 mm
drawn lower for clarity

wmml 84mm | 8 mm | 84 mm |

Figure 70: Position and shape of the spray zones in the coating drum (view from
top, normal to the tablet bed surface). Note that the four-nozzle setup is drawn
lower for clarity; its actual vertical position is the same as for the two-nozzle setup.
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Table 9:

Geometry material property (steel)

Poisson’s ratio 0.25

Shear Modulus 7.93x10%° Pa

Density 7850 kg/m3

Tablet material properties

Poisson’s ratio 0.29

Shear Modulus 2.92 MPa

Density 1150 kg/m3

Interaction tablet—wall

Coefficient of Restitution 0.78

Static friction coefficient 0.15/0.45

Rolling friction coefficient 0.01

Interaction tablet—tablet

Coefficient of Restitution 0.78

Static friction coefficient 0.39 / 0.3
(core / coated)

Rolling friction coefficient 0.01

Simulation

Time step length 4X1075 s

Cell size 0.006 m

F-3.3 Investigated parameters and quality criteria.

To investigate the influence of input parameters, the simulation was run with
varying parameter settings. The parameters were chosen according to two
criteria: the anticipated magnitude of their influence (from literature and prior
experience), and their actual potential to be changed in a real-world coating
process. The selected parameters were rotation speed, fill level, number of spray
nozzles, spray rate, and strictly speaking also tablet-tablet friction.

In the list above, the tablet-tablet friction has a special role. It cannot be adjusted
for a given formulation, but changes over the duration of the process, and has a
known potential to critically influence the simulation. To see whether results are
strongly affected here, two values were used, corresponding to coated and
uncoated tablets, as explained in section F-3.2

For each variation in rotation speed, fill level, or friction, a dedicated DEM run
was performed. The number of nozzles was considered in the post-processing
spray modeling using the data from the DEM runs. The spray rate is modeled
indirectly via the coating time as follows. For the purpose of DEM simulation, the
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effect of a change in spray rate can be divided into two classes. First, it changes
the total coating time (in the active coating process, a fixed amount of coating has
to be applied). Second, it changes the properties of the spray, such as droplet size
or spray zone shape, and influences the humidity of the process if the setting for
the drying air is not changed accordingly. The second effect (or group of effects)
is intricate, and was anticipated to be small compared to the effects of a change in
total spray time for the spray settings used in the investigated active coating. It
was therefore not taken into account here. The first effect was included
indirectly. It is reported (Kalbag & Wassgren, 2009; Kandela et al., 2010; Pandey,
Katakdaunde, et al., 2006; Shi & McCarthy, 2008) that the coefficient of variation
of coating mass, cv,inter, decreases as the inverse of the square root of coating time
t:

Cv,inter OCl/\/E (77)

For all the actual DEM simulations, a spray rate of 12 g/min (center point setting)
was assumed and all values calculated accordingly. To get results for another
spray rate setting, an extrapolation to shorter or longer process times according
to Eq. (77) was done. From the given ¢, at a certain time (e.g. at the coating end)

and for the base spray rate Vv, , the ¢, for another spray rate v, is thus calculated

as:

Cio=Cua | (78)

F-3.4 Design of (simulation) experiments

The simulation runs were set up following a statistical design. The approach is
commonly known as Design of Experiments (DoE), even if the “experimental
runs” are in fact simulations as is the case here. For each parameter, an upper and
lower limit was defined. While the simulation would accept almost arbitrary and
unrealistic settings, the ranges were chosen such that all values within them
would be feasible in a real process. Rotation speed was varied between 16 rpm
and 20 rpm, fill level between 3 kg and 4 kg. Either two or four spray nozzles
were used.

Two statistical designs were made, one for each friction value, as shown in Table
10 and Table 11. Note that for convenience, the tables already list the final result
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for cvinter as well. No replication runs were included, because the simulation
would give very close results each time. Strictly speaking, results would not be
identical each time, because the generation of the initial tablet position in the
filling of the drum was a random process. The influence of this was tested, and it
showed that the variation was negligible. Still, to give a rough idea of the model
quality relative to some variation, two pseudo replication runs were created by
increasing and decreasing the value of the center run by 15%, respectively. A full
factorial design was used for the uncoated tablets. In this way, a larger number of
non-linear dependencies could be captured. However, it showed that the
resulting model in fact only included linear terms, and a fractional factorial
design was used for the coated tablets (which would still capture possible non-
linear dependencies).
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Table 10: Statistical design of simulation runs for uncoated tablets. For the sake of
completeness, the last two columns already contain the results of the runs; a
detailed description is given in the results section.

Drum Drumload Spray rate CoV (%) CoV (%)

speed 2 nozzles 4 nozzles
16 3 8 6,68 2,61
18 3 8 6,05 2,4
20 3 8 5,67 2,21
16 3,5 8 7,21 2,71
18 3,5 8 6,67 2,57
20 3,5 8 6,12 2,32
16 4 8 8,34 3,02
18 4 8 7,47 2,75
20 4 8 6,97 2,56
16 3 12 8,19 3,19
18 3 12 7,41 2,94
20 3 12 6,94 2,71
16 3,5 12 8,82 3,32
18 3,5 12 8,17 3,15
20 3,5 12 7,5 2,84
16 4 12 10,22 3,7
18 4 12 9,15 3,37
20 4 12 8,53 3,13
16 3 16 9,45 3,69
18 3 16 8,56 3,4
20 3 16 8,02 3,13
16 3,5 16 10,19 3,84
18 3,5 16 9,43 3,64
20 3,5 16 8,66 3,28
16 4 16 11,8 4,27
18 4 16 10,56 3,89
20 4 16 9,85 3,62
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Table 11: Statistical design of simulation runs for coated tablets. For the sake of
completeness, the last two columns already contain the results of the runs; a
detailed description is given in the results section.

Drum Drumload Spray rate CoV (%) CoV (%)

speed 2 nozzles 4 nozzles
16 3 8 6,97 2,74
20 3 8 6,1 2,3
18 3,5 8 6,66 2,57
16 4 8 7,8 3,05
20 4 8 6,74 2,55
16 3 12 8,53 3,36
20 3 12 7,47 2,82
18 3,5 12 8,15 3,15
16 4 12 9,56 3,73
20 4 12 8,25 3,12
16 3 16 9,85 3,88
20 3 16 8,62 3,26
18 3,5 16 9,42 3,63
16 4 16 11,04 4,31
20 4 16 9,53 3,6

F-4 Results & Discussion

For active coating, the central question is the magnitude of the coefficient of
variation of the coating mass, Cy,nter, and how it is influenced by changes in the
operation conditions. First, results that directly relate to the coefficient of
variation are given. After that, investigations that give a general insight into the
investigated tablet coating process are detailed.

F-4.1 Time dependence of the uniformity

In literature, it is reported that the cy,nter decreses with the inverse of the square
root of time, Eq. (77). To see if this holds true for the process investigated here,
the decrease of cy,nter Over time is shown in Figure 71. As a non-dimensional
measure of time, the number of revolutions was used; this facilitates the
comparison of different rotation speeds. The results are shown for six
representative simulation runs (omitting the cases with 18 rpm for clarity). A
logarithmic scale is used for both axes, such that a result following the power law
in Eq. (77) would give a straight line of slope -1/2 (shown by the solid line in
Figure 71).
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Figure 71: Decrease of the coefficient of variation of coating mass over time. The
four highest curves correspond to a process using two nozzles, the four lowest ones
to four nozzles. The line shows the slope predicted by analytical models according
to Eq.(77).

At first (below ~0.5 revolutions), the curve already shows a slope close to -0.5.
This is to be expected: if each tablet would be coated one after the other with the
same mass, the decrease would follow the “t-95 behavior”. However, after this
there is a region (~ 0.5 - 10 revolutions) where the decrease is slower than
predicted. The analytic model is based on the assumption of random mixing of
the tablets. In this assumption, the fact that a tablet is in the spray zone at a given
time does not influence its probability to be in the spray zone at future times.
However, this is not true: a tablet passing through the spray has a highly
increased probability to travel along the drum wall, emerge at the top, and pass a
second time. At the very beginning, the time is too short for a tablet to actually
visit the spray zone twice, and the analytic prediction holds. After that, there is a
time where many already coated tablets get a second coating, while the majority
has no coating at all. The system “recognizes” that the mixing is not random, that
in fact tablets are yet in a correlated state, and the less-than-predicted decrease
in cyiner is seen. Once the investigated time is noticeably larger than the
correlation time span, the graphs finally shows the predicted decrease parallel to
the model line again. This is in accordance with literature results for spherical
tablets (Dubey et al., 2011; Kalbag & Wassgren, 2009). It can be concluded that it
is viable to apply Eq. (77) for this type of coater (as long as coating times are not
extremely short).

Curves differing only in rotation speed lie almost on top of each other in Figure
68. Higher rotation speed gives slightly lower variation (better uniformity) at the
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same number of revolutions. The larger benefit is that for a given coating time, a
higher rotation speed also gives more rotations in this time, and therefore higher
uniformity in all cases. For a constant rotation speed, the cy,ner is decreased with
decreasing fill.

F-4.2 DoE model of the uniformity as a function of process parameters
For each process parameter setting (or factor setting), the coating mass
uniformity cy,inter (the response) after 90s process time, was calculated as
described above. The respose was then entered into the statistical design, and a
model was build. A second-order model is applied, including all possible linear
and quadratic terms, and the data is fitted to the model using multiple linear
regression. Starting from this, it is determined which terms are actually needed
for the model by backward regression. The whole model building was done twice,
for the designs of coated and uncoated tablets, respectively. It should be noted
that it was also tried to combine both designs into one, and having the friction
coefficient as an additional level. However, more valuable insights could be
gathered by treating the two sets separately.

It showed that for both, only linear terms contribute significantly. The general
model for both for coated and uncoated tablets was:

Cv = aixRot + a2XLoad + a3XSpray + a'4 XNoz’ (79)
where Xgo: is the rotation velocity, Xioad the total mass of tablets, Xspray the spray
rate, and Xno; the number of nozzles. The corresponding coefficients a; were
determined by fitting to the known data points. The model showed a good fit (R?
= 0.997) and good predictive capability (Q* = 0.996). The centered and scaled
coefficients are shown in Figure 72 for both coated and uncoated tablets.
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Figure 72: Centered and scaled coefficient plot of the statistical model.
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A high absolute value in Figure 72 means that a change in this variable strongly
afflicts cyinter. Positive values mean that an increase in the variable increases
Cvinter; Negative values that it is decreased. Figure 72 shows that the largest
decrease of cyinter (the largest increase in uniformity) is achieved for an increase
in the number of nozzles, followed by a decrease in spray rate, increase in
rotation speed, and decrease in load. The result is nearly the same for coated and
uncoated tablets, even though more data points were available for the coated
tablets.

Now that a mathematical model is found, it can be investigated in detail how
changing the process conditions influences the uniformity. An overview of all
results in a very dense form can be presented in a “4D” contour plot (Figure 73).
The “4D” plot is a matrix of contour plots, where the location of the contour plot
in the matrix shows the values of spray rate and number of nozzles chosen in the
creation of this plot, and the contour plot itself shows the dependence on rotation
speed and fill level. The scale is the same for all plots. This makes it possible to
quickly assess which setting is better, and also how much it is better. In this way,
the benefit of a setting can be weighed against its estimated cost. The main
conclusions are as follows. From a global perspective, best results (lowest values)
are obtained in the upper left part, that is, with 4 nozzles and lowest spray rate,
and worst results in the lower right, for 2 nozzles and highest spray rate. In
Figure 73, the whole upper row (four nozzles) is better than the regulatory limit
of 6.25% by a large margin, irrespective of other settings. This is also true for
three nozzles and sprayrates of 8 g/min and 12 g/min (the two left-most contour
plots in the middle row), although the cyner gets close to the limit for some
settings. There are certainly more detailed ways to look at the results (see
below), but in a sense Figure 71 contains the main information of this work,
already allowing for informed decisions. For example, one can assess whether the
benefit of additional spray nozzles is large enough to justify the investment, or
whether the increased efficiency of higher fill levels outweighs the slight decrease
in uniformity (or the increase in coating time to keep the same uniformity as
lower fill levels).
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Figure 73: ,4D“ contour plot, showing the influence of number of nozzles, spray
rate (g/min), rotation speed and fill level on the coefficient of variation of coating
mass (CoV). In each of the 9 subplots, the abscissa is rotation speed (rpm), the
ordinate is fill level (kg).

F-4.3 Coating mass distribution

The spray simulation gave information on the amount of coating mass on each
tablet in each time step. In the DoE above, this distribution was characterized by
a single number: the coefficient of variation at the coating end point. In other
words, the width of the coating distribution over all tablets at the last simulation
time step was considered. A deeper level of information can be shown by plotting
the actual distribution, Figure 74.
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Figure 74: Distribution of the coating mass gathered over all tablets for different
simulation runs.

Shown are the results for coated tablets for the different settings of rotation
speed and fill level for two and four nozzles (“corners” in the DoE). The relative
coating mass, i.e., the coating mass divided by the mean mass is used; for direct
comparison all curves are normalized such that the area under each curve is one.
The data is from the last simulation step, therefore all curves show the situation
after the same coating time (90 s). As explained above, the spray rate would only
enter via a change in simulation time, and has no influence here. On one hand, if a
constant spray rate is assumed, depending on fill level a different mean mass is
achieved. On the other hand, if a constant mean mass is to be achieved in all
cases, the spray rates have to be assigned accordingly. In both cases, the relative
results are the same. It should be noted that the DoE results above differ insofar
as they are calculated for given spray rates and constant mass increase, and thus
different coating times, as this is the approach typically chosen in the real
process.

Looking not only at the cy,ineer values, but at the whole distribution would give the
possibility to detect additional characteristics that would hint at additional
underlying effects such as bi-modal distribution or skewness. This is not the case
here, all distributions have a symmetric, Gaussian shape, originating in the
random nature of the coating process. The narrower the curves, the higher the
positions of the maximum value due to the constant area, and the higher the
uniformity. The results for four nozzle are distinctly better compared to two
nozzles. For constant nozzle number, lower rotation speed and lower fill level
give better (narrower) distributions.
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The results for uncoated tablets are too similar to give different insights, and are
omitted here.

F-4.4 Spray residence time

The spray residence time tspray is the time a tablet spends in the spray zone for a
single spray event. By assuming that the time in the spray zone is proportional to
the received coating, tspray can be used to approximate the coating mass a tablet
receives. Note that in this work, a more detailed approach to simulate the coating
was used; the spray residence time is monitored in addition. It is collected in the
post-processing algorithm for each spray zone visit of each tablet. Only complete
visits are included: if the last visit is not finished before the end of the simulation,
the true end time is not known and it is therefore not considered to avoid a slight
bias. Likewise, events starting at (or potentially before) the beginning of
simulation are excluded.

In Figure 75, the distributions of the residence times are shown for all “corner”
cases for coated tablets. For each curve, the data of all tablets over the simulated
90 seconds enters. Results for two and four nozzles are shown. However, it is to
be expected that for otherwise same conditions, the number of nozzles plays little
role; this is confirmed here. The spray residence time is mainly governed by the
spray zone shape and determined on a per-nozzle basis, and only to a little extent
on the actual position of the nozzles.

Most tablets take a relatively short time to traverse the spray, and not too many
tablets stay considerably longer than the mean residence time. This also means
that the tablet velocity at the spraying location is relatively uniform. In general, it
can be stated that a typical visit takes about 0.1 seconds, giving a useful time
scale of the coating process. When comparing the curves, it can be seen that
residence times are shorter and the distributions narrower for faster rotation
speed and for higher fill level. Thus the lowest and narrowest distribution is seen
for a fill of 4 kg and a rotation speed of 20 rpm, and the highest and broadest
distribution for 3 kg and 16 rpm.
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Figure 75: Distribution of spray residence times of a single visit, gathered from all
complete spray events for all tablets in the simulation time span.

F-4.5 Bed cycle time

The bed cycle time is the time a tablet spends in the bed between two spray
events. The distributions of the bed cycle times are shown in Figure 76 (top and
bottom) for different rotation speed and fill level. The data for coated tablets is
used. The distribution shows a high first peak after approx. 1.8 seconds, followed
by smaller peaks at regular intervals (Figure 76 top). This pattern can be
explained by the flow behavior in the drum. After a tablet has crossed the spray
zone of one nozzle, it is very likely that it rolls down the tablet bed top, emerges
into the bed, is transported back up to the top by the drum wall, and crosses the
same spray zone again. The time span this takes is more or less constant (for a
given drum rotation speed), and will therefore be commonly seen in the
distribution, leading to the first peak. If for some reason the tablet by-passes the
spray zone, chances are that it makes the same cycle a second time and crosses
the zone during this second try. This is much less likely, and leads to the smaller
second peak, and so on for the next peaks.

The higher the rotation speed, the more the peaks are shifted to shorter cycle
times, as is to be expected. To investigate this further, Figure 76 also shows a
semi-logarithmic, scaled (dimensionless) representation (bottom). The
logarithmic y-axis serves to pronounce the periodically repeating peaks. For
scaling, the time is divided by the time span one revolution takes at the used
rotation speed. With this scaling, the curves for different rotation velocities
almost collapse. This means that for the parameter ranges investigated here, bed
cycle time is in good approximation directly dependent on the rotation speed,
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and not so much on fill level. It also means that the bed time is always the same in
terms of fractions (or multiples) of total revolutions, irrespective of the rotation
speed (again, in the investigated range). For example, the high first peak at 0.5
means that the most common time between two spray events is 0.5 times the
amount a total revolution takes. The actual value in seconds then directly
depends on the applied rotation speed This also implies that for one revolution of
the drum, it is common that a tablet can cycle through the bed twice.
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Figure 76: Distribution of bed residence time (time between single spray events of
one tablet), gathered from all complete spray events for all tablets in the

simulation time span. Top: unscaled plot, bottom: semi-logarithmic, dimensionless
plot (please refer to the text for details).
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Due to the described mechanic, the first peak should correspond to the time it
takes a just-sprayed tablet to move down the rest of the tablet bed top, move
back up at the wall, and roll down to the spray zone again. A rough
approximation can show whether this is plausible. One bed cycle leading to the
first peak can be divided into two segments: transportation along the wall, and
rolling down the tablet bed surface. At the fill levels used here, about a third of
the drum circumference is in contact with tablets. Due to the presence of baffles,
it can be assumed that those tablets move with approximately the same speed as
the wall. For the given drum and a rotation speed of 18 rpm, the circumferential
velocity (velocity of the drum wall) is 0.3 m/s. With this, the first segment takes
approx. 1.1 seconds. For the second segment, the velocity is not as uniform, but
from the DEM results a mean velocity of 0.5 m/s can be estimated. Assuming that
the tablet follows a straight line along the bed surface, this takes approx. 0.55
seconds. In sum, this rough estimate gives a cycle time of 1.65 seconds, which is
in the vicinity of the first peak.

F-4.6 Considerations on analytic uniformity calculation
A commonly found relationship to estimate the variation in total coating (c,) as a

function of the cycle time and coating per pass is given as(Ketterhagen, 2011;
Mann, 1983):

2 2
(o)
= |He( T {&] (50)
TO :ucpp :uct

Ty is the total coating time. The distributions are quantified by their mean and

standard deviation ( 4, and o, for the coating per pass; t, and o for the

cycle time). Often, the coating per pass is not known, and is assumed to be
proportional to the spray residence time. With this reasonable assumption, g,

and o, can be directly replaced by the corresponding values of the residence

p
time distribution. Note that Eq. (80) traditionally is formulated in terms of total
cycle time (bed plus spray time), while throughout this work, the bed cycle time
is used. The bed cycle time is the preferred choice, as it is independent of the
spray time, which obviously is not true for the total time. Still, the difference
(namely, adding or not adding the spray time) is small, and for the sake of the
following estimations, the bed cycle time was seen as a good approximation to
the total cycle time.
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In any case, looking at Figure 76, the question arises how well the nature of the
curve can be captured by stating mean value and standard deviation. The form
can be approximated by a normal distribution, but this may under-estimate the
tail towards high bed residence times. To investigate this further, the coefficient
of variation cy, inter was calculated in two ways from Eq. (80). First, the needed
mean and standard deviation values were calculated from the distributions as

shown in Figure 75 (4, and o,

) and Figure 76 (4, and o), respectively.
Second, the same calculation is done, but bed cycle times larger than 5 are
neglected (the tail of the distribution is truncated). The investigation includes all
eight cases (that is, all curves that are present in the spray residence time and
cycle time figures as well). The resulting values are shown in Figure 77. The
values taken directly from the DEM simulation (that is, the results that were

reported above) are shown as a benchmark.
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Figure 77: Comparison of results directly from the DEM simulation, and indirectly
using the analytic expression Eq. (80) with and without very high values for the
cycle time. The naming scheme of cases is as follows: Fill level (kg) - Rotation speed
(rpm) - Number of nozzles.

First of all, it can be seen that the prediction of Eq. (80) highly depends whether
the tail of the bed cycle distribution is included (triangles in Figure 77) or not
included (squares in Figure 77), differing more than a factor 4 for all cases. It is
not surprising that truncating the distribution will have an influence, but it is
informative to see the magnitude of the influence. This has two immediate
consequences. First, even a low number of tablets with a very high cycle time
(that is, tablets that spend an extraordinary long duration in the coating drum
without seeing any spray) have the potential to seriously impact the uniformity.
Second, Eq. (80) seems to have some room for interpretation, and one at least has
to be careful in the choice of vales that enter the calculation. If the values are
extracted from DEM simulation as was done here, this also means that the
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simulations have to be long enough, such that even long cycle times are captured.
The benchmark results (diamonds in Figure 77) lie in between the “tail” and “no
tail” results, and show much more pronounced variation for different process
setting. One thing that all evaluations agree upon is that for otherwise same
settings, the cynter is lower for higher rotation speed. This is apparent when
comparing the first two cases with 3 kg fill and 2 nozzles but 16 rpm and 20 rpm
rotation speed (named “3-16-2N” and “3-20-2N”, respectively). Apart from that,
both the behavior for fill level and number of nozzles is different. Higher fill level
lead to a higher cyjnter in the benchmark DEM results, but to a lower value when
using the equation. The number of nozzles decreases the cyinwr in all cases, but
much more so in the DEM results. It should be pointed out that the number of
nozzles had little influence on the spray residence time, as was to be expected.
According to Eq. (80), this means that most influence of the number of nozzles on
Cv,inter 1S due to a change in the cycle time. In other words, one main reason why a
high number of nozzles greatly improved the uniformity is that it reduced the
risk of extremely long times between spray events is strongly reduced. This can
also be seen in Figure 76b, where the curves for four nozzles are below the
curves for two nozzles for high times.

F-4.7 Uniformity per nozzle

The post-processing algorithm gathers the data for each nozzle separately. In this
way, it is possible to compare the different nozzles with respect to the quality of
coating they provide due to their location in the coater (cf. Figure 70 for the
nozzle position). For the comparison, the cyneer for coated tablets at the end time
of the DEM simulation is taken, both for the two nozzle and for four nozzle cases.

Figure 78 shows the result for two nozzles, stating values for each nozzle
separately and for the total coating mass. The two nozzles give very similar
results, and the total RSD is roughly half the single nozzle RSD.
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Figure 78: Comparison of the uniformity for each nozzle and total, for cases using
the two-nozzle setup. Nozzle numbering starts at the drum opening (i.e., “Nozzle 1”
is closest to the front). The naming scheme of the cases is “fill level (kg) - rotation
speed (rpm)”.

To put this into perspective, it is useful to consider two limiting cases. First, it
could be assumed that both nozzles are operating totally independent of each
other. The fact of a tablet currently being in one spray has no influence on its
probability to be in the other spray zone. This is similar to coating the tablets
using regular settings, but one nozzle only, then coating the same tablets using
the other nozzle. The resulting “random” cyranga follows from the standard
deviations and means of the single nozzles:

CV
Cyrand = 612 + 622 Wy + 11,) = TZl (81)

Where o; and y; is the standard deviation and mean value for nozzle [; cy; is the

corresponding coefficient of variation given as o; / ;. The approximation in

the last step assumes that the mean and variation of the distribution of each
nozzle is similar.

The second limiting case is a worst case scenario of nozzle placement: both
nozzles are located at the exact same position and operate at the same time.
Assuming again that the nozzles are identical, both have the same variation, and
the total coefficient of variation is simply:

Cysame =Cy1 =Cy - (82)

v,same
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In Figure 78, C from Eq. (81) is shown by the cross-shaped marker; C

v,rand vV,same

from Eq. (81) is already given by the single nozzle values. The actual total RSD

value is lower thanc meaning that going from one to two nozzles brings

v,rand ’
more benefit than a random mixing scenario would predict. This is because spray
zones are in fact not independent; tablets that have just been in one spray zone
have a decreased probability of turning up in the other spray zone (which would
further increase their coating).

Similar, the result for four nozzles (Figure 79) also shows a total RSD that is
lower than a perfectly random mixing would predict. In addition, a new
phenomenon arises: not all single nozzles show the same RSD, with the front- and
backmost locations performing worse than the center positions. When four
nozzles are inserted, the first and last nozzle is relatively close to the inlet and
back wall, respectively. The mixing in the front and back regions is less effective.
The difference is not so drastic as to necessitate a change in the positioning, but
there may be potential for improvement by placing the nozzles closer to each
other. On the other hand, one has to be careful not to create overlapping spray
zones, as this decreases uniformity and has high potential for coating defects
caused by local over-wetting.
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Figure 79: Comparison of the uniformity for each nozzle and total, for cases using
the four-nozzle setup. Nozzle numbering starts at the drum opening (i.e., “N1” is the
nozzle closest to the front). The naming scheme of the cases is “fill level (kg) -
rotation speed (rpm)”.

The topic of nozzle numbers is connected to the speed of mixing in axial
direction. While it is relatively fast with the spiral-shaped baffles of the used
coating drum it is slow relative to the radial mixing, as is inevitable in useful
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rotating drum setups. Therefore, in a sense, the marked improvement with
nozzle number that was seen above is a consequence of the “slow” axial mixing
vs. “fast” radial mixing. The more nozzles there are, the closer the system gets to
the limiting case of a coating zone that is running across the whole axial extent of
the coater. In this case, each slice of the coating drum would look the same, and
each axial position would be (almost) equivalent, making axial mixing irrelevant.

F-5 Conclusion

The scope of this work was to closely investigate an active coating process using
Discrete Element Method simulations, aiming for a setup that is as close to the
real process as possible. This includes the use of the actual coater geometry and
measured material properties, process conditions following experimental runs,
and modeling the actual tablet shape by the glued sphere approach.

The process parameter variations for different simulation runs were chosen
according to a statistical design of experiments, and the influence of process
parameters on the inter-tablet uniformity was studied in this framework. In
addition, different aspects were investigated in detail to get a deeper mechanistic
understanding.

Summarizing, the following can be said on factors influencing the coating
uniformity. In the investigated range of 16 to 20 rpm, the uniformity increases as
a function of the number of revolutions of the coating drum. For the same
number of revolutions, very similar results were seen, independent on the
rotation speed. A higher rotation speed has then the benefit of more revolutions
in a given time or a shorter process, but no additional influences such as a change
in the movement pattern regime were seen.

The theoretical model of a decrease inverse to the square root of time that is
described throughout literature was in very good agreement with the presented
results. In this work, spray rate enters via the change in simulation time for a
constant coating mass end point. Therefore, it influences the coating uniformity
following the same dependence with the inverse of the square root.

An increase in fill level led, on the one hand, to a decrease in coating uniformity,
as is expected due to the lower ratio of sprayed to total particles. On the other
hand, higher fill may mean a more efficient utilization of the equipment. The
presented quantitative comparison can guide in the decision at which fill level the
optimum is reached.

188



Design-of-Experiment based DEM simulation of an active tablet coating process.

Increasing the number of nozzles led to the largest increase in uniformity. Of
course, going from two to four nozzles means a large relative change by doubling
this parameter. On the other hand, like the variations in the other parameters it is
a change that can be realistically made. It may necessitate to update existing
equipment, but the expected increase in uniformity may well justify this.

For each of the summarized points mentioned above, deeper considerations are
given in the text. Finally, for most of the investigated process conditions, the
uniformity was below 6.25%, thus fulfilling the regulatory requirements for
active coating. For four nozzles, this was true irrespective of the other settings. In
conclusion, the presented results help to optimize the uniformity such that the
quality criteria are consistently met and the process time is minimized.
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Chapter G: Conclusion

In one respect, tablet coating is similar to the board game “Go”: both are simple to
describe, but difficult to master. In other words, the coating process may not be
the most spectacular, but the devil, so to speak, lies in the detail.

This is the reason why, in this work, different approaches and simulation tools
were used for different details of the process. The main parts are: modeling of the
air flow and spray droplets inside the drum using Computational Fluid Dynamics,
investigation of the tablet movement behavior using Discrete Element Method,
and based on the last, description of the actual spraying in terms of coating mass
distribution and residence times. Results are presented and compared to findings
in literature inside the respective fields. It should be noted that other details,
such as the impact of drops on the tablets or the influence of particle shape, were
studied at the Research Center Pharmaceutical Engineering as well; the
interested reader is referred to the respective publications (some of them
mentioned in Chapter I: ).

All aspects can be found in any coating process, but are not equally important in
all. The importance of air flow heavily depends on the location of air inlet and
outlet, with great impact in cases where the drying air comes into immediate
contact with the spray. It showed that in those cases, one should choose the
position and also orientation with great care, as this has potential in reducing
spray drying and thus increasing the yield.

At its core, all tablet coating processes follow the same schematic: a tablet
receives coating in the spray zone, moves inside the tablet bed for some time
while it is being dried, until it re-enters the spray zone again. The question that
arises is: how is this related to the coating uniformity? With the even more
important follow-up question: how does this relate to the actual (critical) process
parameters? The presented work tried to give answers to both questions.
Summarizing, the following results were found:

e The uniformity increases as a function of the number of revolutions of the
coating drum. For the same number of revolutions, very similar results
were seen, independent on the rotation speed. A higher rotation speed
has then the benefit of more revolutions in a given time or a shorter
process.

e An increase in fill level led, on one hand, to a decrease in coating
uniformity, as is expected due to the lower ratio of sprayed to total
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particles. On the other hand, mixing may be more effective for higher fills,
which in some cases may prevail. In addition, a higher fill level most likely
means a more efficient utilization of the equipment.

e Increasing the number of nozzles led to the largest increase in uniformity.
It may necessitate updating existing equipment, but the expected increase
in uniformity argues in favor.

o The theoretical model of a decrease inverse to the square root of time
that is described in literature was in very good agreement with the
presented results.

e In this work, spray rate enters via the change in process time that is
needed to keep the mean coating mass constant; therefore, the findings
for the coating time above apply.

The real strength of simulations is that it not only yields the dependencies as
described above, but also provides means to gather a mechanistic understanding
of the underlying principles. In general, throughout this work it was aimed to
include this detailed investigations, ranging from the influence of model
parameters on the spray considerations to the contrasting of different levels of
detail (such as highly resolved DEM results in comparison with global statistical
considerations). To give an example, one factor that showed potential to decrease
the uniformity were very high bed residence times (times between two spraying
events) of some tablets. This is one way to explain the good performance when
using a higher number of spray nozzles: when there are spray zones all along the
axial direction, the possibility to escape all spray zones for a long time is limited.

The state-of-the-are at the time this work started was such that it was if not
impossible, then at least not very feasible to simulate the large number of tablets
that are present in a full-scale coating apparatus, let alone coupled to the air flow.
However, technology progresses fast, and modern computer simulations can
continue where there were limitations previously. For example, the coupled CFD-
DEM code “XPS FIRE” that is developed in-house (XPS: Research Center
Pharmaceutical Engineering GmbH, Austria; FIRE: AVL List GmbH, Austria) can
now be applied for this kind of complex large-scale processes (Jajcevic et al.,
2013; Radeke et al., 2010). Next steps would therefore be to build onto the
insights that where gathered here and move on to larger systems that capture
even more of the underlying mechanics. Simulation of larger scales gives exciting
new possibilities for the study of scale-up effects. An enhanced coupling of CFD
and DEM can resolve the interplay of air stream and moving tablets in more
detail, showing even subtle effects.
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