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ABSTRACT

Evaluation of the factors contributing to the uniformity of the fill weight of pharma-
ceutical capsules, obtained by automatic capsule filling machines, has been a chal-
lenge over the years. One of these factors is the uniformity of the powder bed, from
which the dose to be transferred in the capsule body, is obtained. The kinetic energy
fluctuations occurring during the process of capsule filling on the powder bed, lead
to fluctuations in the bulk density of the powder at the sampling areas, affecting the
uniformity of the whole powder bed after consecutive sampling. A simulation of the
accurate capsule filling process, performed by an MG2 capsule filling machine, was
carried out at the Research Center Pharmaceutical Engineering (RCPE), in Graz,

Austria.

The first objective was the study of some of the operational parameters affecting the
energy fluctuations on one representative sampling volume, as well as the volume
number density of the sampled powder, in a dosing chamber of set size. The factors
examined were two equipment parameters: the sampling velocity of the dosator and
the size of the dosing chamber. Three results were obtained: 1. An increase in
the dosator speed, results in an increased volume number density of the dosage. 2.
The total kinetic energy of the particles on one sampling volume, increases with the
dosator speed. 3. While decreasing the size of the dosing chamber, the total kinetic
energy on the sampling volume increases. These results allow recommendations on
the acceptable limits of the sampling velocities and how different dosing chamber

sizes, affect the kinetic energy within the powder bed.



The second objective of this thesis was to achieve the simulation of the accurate
amount of particles contained in one sampling volume of the rotary container. This
was achieved by using an in-house code called Graz Rutgers Particle Dynamics
(GRPD). GRPD is a code based on the Discrete Element Method (DEM), writ-
ten in the programming language C and the Compute Unified Device Architecture
(CUDA), which is a parallel computing platform running on Graphics Processing
Units (GPUs). Compared to existing commercial software that are able to simulate
granular systems, GRPD is capable of simulating up to millions more particles de-
pending on the application. In the scope of this work, 4 million spherical particles
were simulated in a smaller section (one sampling volume), of the powder container.
The diameter distribution of the particles simulated, matched the actual particle size
distribution of the product Lactohale 100, thus achieving the realistic simulation of

this granular system.
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ITEPIAHYH

H aZlohéynon tov mopaydvieny Tou GUVEIGQEEOLY GTNV ouotopop®la Tou Bdpoug
TARRWONG PUEUOXELTIXGY Xahaxiwy, Tou AopfdvovTon amd aUTOUATES UNYAVES TAHEWONC
xopodlwy, €yel undpdel Tepdxhnon avd To €Tn. "Evog amd autols Toug topdyovteg eivou 1)
OHOLOOPPLOL TOL GTEWUATOS XKOVEWS, UTO TO OTOl0 AouBdveTon 1) BOOT| TOU UETUPECETAL
ot xahdoao. Ot evepyelax€e BIUXUUAVOELS TOU GMUEWVOVTOL XaTd T1) Stadacior Tng
AUTOUATNE TAYPWONG Xapoxity 6TO GTEMUA XOVENS, 0BNYOUY OF BLUXUUAVOELS GTNV
(PUVOUEVT) TUXVOTNTA TNE XOVEWC, OTIC TEPLOYES Boconioc, emnpedlovTag TNV OuoLoUop-
plot TOU GUYONXOU GTEWHATOS XOVEWS, UETA amd ouveyelc docolniec. H mpocouolwon
NG axpBric dadixaciag TAYpwong xadaxiny, OTwe exteheiton amd plor aUTOUTY PNy AV
TAfpwong xahoxicv MG2, npayuatototiinxe oto epeuvnuind xévipo Research Center

Pharmaceutical Engineering (RCPE), oto Graz tnc Avotploc.

O mptTog 6TdY0g NTaV 1) BIEPELYNOT OPICUEVKY OTO TIG AELTOVRYIXEC TURUUETEOUC TTOU
eMNEEALOLY TIC EVERYELIXES DLUXUUAVOELS, OE EVOV AVTITPOCKTELTIXG 6YX0 docohnlag,
©xod ¢ ETIONG XL TNV COUTLOMNY TUXVOTNTA TNS AUBAUVOUEVNS XOVEWS, EVTOS DOGLUE-
TewoU YoAduou mpoxadoplouévou peyédoug. O mapdyovieg mou pehetiinxay Aoy
000 TopdueTpoL e€omAloUoL: 1) Tay TN T BocoAndiog xon To Yéyedog Tou BOGIUETEIXOY
Yohdpov. Addnxav teio anoteréopata: 1. ‘Auinon otny ToyUTNTA TOU BOCOUETENTY),
XATAAAYEL OE ALENUEVT COUATIOWN TLXVOTNTA 660Nc. 2. H cuvohu xivntiny| evépyeia
TV COUTBIWY ot évay oyxo docolndioc, auidvetar avdhoyo ue TNV ToyOTNTAL TOU

docopetenty. 3. Mewvovtag to péyedog Tou dootueTE0) VOAGUOU, 1) GUVORIXT XLv-
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Nt evépyeta oTo 6yxo docolndiog, avldvetar. To amoteAéopota aUTd EMTEETOUY
OUCTACELS CYETXG UE TAL ATOBEXTE HPLOL TOV ToYUTHTWY BoGOANplag o TeS To Blapope-
T peyEdT) SooeTpol VaAduou, emneedlouy TV XivnTixy| EVEPYELWL GTO OTEWUA

AOVEWC.

O deltepog otoy0C NG Tapovoag epyactag, ATay vo emtevyVel 1 Tpocouolwaor Tou
o3 apripol cwpaTidiwy, eviog evog 6yxou docohnblag eni Tou TeEpLo TEOPOU doyEl-
ou. Auté emtedytnxe e T yerion evog xwdxa tou ovoudleton Graz Rutgers Particle
Dynamics (GRPD). To GRPD eivor évac xodixag Baoctopévog oty pEYodo BLaxpLTeY
otoyelwy (DEM), ypoppévoc oty yAwooa npoypoupatiopot C xow oty Compute
Unified Device Architecture (CUDA), n omnoio eivon plar mhotpdpua nopdhhnhou tpo-
Yeopuatiopol mou exteleiton oe Graphics Processing Units (GPUs). Ye olOyxpion pe
UTIdE Y OVTOL EUTORIXE. UTIONOYLO TG TAXETAL X0V VO TROGOUOLWGOUY XOXXMOT) CUC THUNTA,
0 GRPD etvor ovd vor mpocouolnoet uéypl xon eExatoupdplo TEPLoCOTERN COUATIOW,
AVOAOYWS TNV EQPUPUOYY. e aUTAY TNV €pYacia, €YIVE TEOGOUOIWOT 4 eEXUTOUMLEIKY
CQUEIXWY CWPUTWOWY oe évay UxpdTepo Topéa (6yxoc docoindlac), tou doyeiou
x0vews. H xotovour| Slu€tpwy 1wV cwuatdleny Tou TeocopotmUnXay, ATay GUUPOVT
UE TNV xoTtavout| UeYEDoug TV owpatidlwy Tou tpotéviog Lactohale LH100, ondte xou

emTELYUNXE 1) PEAALT TIXY| TTPOCOUOIWGT] TOU XOXXWOOUS AUTOU GUC TAUATOG.
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1 Introduction

Particulate systems are of great significance for industrial processes. Their impor-
tance derives from the fact that most of the raw materials used by industries to
manufacture final products, are granular materials. They are encountered in a big
range of different industrial disciplines, such as pharmaceutics, agriculture, mining,
food and cosmetics production, chemical processing and environment. Lack of re-
search on the micro-mechanical phenomena occurring within particulate materials,
as well as on their often multiphase nature, frequently leads to poor manufacturabil-
ity into final products. In order to overcome such production problems, it is crucial,
that the discrete nature of particulate systems is under consideration.

The discrete element method (DEM), is a well established computational method,
able to simulate processes involving particulate matter, while tracking the motion
of each individual particle in the system, as well as considering inter-particle and

particle-boundaries interactions.

In the scope of this thesis, a particulate process from the pharmaceutical indus-
trial sector is simulated. The process of capsule filling performed by an automatic
dosator -principle machine. As a first approach, the objective here was to accurately
simulate the machine components of the capsule filling machine used, and the real
number and size of particles of the pharmaceutical powder Lactohale LH100 and
using DEM and parallel programming to study the effect of some of the process pa-
rameters to the kinetic energy on the powder bed and the volume number density

of the dose obtained. This could be used later as a basis for a second approach,



including more of the material properties, for further investigation, for example on

the mechanical stresses inside the dosing tube, or even multiphase approaches.

Chapter two, contains an overview of capsule filling, descriptions of the machine
parts such as the dosator and the process steps performed by a capsule filling ma-
chine.

In chapter three, the theoretical background is defined, including granular materials
and how they can be simulated, and an analytic description of the discrete element
method (DEM) and its fundamental equations.

Chapter four, describes the code used for the current simulation, and what was de-
fined while setting up the simulation.

In chapters five the results are given and analyzed and further recommendations and

a conclusion is reached in chapter six.



2 Background

2.1 Capsule filling

Capsule filling processes are growing in importance for the pharmaceutical industry,
who is in a constant research, for the least time consuming procedures for drug devel-
opment. In comparison to tablets, hard capsules are simpler to produce. Specifically,
during formulation development in the early stages of a clinical trial of a new drug,
capsules require much less excipients than tablets, or in some cases, only the API (Ac-
tive Pharmaceutical Ingredient) itself. Moreover, in capsule filling processes, some of
the steps that are always present in tableting, could be avoided, such as granulation,
drying, sieving, addition of lubricants and compression. Capsules can also provide
protection for sensitive API’s and they can serve as an alternative for API’s that are
not compressible to the extend required for tableting, or API’s with such properties
that restrict combination with other excipients. Industries are then allowed, to intro-
duce a new drug to the market, faster and in some cases safer. Some disadvantages
are, that the manufacturing process of capsules, is more expensive than tableting, as
well as that some API’s are unsuitable for capsule filling due to physical properties,
and in some cases, delivering the whole predicted dose of drug into the hard capsules,

might not be achieved, which may lead to incomplete or empty capsules.



Encapsulation processes could be done on manual, semi-automatic and automatic
machines. At the beginning of the 20th century, the first semi- automatic filling ma-
chines were designed and used in an industrial scale. Excessive use and research, led
to the first automatic machine, designed by Arthure Colton in 1950. A fundamental
component for every filling machine, is its dosing system. Depending on the kind
of their dosing mechanism, filling machines are categorized into dependent-type, or
independent-type machines|I]. Dosing is performed directly into the two-piece hard
capsules on the first category, while on the second, a plug with the appropriate dose
is formed, outside of the capsule body and then it’s inserted into the capsule. Au-
tomatic, independent-type filling machines, are the most widespread and they are
governed by two main dosing rules for filling capsules with powder, the tamping
(dosing disc) system and the dosator system. Their main difference is in the for-
mation of the powder plug. The dosing disc system, requires numerous consecutive
actions while on the dosator-based machines, plug formation is achieved by a single
movement, performed by a piston. This study is focused on the principles of the
dosator system. The main task of the dosator is to transfer accurate doses of powder
into hard gelatin capsules. In the process of capsule filling, all the factors affecting

the attainment of such accurate fill weights, have to be taken into account.



2.2 MG?2 dosator filling machine

2.2.1 The dosator

A variety of different dosator systems have been manufactured, such as the MG2,
Romaco and IMA-Zanazi capsule filling series. Although the simulation was based
on the MG2 dosator principles, the results could also be applied to other dosator
systems, since despite their differences, they share common principles on their oper-
ation and similar design features. Design and operational description of the dosator,
as well as the process of the MG2 capsule filling lab scale (LABBY) will be analyzed

here.

(]l —Dosing Dosing

Tube Tube

Figure 2.1: Standard dose MG2 dosator



Figure 2.2: Low dose MG2 dosator

As observed in figure 2.1 and figure 2.2, the dosator consists of three main stainless
steel parts. The dosing tube, the piston and a spring. While in intermittent motion
filling machines, the piston is driven hydraulically or pneumatically, in automatic
filling machines it is driven by the spring. The piston is placed inside the dosing
tube, demonstrating reciprocating motion, assisted by the spring. The movement of
the piston, defines the space of the dosage chamber, and consequently the volume of
the powder plug to be formed, it is also responsible for the compaction of the powder
inserted to the the chamber and it is used for the ejection of the formed plug into the
capsule. This will be better understood later, in the description of the filling process

steps.



There are two different MG2 dosator types. The standard dose and the low dose
dosators (figure 2.1 and 2.2 respectively). This categorization occurs from the dif-
ferent sizes of capsules that are manufactured and this is because the required dose
of powder in a capsule, varies depending on the application. In both cases, a hole
is designed at the upper part of the dosing tube. This opening allows the air that
is displaced while powder is entering the tube, to escape. As one can observe in
figures 2.1, 2.2, the low dose is much smaller than the standard dose dosing tube,
with regard to their hight and internal diameter ( as internal diameter is defined,
the lowest internal diameter of the dosing tube ).The internal geometry of the dosing
tube is a cylinder, while the outer geometry is a cylinder with a conical lower part.
After the dosator collects the powder, it ejects it into the capsule body. The capsule
body is placed into a capsule body bush. The dosator lines up with that bush. The
conical shape of the lower part of the dosator fits better than a cylindrical shape
on the bush’s opening. One example that the low dose dosator is used, is for the
production of dry powder inhaler (DPI) capsules, which can be then placed in in-
halation carriers. Very small doses, as for example required for inhalation purposes,
are filled into capsules by the low dose dosator which consequently comes in smaller
sizes than the standard dose dosators. In the current simulation, a low dose dosator

of internal diameter 3.4 mm ( capsule size 3 ) was modeled.



2.2.2 MG2 Capsule filling process steps

The capsule filling process which was simulated, is carried out at the MG2 capsule
filling lab scale(LABBY). In the laboratory of the Research Center Parmaceutical
Engineering RCPE, measurements of the dimensions of the parts of the LABBY that
were used for the simulation, were performed and the steps of the filling process were
observed.

The following image, pictures the sequence of operations performed by the MG2

PLANETA capsule filling machine:

Figure 2.3: Capsule filling process steps - MG2 PLANETA



- ) )

Figure 2.4: MG2 capsule filling lab scale (LABBY)

Figure 2.3 pictures the ten steps of the filling process, as described in the cus-
tomers leaflet for the MG2 PLANETA capsule filling machine. In stage 1, the dosator
travels downwards until the surface of the powder bed. In stage 2, the size of the
dosing chamber is defined, by pausing the piston’s descent, while the tube is lowered
until a specific position inside the powder bed, depending on the desirable chamber
size. In stage 3, the chamber, as defined in stage 2, is filled with the dose, after the
dosator reaches the bottom of the vessel. The compaction stage 4, is optional and
applied if the properties of the powder require it. In stages 6,7, 8 and 9 the dosator is
transferred at the opening of the capsule body bush and the piston applies sufficient
force vertically to the plug in order to eject it into the capsule. In stage ten the
dosator resets to its initial position to begin another sampling.

This process reproduces up to 3.500 capsules per hour, when performed by the MG2
LABBY capsule filling machine.



The lab-scale (LABBY) capsule filling machine, has only one dosator, sampling re-
peatedly on different sampling areas in the container, while the PLANETA capsule
filling machine has numerous dosators. The dosators are placed in a turret, which
rotates horizontally. The rotary container is below the turret and it rotates around
a different center than the turret. No lateral movement between the dosator and the
powder bed should be introduced while the dosator is lowered towards the container.
After the dosator collects the desirable dose of powder, it has to retain it during its
way towards the capsule body. If the powder properties allow this, it can be retained
in the dosator without any intervention, but frequently, compression ( stage 4) is
required. In the compression stage, the piston compresses the powder by applying
a vertical compressive stress which, due to increased friction between the powder
and the dosing tube’s internal walls, leads to the formation of an arch, that allows
retention of the powder in the dosing chamber. Compression often fails to retain the
powder, because retention depends on numerous factors, some of them known and
some still under research. In the ejection stage, the force applied by the piston has
to overcome these frictional forces, so that the plug can be ejected. Creating and
retaining a uniform powder bed, is very important for attaining accurate fill weights

but also for the retention of the powder in the dosator.
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3 Theoretical Framework

3.1 Granular Material

3.1.1 Definition - Consideration

Figure 3.1: Granular materials

Granular materials consist of discrete solid, macroscopic particles, most frequently
in large numbers. Sand, coffee, rice, coals, grains in silos, are some examples of gran-
ular materials, differing in particle size, shape and number. Pharmaceutical powders

and generally powders, are a special category of granular materials, in terms of their

11



cohesive behavior due to smaller particle sizes. The advantages and disadvantages
of existing granular material physical descriptions, deduced from laws of continuum
mechanics have been considered under a lot different points of views |2, 13, (4} 5] 6], [7].
Some even characterized granular materials, as a distinct state of matter, after gases,
liquids and solids . Their wide range of applications such as in pharmaceuticals, chem-
ical processing, mixing, mining and agriculture, make the study of their behavior an
important matter of research. Granular materials display different behavior depend-
ing on the application and their properties, making establishment of general rules
difficult. This is particularly inconvenient for industries, that need such rules in
order to apply them in automatic procedures for handling the particulate material
of interest. Experimental research of every application of every individual mate-
rial, could require expensive equipment and time consuming procedures and yet not
guarantee a useful result. Researchers turn more and more into the development
and use of modeling tools, because computer simulation allows altering material,
process and equipment parameters, numerous times, easily and with almost no cost.

Unfortunately this often comes with the prize of various computational limitations.

3.1.2 Modeling Granular Materials

There are various numerical methods and algorithms, developed for solving and an-

alyzing problems involving granular materials. They could be shorted into two basic

12



categories. Computational methods and tools on the first category, model granular
flow with a continuum mechanics approach, at a macroscopic scale, while those on
the second, are based on the micro mechanical behavior of granular materials. This
categorization on these two different granular material mechanical approaches was
first introduced in [§]. They have different theoretical backgrounds and disciplines

and each presents both advantages and limitations.

The Finite Element method (FEM) and the Finite Volume Method (FV), used exces-
sively in Computational Fluid Dynamics (CFD), are some of the most representative
methods of the first category. Applied to a variety of simulation software, they can
simulate granular flows successfully but under assuming the material as a continuum
and introducing material parameters ( internal variables ), to describe elasticity, plas-
ticity, visco- plasticity or other material properties. In general, granular materials
are described by discontinuous, heterogeneous and anisotropic behavior. In contrast,
continuum mechanics fundamental laws, are built under assumptions of continuity,
homogeneity and isotropy [9]. In order to regard granular material under such as-
sumptions, it is often necessary, to convert the micro-mechanical properties of the
granular material into macroscopic terms, thus some inter-particle interactions are
not taken into account. This limitation excludes a big variety of industrial appli-
cations from being examined under such simulation approaches. In addition, the
determination of constitutive laws, is challenging, and a lot of equations need to be

solved, in frequently complex computational domains.
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The micro mechanical methods, composing the second category, derived from the
distinct element method proposed for the first time by Cundall [I0]. Later this
method was introduced into a computational tool [I1], and it was used in [12] [13].
The distinct element method by Cundall, the generalized discrete element method,
proposed by Hocking, Williams and Mustoe [14] and the discontinuous deformation
analysis (DDA), proposed by Shi [15], are all methods of the discrete element method
(DEM) family. The discrete element method, instead of using a constitutive model,
it tracks the positions, velocities and accelerations, of each individual particle, over
time. It takes into account the micro - scale interactions of particles within the ma-
terial, the particle-particle and particle-boundary contact forces and the body forces
such as gravity. The material properties introduced in a DEM code, by this micro-
scopic approach, allow a more accurate simulation of phenomena such as segregation,
breakage, agglomeration or the effect of non shperical particles, which are not easy
to implement with continuum mechanical modeling. The challenge is the simulation
of the accurate number of particles within a granular system, and at the same time,
simulating the process of interest, in an acceptable simulation time. This limitation

derives from todays limited computational resources for such large-scale calculations.
Techniques in both categories can be combined, for solving problems involving gran-

ular materials and fluids. Many CFD-DEM coupled software have been developed

for such multiphase approaches |16, 17, 18|
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3.2 Discrete Element Method (DEM)

In this work, the soft-sphere DEM approach is employed and the process it follows,

as well as its theoretical background will be analyzed here.

3.2.1 DEM calculation cycle

The Discrete element method, follows a dynamic (time driven) process for computing
the motion and effect of a large particle system. The general idea, is simple. Com-
puting the forces acting on each particle, allows to reduce the problem to only the
integration of Newton’s second law of motion, to update velocities and displacements
of each particle. The calculation cycle that a DEM code follows, is reviewed on the

following flowchart:
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Start

h 4

Initialize system: define systern geometry and particle
properties; set particle positions and velocities

h 4

Contact detection and calculation of overlap

w

h 4

Calculate forces and moments acting on each particle

h

Use Newton's 2™ Law to calculate
accelerations for each particle

h

Integrate accelerations to obtain updated velocities and
positions for each particle

w

Make any measurements of interest

No Yes

Simulation
complete?

End

Figure 3.2: DEM calculation cycle . Flowchart from publication [19].

During the basic cycle of a DEM cycle, at first, the user defines the desired particle
parameters, to achieve a realistic representation of the material. Some of the param-
eters that could be defined at this step, have been reviewed in [20]. Among the most

important are, the number of particles, particle diameter distribution, particle shape
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( for large number of particles, spherical shape is the most convenient ), coefficients of
static and rolling friction, particle coefficient of restitution, packing density, porosity
and spring stiffness. The spring stiffness values allow particles to deform by slightly
overlapping when they collide with surrounding particles or walls. Then the geom-
etry of the system is described, and in case of the process to be simulated, involves
industrial equipment or machinery, its geometry and motion are defined here. The
code then generates initial position coordinates and velocities for introducing the
desired number of particles with the previously defined properties, inside the defined
geometry.

In the next step, the calculation cycle begins. The contact points between particles
and particles to boundaries are detected and stored for the next step. The number
of contacts of one particle, is called coordination number. Also, the code calculates
the overlapping value at each contact point. In the second step, the total force is
calculated. Specifically, when particles are in contact, normal and tangential contact
forces are introduced and summing them up with the body forces acting on them,
such as gravity, the total force on each particle is calculated. There are several con-
tact models for the calculation of contact forces, here the linear spring dashpot model
is used. In the third step accelerations for each particle are obtained by Newton’s
second law of motion. By integration of Newton’s second law of motion, the position
and velocity updates of each particle are calculated. The cycle repeats until the end

of the simulation.
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3.2.2 DEM theoretical background

Consider two colliding particles ¢ and j:

Figure 3.3: Two particles before and after collision.

The coefficient of restitution ¢;; is given by :

(3.1)

Where,
v1, vy the initial velocities of the first and second particle respectively, before impact

uy, ue the final velocity of the first and second particle respectively, after impact.
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The relative velocity at the contact point c, is given by :

—

Ve = (277, — 17]) — (’f’l(ﬂl + Tj(.ﬁj) X ﬁ (32)

Where,
ri,7; the radius of the ¢ and j particle respectively,
w;,w; the angular velocity of the ¢ and j particle respectively, after impact.

71 the normal vector

Newton’s second law of motion in vector form:

M,
I
3
g

(3.3)

Where, F' is the force applied, m the particle mass: m = ,O%’NT3 (p is the material
density), and Z the acceleration, expressed as the second order derivative of the po-
sition vector

If the particles deform after collision, the overlap ¢;;, is expressed by :

Oij = (ri +15) — |2 — (3.4)

19



Figure 3.4: Overlapping particles.

Figure 3.5: Spring - Dashpot Model.

and the relative impact velocity ( first order time derivative of overlap ), is:

by =~ — ) - (35)



The normal force between two particles 7, 7, in the Linear Spring Dashpot model, is:

Py, = K055 + Vidyg (3.6)

Where, K, is the linear spring stiffness, V,, the damping coefficient and 7 the normal

vector.

Figure 3.6: Tangential velocity and Spring-Dashpot model in the tangential direction,
respectively.

The tangential velocity at the contact point, is the projection of the relative

velocity ., in the tangent plane:

éij = _»c . {: [('171 — ?7]) — (TZLUZ + ij?jj) X ﬁ] . { (37)
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The tangential force is calculated by:
F,, = —Kibij — Vibyj — uF,, (3.8)

Where, K, is the tangential spring stiffness, V; the damping coefficient, ¢ the tangen-

tial vector and u, the friction coefficient.

Also the body forces due to gravity g and viscosity V, are:

— m.g (3.9)

ve = —VoTi (3.10)

Figure 3.7: Particle-Particle and Particle-Wall tangential forces and moments.
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By the circular equations of motion, the angular torque is:
M = 03 (3.11)

Where the moment of inertia of the particle i, is:

2
And the torque of particle i :
M; =) 7 x F, (3.13)
J

Particle - Wall contact
Particle ¢ -Wall w(j), overlap:

5i,w(j) =71 — |T; — fw(j)| (3-14>
Relative impact velocity:

Oio(i) = — (Ui = Tu(y) - 70 (3.15)
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Tangential velocity:

normal forces of particle ¢ in contact with a wall w(j):

A

= Kn(;i,w(j) + Vn5i7w(j)

Mi,w(4)

Normal force acting on a wall:

Miw() Z P
Tangential Force:

F, h o _Kt‘gi,w(j) - ‘Zﬁéi,w(j) - IaFn

1w (j
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Kinetic Energy

The total kinetic energy of a particle 7, is the sum of its center of mass transla-

tional kinetic energy, and rotational energy:

1
Ei,tns(t) - §mlvz2<t)
12
Ei,rot(t) 5 gmlrzz wzQ(t)
S)

And the total kinetic energy of the particle system:

Erin(t) =Y Eigin(t)

,is the sum of the kinetic energy of each particle ¢

25

(3.20)

(3.21)

(3.22)

(3.23)



Potential Energy

The total potential energy of a particle 7, is the sum of its spring potential en-

ergy, and gravitational potential energy:

1 1
Ei () = 3 > K65t + 3 > K1) (3.24)
J J

Ei,grav(t> = mlgzl(t) (325)
Where, z;, the z coordinate of the particle 7.

Bugou(t) = Euapr(0) + Bgrnl) = 53 Ko (1) + Y0 KO3(0) + migaa(t) (3:20)

And the total potential energy of the particle system:

Epot(t) = Eipor(t) (3.27)

,is the sum of the potential energy of each particle ¢
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4 Simulation

4.1 The GRPD code

In this work the Graz-Rutgers Particle Dynamics (GRPD) code, proposed in [21],
was used for the simulation of a capsule filling process as described in chapter 2.
It is an in-house DEM code, written in CUDA C/C++ . Compute Unified Device
Architecture (CUDA), invented by NVIDIA, is a parallel computing architecture,
implemented by GPUs. The GPU is interacting with the Open Graphics Library
(OpenGL), for the visualization of the simulation. GPU computing with CUDA,

allows dramatic computational speedup in comparison to CPU computing.

Multiple
coras

Figure 4.1: CPU vs GPU.
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The tasks of a DEM cycle described in paragraph 3.2.1, are independent tasks,
thus easy to parallelize. The reason is that the equations described in 3.2.2 for each
particle, can be executed simultaneously, by distributing them on multiple micro-
processors. Memory size of the Graphics Processor used, is one of the factors that
defines the capability of the code to generate and process a large number of parti-
cles. For the current simulation, an NVIDIA graphics card with 4 GB of memory
was installed.

In order to execute the steps of a DEM cycle (paragraph 3.2.1), GRPD uses some

specific tecqniques:

e Generate particles / sphere packing algorithms:

After defining the desired particle and geometry parameters in input files,
GRPD generates the predefined number of particles using the sedimentation
algorithm. The sedimentation algorithm is a sphere packing algorithm, pro-
posed by Jodrey and Tory [22]. Particles falling in the gravitational field, are
introduced in the rotary container. Other sphere packing algorithms have been

proposed, such as the force-biased algorithm [23, 24].

e Contact detection / neighbor lists:

The contact detection step could be rather computationally expensive. GRPD
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uses a cell structure method [25], for a fast neighbor detection, by dividing the
simulation domain into sub-cells. Among other neighbor detection methods, is

the Verlet neighbor list also described in [25].

Calculate forces / contact models:

GRPD uses the Linear-Spring-Dashpot Model (LSD), for the calculation of
forces from displacements. It is a soft sphere contact model, proposed in
[26, 27]. The theory of LSD, was described in paragraph 3.2.2. Other con-
tact models include the non linear Hertzian-Spring-Dashpot (HSD), described

in [28, 29).

Numerical Integration:

For time integration of Newton’s second law of motion, for displacement up-
dates, an explicit integration algorithm is used, the Verlet integration scheme.
Small time steps are required for maintaining stability. After obtaining dis-
placements for the new time step, velocity updates are obtained by central

differences.
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4.2 Simulation Setup

The geometry of the equipment parts of the MG2-LABBY capsule filler, necessary
for the simulation, was specified. Specifically, the dimensions of the rotary container

and the low-dose dosator of 3.4 mm diameter, were defined within the code.

Figure 4.2: The rotary container-MG2 LABBY

34

Figure 4.3: Low-dose dosator (3.4 mm)
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Parameter Dimension
Container Outer diameter 27.6 cm
Dosing tube Inner diameter 3.4 mm
Dosing tube Outer diameter 4 mm
Piston diameter 3.3 mm

Table 4.1: Dimensions of the rotary container and the dosator

Figure 4.4: The rotary container - Sampling volume definition (left), Simulation of
4 Million particles in the sampling volume (right)
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The amount of memory provided by the graphics card equipped, allowed the visual-
ization of maximum 4 million particles. Fitting this number of particles in the whole
container, would not offer any benefit, considering the fact that the region of interest
was one representative sampling volume. Instead, a section of the whole container
was selected, to define one sampling volume, where 4 million particles were simu-
lated. This was achieved by scaling the dimensions of the dosator by a scale factor
of 7, while retaining the dimensions of the simulation box constant (were the length
of the simulation box equals the outer diameter of the container). The 4 million

particles settling under gravity, formed a powder bed with a hight of 8 mm.

A normal diameter distribution of the generated particles was defined, modeling
a standard powder, Lactohale 100, one to one. Image Analysis measurements on a
sample of Lactohale 100, returned a Volume Mean Diameter (VMD) equal to ap-
proximately 0.16 mm. 4 million particles of the product Lactohale 100 correspond
to approximately 11 grams of product. Considering the mean diameter and the
variance of the distribution provided by these measurements, a respective diameter
distribution for 4 million spherical particles was defined in the simulation. The di-
ameter of the simulated particles covered a range between 0.1 mm to 0.22 mm, with
mean diameter 0.16 mm. Concluding, a sample volume of approximately 13 cm? was
filled with 4 million particles of a diameter distribution, identical to the particle size

distribution of the standard powder Lactohale 100, achieving a realistic simulation:
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Figure 4.5: Particle size distribution(in micrometers) of Lactohale LH100, measured
via microscopic image analysis. Particle size: diameter of a circle of equal projection
area of the particle.
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Figure 4.6: Particle diameter distribution (in micrometers), obtained by the simula-
tion.
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The simulation followed the following sequence of process steps:

Figure 4.7: Snapshots from the simulation
(ratio of dosing chamber to powder Bed height = 1/2)

In comparison to the process steps described in paragraph 2.2.2, for the MG2-
PLANETA capsule filling machine, here, the process steps of the MG2-LABBY were
simulated. The only difference is that the size of the dosing chamber is set in advance,
so the dosing tube and the piston move always simultaneously. The process was
simulated only until the end of the descent of the dosator, when the final dosage
is obtained. It should be mentioned that the dosator never reaches the bottom of
the container. There is intentionally a small gap of 0.3 mm, between the base of
the container and the lowest hight of the dosator. The influence of the gap on the

uniformity of the powder bed was discussed in [30].
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In figure 4.1, the blue colored particles are theoretically resting under gravity. In

the code this means that for a blue particle Zikinetie) - 1 The higher the ratio

’ Ez}potential (t)

;’2"—252) of a particle 7, the warmer the color assigned to it. The simulation ends
i,potentia

Eginctic(tend) : Epotential (tend) 9
When - 5 ]. Wlth - N 1 .
Epotential (tend) << ’ Ekinetic(tend) < 0
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5 Results

The objectives of the simulation, were: 1. to evaluate the energy fluctuations on
the powder bed, during the sampling procedure, in order to study the powder bed
uniformity. 2. to estimate the volume number density of the sampled powder, in

order to study the capsule fill weight. Two operational parameters were examined:

process speed (dosator’s speed):
Obviously, the higher the sampling time, the lower the process speed, for a constant
dosator displacement. For this, the process speed was examined by defining eleven

different computational sampling times st:

st08 12 16 20 24 28 32 3.6 40 44 438

dosing chamber size:
The second operational parameter examined, was the size of the dosing chamber.
The hight H, of the powder bed is constant. The ratio % of four different chamber

sizes Chy,1 = 1...4 to the powder bed height H, was considered:

1/4 1/3 1/2 2/3
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Number of Sampled Particles (N)

5.1 Effect of process speed on capsule fill weight

Chy _

1
H 4

9,000 ‘

8,000

7,000 +

6,000 |

5,000

4,000 +

3,000
2,000 +

1,000 |-

00 02 02 06 08 1 12 14 16 1.8 2

st/ Stua

Figure 5.1: The number of sampled particles in the dosing chamber, over the nor-
malized simulation time st/st,,q,, with ratio, G — %, for six different simulation

i H
times st.
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Number of Sampled Particles (N)
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Figure 5.2: The number of sampled particles in the dosing chamber, over the nor-

malized simulation time st/st,,q,, with ratio,

times st.
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Number of Sampled Particles (N)
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Figure 5.3: The number of sampled particles in the dosing chamber, over the nor-
malized simulation time st/st,,q,, with ratio, Chs — %, for six different simulation

) H
times st.
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Figure 5.4: The number of sampled particles in the dosing chamber, over the nor-
malized simulation time st/st,,q,, with ratio,

times st.
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In figures 5.1, 5.2, 5.3, 5.4, it can be observed how the velocity of the dosator
while sampling, affects the volume number density of the final obtained dosage of
product.

Volume number density:
N

BRTA

(5.1)

Where, N the number of sampled particles and Vj, k = 1,...,4, is the volume of
the dosing chamber Chy, k=1,...4, respectively, which corresponds to the four ratios
Chy/H, k=1,....4 previously defined. As observed in figures 5.1, 5.2, 5.3, 5,4, while
increasing the velocity of the dosator (or decreasing the simulation sampling time st),
the number of sampled particles N,overtime, in a set Volume Vj, of the C'h; dosing
chamber,increases. Consequently, higher process speeds, result in increased capsule

fill weights.

Moreover,it is observed, that for a specific dosator velocity (or simulation sampling
time st), the number of sampled particles, increases overtime until st/st;.. = 1.
That is the time that the dosator reaches each final position of descent.

For 1 < st/stme: < 2, the number of particles slightly decreases. During that pe-
riod of time, the dosator stops moving, but the simulation continues running until
the particles rest under gravity (refer to page 35), considering the fact that this is
not a real time simulation. The gap between the powder bed and the final dosator
position, allows some of the particles to escape from the chamber. This is partic-
ularly interesting for capsules produced for inhalation applications, because a more

densified compacted plug is not desirable.
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E kin

5.2 Effect of process speed on the powder bed uniformity (in

terms of the total kinetic energy on the sampling volume)

.104 iz —%

2.5 T ‘

mm st—0.8
e st—1.2
mmst=1.6
mmst=2.0
Cst=2.4
mmst=2.8
mst=3.2 |
1st=3.6
mm st=4.0
- st—4.4
mmst—4.8

_0'5 l l l l l l l l l
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

st/ stmax

Figure 5.5: The total kinetic energy on the sampling volume, over the normalized simulation

time st/styq, with ratio, % = %, for different simulation times st.
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Figure 5.6: The total kinetic energy on the sampling volume, over the normalized simulation
time st/styq, with ratio, % = %, for different simulation times st.
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Figure 5.7: The total kinetic energy on the sampling volume, over the normalized simulation

time st/ styqe with ratio, % = %, for different simulation times st.
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Figure 5.8: The total kinetic energy on the sampling volume, over the normalized simulation

time st/stmq, with ratio, % = %, for different simulation times st.

At each of the figures 5.5, 5.6, 5.7, 5.8, a qualitative interpretation of the kinetic
energy overtime is given and it can be observed, that while lowering the sampling
time st and as a consequence, rising the velocity of the dosator, the total kinetic
energy on the sampling volume is increasing. The kinetic energy fluctuations on the
sampling volume lead to fluctuations in the bulk density of the powder [31], and after
repeated sampling, the uniformity of the whole powder bed is affected. Thus, from
the above results it can be claimed, that higher process speeds lead to a less uniform

powder bed.

Moreover, the following figure interprets how the kinetic energy is fluctuating over

the sampling time and its progress at every step of the filling process:
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Figure 5.9:
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E kin

5.3 Effect of dosing chamber size on the powder bed unifor-
mity (in terms of the total kinetic energy on the sampling

volume)
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Figure 5.10: The total kinetic energy on the sampling volume, over the normalized sampling

time st/stmaq, for st = 0.8 and four different ratios %
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Figure 5.11: The total kinetic energy on the sampling volume, over the normalized sampling

time st/stmaq, for st = 1.6 and four different ratios %
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Figure 5.12: The total kinetic energy on the sampling volume, over the normalized sampling

time st/stmaq, for st = 2.4 and four different ratios %
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Figure 5.13: The total kinetic energy on the sampling volume, over the normalized sampling

time st/stmaq, for st = 3.2 and four different ratios %
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Figure 5.14: The total kinetic energy on the sampling volume, over the normalized sampling

time $t/stmaq, for st = 4.0 and four different ratios %
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Figure 5.15: The total kinetic energy on the sampling volume, over the normalized sampling
time st/stmaq, for st = 4.8 and four different ratios ¢

T

A qualitative analysis of the total kinetic energy on the sampling volume de-
pending on the size of the dosing chamber is interpreted in figures 5.10, 5.11, 5.12,
5.13, 5.14 and 5.15, for different process speeds respectively in each figure. Results
saw that the kinetic energy is rising while the dosing chamber size decreases. The
kinetic energy on the powder bed is used here to measure the distortion noticed on
the powder bed. The higher the kinetic energy the higher the level of distortion, thus
the less the uniformity. This allows to claim that the larger the dosing chamber, the

more uniform the powder bed.
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6 Conclusion and future work

The objective of this thesis was the simulation of an automatic capsule filling pro-
cess, using a discrete element method (DEM) code parallelized with the parallel
computing architecture CUDA, to model the particulate system of a pharmaceutical
powder. The motivation derived from the fact, that in some cases, the fill weights of
the obtained capsules are inconstant, leading to failure in obtaining equal doses in
each capsule. There are various factors that could lead to such dose inconsistencies,
including material properties, equipment design and operational parameters. This
thesis was focused on the investigation of two operational parameters. Because of the
fact that there are also other factors affecting the fill weight variability, the results
obtained, were only individual observations. They could be combined with future
results obtained by further studies on material properties, or studies on different

operational parameters.

The conclusions were the following: 1. Higher process speeds result in increased
capsule fill weights and could have a positive effect on the consistency of the doses
obtained. 2. Very high process speeds could have a negative effect on the uniformity
of the powder bed. 3. Very small dosing chambers could have a negative effect on

the uniformity of the powder bed.
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