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1 Introduction

1.1  General process description

Gas fluidized beds play an important role in a variety of chemical processes including
combustion, pyrolysis and polymerization as well as in the manufacturing and handling of
particulate solids in the pharmaceutical and food industries. Gravitational and inter-particle forces
are overcome using a gas flow which passes through the bed, until at the point of minimum
fluidization the equilibrium is reached with the drag force exerted by the gas. Particles can now
move freely through the bed like the molecules in a fluid, which is where the term “fluidized
bed” comes from. Due to this liquid-like behaviour, fluidized beds have fundamental advantages
regarding the mobility of particles in continuous processes and they allow homogeneous particle
mixing. Isothermal conditions can be achieved throughout the bed avoiding local hot-spots and
fluidized beds offer favourable heat and mass transfer conditions due to the intense gas-solid

contact.

A special application of the fluidized bed technology are spray granulation and agglomeration
processes, which are both widely used in the food, fine chemicals and pharmaceutical industries
to produce dust-free and free-flowing particles. They are important size-enlargement processes
allowing formulation and structuration of particulate solid products in one process step. Further
motives are the improvement of appearance or taste of particles or protection from oxygen,
humidity, light or incompatible active agents and to control the dissolution time (Knight, 2001;
Hemati et al., 2003; Jacob et al., 2004; Turchiuli et al., 2005; Szulc & Lenart, 2010; Jacob, 2010;
Dhanalakshmi et al., 2011).

Liquid suspension or a solution or melt is injected into a fluidized bed of particles in such way
that fine droplets of coating material are gradually deposited on the particle surface. This results
in encapsulation of the particle core, which is called coating or in particle growth by layering,

which is called granulation. The principle of fluid bed granulation is visualized in Fig. 1-1 a). The
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injected liquid may also work as binder, forming a liquid bridge in case that two wetted particles
collide. Depending on the fluidization conditions this coalescence may either be temporary or
permanent. If the liquid bridge is strong enough to resist further particle collisions, the
subsequent drying by the hot fluidization air will lead to the formation of a stable solid bridge
(Iveson et al.,, 2001). In that case an agglomerate is formed which may grow further due to
repeated wetting and adhesion of other particles in the course of the process. The principle of

fluid bed agglomeration is illustrated in Fig. 1-2 a).
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Figure 1-1: Principle of fluid bed granulation (a), photograph of urea granules produced by melt injection
(b).

Agglomeration may be desired, as for the size-enlargement of food powders, or undesired, as in
pharmaceutical coating processes or in fertilizer granulation processes, where spherical and dense
particles are to be produced. Typical examples for products granulated or agglomerated in

fluidized beds are shown in Fig. 1-1 b) and 1-2 b).
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Figure 1-2: Principle of fluid bed agglomeration (a), photograph of an aerogel agglomerate (b).

This work will focus on fluid bed agglomeration of amorphous water-soluble food powers. For

instant food products quick redispersability is a key requirement that defines a main consumer
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benefit compared to fine food powders. Agglomerate structures with open pores are therefore

desired, which allow a quick penetration of water into the particle matrix.

Before different micro mechanisms in fluid bed agglomeration are discussed, a brief introduction

will be given to fluid bed agglomeration equipment.

1.2 Types of fluidized bed agglomeration equipment

Fluid beds for agglomeration are classified according to the nozzle position (top spray, bottom
spray or tangential injection) and to the operating conditions (batch or continuous) (Uhlemann &
Morl, 2000). According to the equipment geometry, fluidized bed granulators or agglomerators

can be categorized by five different configurations, which are schematically shown in Fig. 1-3:

a) Top-spray granulator b) Bottom-spray granulator c) Wurster-coater
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Figure 1-3: Schemes of different fluidized bed spray granulator configurations.
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Except for the rotor granulator and the Wurster-coater, all devices are built with both a circular
cross section, as shown in Fig. 1-3 or with a rectangular cross section of the process chamber
(Jacob, 2010). For continuous operation, conical fluidized bed granulators are equipped with an
outlet tube, where classification air is used to reject fines. Devices with rectangular cross-section

are usually equipped with an outlet weir at the end opposite to the inlet.

1.2.1 Top-spray granulator

The most conventional equipment configuration is the top-spray granulator (Fig. 1-3a). A
bubbling fluidized bed is established using a homogeneous distributor plate and the nozzle is
positioned above the moving powder bed spraying downwards. Usually no inserts are applied.
Top spray granulators are used by the food industry for size enlargement of culinary powders,
seasonings, beverage powders and food ingredients (Bouffard et al., 2005; Jinapong et al., 2008;
Werner et al., 2007b). Apart from having the simplest equipment geometry, the large product
surface available for the deposition of droplets is the main advantage of this configuration
(Uhlemann and Moxl, 2000). However, due to the random particle motion and the fluctuating
bed height, it is difficult to control the distance and flight time of the droplets before they impact
on a particle. This may increase the loss of liquid binder due to premature evaporation of the
droplets (Link & Schlinder, 1997; Ronsse et al., 2008). The amount of liquid deposited on
individual particles may be inhomogeneous and hard to control. Regarding the hydrodynamics of
the bed the top-spray granulator is characterized by the periodic formation of bubbles at the
distributor plate. The bubbles travel upwards in the bed and grow on their way to the bed
surface, where they collapse. Rising bubbles continuously agitate and mix the particle bed in a

stochastic mannet.

1.2.2 Bottom-spray granulator

Bottom spray installations are preferably applied for agglomeration of dairy powders (Fig. 1-3 b).
Here, the spray is introduced from a nozzle located at the center and bottom of the bed, inside
the powder bulk. Overspray is minimized due to the low distance and short flight time between
the injection of droplets and their impact on a particle. Very small droplets can therefore be
applied, that would otherwise dry out in the spray. However, wetting is inhomogeneous in a
simple bottom spray installation due to the stochastic particle motion. Local overwetting in the

spray zone and lump formation may be the result.
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1.2.3 Waurster-coater

Advanced bottom spray granulators like the Wurster-coater (Fig. 1-3 ¢) are equipped with a draft
tube to separate the wetting and drying zones. The name goes back to Prof. Dale Wurster of the
University of Wisconsin, who invented the cylindrical draft tube inserted to the fluid bed in 1949
(Wurster, 1949). The Wurster-coater is a common device in the pharmaceutical industry used to
coat tablets and smaller particles in the range of 20-1000 um; (Tang et al., 2008; Karlsson et al.,
2009). Another important field of application is the encapsulation of flavours (Uhlemann & Reil3,
2010). The Wurster-coater is described by Teunou & Poncelet (2002) as the most efficient batch
fluid bed coating equipment. A cylindrical draft tube is inserted vertically into the granulator. The
segmented distributor plate has larger orifices below the Wurster tube and therefore the
fluidization gas enters at higher velocity at the center than in the annulus. Due to the central
gas/liquid injection which is concurrent to the patticle motion, a circulating movement of the
particles is induced and the geometry can be divided into a wetting and a drying zone. In the
central part inside the Wurster tube the particles are transported upwards in a spout and collide
with droplets from the atomizer. The wetted particles decelerate in the expansion chamber above
the tube and fall down to the dense region of particles in the annulus outside the tube, while they
are dried by the heated fluidization air current. From the dense region, the particles are sucked
into the Wurster tube, where they enter the next motion cycle. The height of the draft tube inside
the apparatus is adjustable, so that the gap distance between the Wurster tube and the bottom
plate can be varied. This gap distance is an important process parameter controlling the number
of particles transported towards the center into the spout and the particle concentration inside

the wetting zone.

1.2.4 Rotor granulator

A fourth type of fluid bed is known as the rotor system (Fig. 1-3 d). A rotor plate placed at the
bottom of the bed is turning and air is fed through an annular gap between the rotor plate and
the wall. Liquid is sprayed onto the roping solids flow from a tangential injection nozzle. In
pharmaceutical, food and chemical industries the application of the fluid-bed rotor processor for
production of dense granules with a high strength and sphericity is widely distributed. The rotor
granulator represents a combination of a spheronization device and a fluidized bed. The
additional horizontal rotating disk provides a homogeneous and well defined spiral particle

motion in the process chamber and allows an uniform mechanical stress of the product (Jager &
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Bauer, 1982; Kristensen et al., 2000; Dixit & Puthli, 2009). The particles are dried by the fluidized
air stream, which passes through the gap between the rotor and stationary chamber wall. Several
processing operations, e.g. powder layering, film coating or spheronization can be performed

with fluid-bed rotor processors (Yang et al., 1992).

1.2.5 Spouted bed

In food, pharmaceutical and chemical industry, also fine and polydisperse solids as well as
cohesive powders and needle shaped particles are manufactured and handled. Usually a
homogeneous fluidization regime cannot be established for such materials due to inter-particle
forces. The spouted bed (Fig. 1-3 €) offers a promising alternative here (Epstein & Grace, 2011;
Jacob, 2009; Gryczka et al., 2008). Different types of spouted beds have been reported in the
literature such as conical spouted beds (Rovero et al., 1983; Altzibar et al., 2009), spout fluidized
beds (Link et al., 2008) and prismatic spouted beds (Mérl et al., 2000; Gryczka et al., 2009). In
this work only the latter type of spouted bed is considered. Unlike fluid bed processes, in a
spouted bed the air does not enter the process chamber through a sieve bottom but through
longitudinal slots. The speed of the process air entering the process chamber can be adjusted by
varying the size of the gap. High gas velocity ensures that even large, irregular-shaped or adhesive
and wet particles are fluidized. Particles are entrained in a spout at the center of the apparatus and
fall back downwards along the side walls, so that a circulating motion of the material is created.
Liquid is injected from a bottom spray-nozzle positioned at the center above the inlet slots.
Spouted bed technology can be applied for coating (Kfuri & Freitas, 2005; Jono, 2000), spray
granulation (Mann, 1983; Borini et al., 2009) and agglomeration (Jacob, 2009; Gryczka et al.,
2009).

1.2.6 Development of optimized equipment geometries

Since so far operating conditions and the equipment geometry have been developed empirically,
the fundamental physical mechanisms governing the process on the micro scale are not well
understood (Werner et al., 2007a; Turton, 2008). Experimental results are mostly specific to
material and equipment selection. Furthermore, the effectiveness of improvements on the vessel
shape or inserts like the Wurster tube is hard to assess, as it is difficult to measure the flow field

and particle motion inside the bed.
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A lot of research work has been done recently to overcome these limitations and to achieve a

fundamental understanding of the granulation process on the “micro scale”, i.e the scale of

individual particle interactions (Iveson et al., 2001; Litster, 2003; Tan et al., 2006; Peglow et al.,
2007; Rajniak et al., 2009). However, due to its complexity, a comprehensive physically based
process model of fluidized bed granulation is stil not available. The choice of an

agglomerator/granulator type still remains rather a question of philosophy than a decision based

on facts.

1.3  Overview of previous research

In this chapter the state of the art regarding the process dynamics of fluidized bed spray
granulation and the existing modeling approaches will be introduced. The chapter is an outline of
the current modeling principles and their boundaries. More extensive reviews on this topic may
be found in Iveson et al. (2001), Cameron et al. (2005) and Salman et al. (2007). A special focus

will be set on the micro scale description using the Discrete Element Method (DEM).

1.3.1 Micro mechanisms in fluidized bed agglomeration

The build-up of granules or agglomerates is in continuous competition with disruptive
mechanisms such as attrition and breakage, which complicates a comprehensive process
description. Hapgood et al. (2007) give an extensive overview of the particle-scale mechanisms
which govern the agglomeration process dynamics. They distinguish between 3 groups of

phenomena, as illustrated in Fig. 1-4:
1. Wetting and nucleation,
2. Growth and consolidation,
3. Breakage and attrition.

The addition and distribution of the binder liquid is the first step of the process, which leads to
the formation of granule nuclei. Liquid droplets added via a spray nozzle impinge on primary
particles and wet the particle surface. Depending on the surface properties, the liquid may spread,
penetrate into pores or even dissolve. If the droplet size is large compared to the particle size,
loosely packed lumps are formed which will consolidate through collisions with other particles

and the equipment walls. According to Hapgood et al. (2007) the size distribution of the nuclei
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has a large influence on the final product size distribution, while the intensity of agitation in the

bed controls the final porosity of the agglomerates.

Wetting Nucleation Consolidation Coalescence Attrition Breakage

Same PPS

Figure 1-4: Particle-level description of fluid bed agglomeration according to Iveson et al. (2001).

Usually in fluid bed spray processes the droplet size is small compared to the diameter of the
primary particles (Waldie, 1991), which is different than the scenario described in Hapgood et al.
(2007). Therefore, Hede (2008) proposed to organize the relevant micro mechanisms in the

following three groups according to the scheme shown in Fig. 1-5:
1. Wetting and possible droplet penetration into core particles,
2. Coating and possible agglomeration,

3. Attrition and breakage.

Wetting Penetration Coating Agglomeration Attrition & breakage
into pores

d 00§ Ty

Figure 1-5: Particle-level description of fluid bed coating according to (Hede, 2008).

Werner et al. (2007a) proposed a list of 10 micro-level processes relevant for coating of food
powders. Four processes were identified as key for the developer of new products and processes

with respect to the coating objectives and process inefficiencies. These are:
1. Drying,
2. Droplet impact and spreading,
3. Droplet impact and adherence,

4. Inter-particle agglomeration.
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However, stickiness dominates the latter two micro-level processes because surface viscosity
changes by many orders of magnitude during drying. An own overview on the system of micro-

mechanisms is given schematically in Fig. 1-0.
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Figure 1-6: Micro mechanisms in fluidized bed agglomeration.

All shown mechanisms may occur simultaneously in a fluidized bed agglomeration process.
Arrows indicate possible routes connecting the different mechanisms. Once a stable solid bridge
is formed connecting two primary particles, the next process cycle may begin with the adhesion
of a liquid droplet. For longer process times an equilibrium will be established between the build-
up of agglomerates and breakage events. Comparable schemes were proposed by Tan et al.
(2000) and Terrazas-Velarde (2010). Time scales of different micro mechanisms are analyzed in

Chua et al. (2011a, 2011b, 2011¢).

1.3.1.1 Droplet deposition

The initial step of the process is to bring small liquid droplets, which are formed at the spray
nozzle, into contact with primary particles. The collision frequency can be approximated using
the Kinetic Theory of Granular Flow (KTGF) (Martin, 1980; Gidaspow, 1994; Anh Ho &
Sommerfeld, 2002), which will be discussed in section 3.6. The deposition of droplets on a

particle is frequently modeled based on an approach by Loffler (1988). In this model the
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deposition efficiency ga is defined as the product of the impingement efficiency 7, and the

adhesion probability h,:
@, =n,h, (1-1)
2 b
d
n = eff _ Va4 (1 _2)
Pld +a
P l)VA
oy ed?
l//A _ phq rel d (1_3)
18 : nliq ’ dp

where the parameters a and b are dependent of the Reynolds number. They can be found in
appendix A4 and in Li et al. (2011). The dimensionless Stokes number W, is a function of density
Pi, and viscosity of the liquid M, as well as of the particle diameter d, and the droplet diameter

d,. The impact scenario is schematically represented in Fig. 1-7.

Figure 1-7: Droplet deposition on a particle according to Loffler (1988).

A different droplet deposition model was proposed by Dubrovsky et al. (1992) for droplet-
droplet and particle-droplet collisions in a spray drying process. They define the adhesion

probability h, as a function of the dimensionless Reynolds and Laplace numbers:

1-0044-B  for B<227
h, = (1-4)
0 for B>2277
d -0.34
B — ReO.SS' Lp;0.32 | Zp . 90.32 (1_5)
dd
d,p. o,
Lpd — dplzzq lig (1—6)
771[1]
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The Laplace number of a droplet Lp, is defined as the ratio of surface energy to viscous energy

of a droplet. An implementation of this model can be found in Blei (2005) for spray dryers.

1.3.1.2 Wetting

After impact, the droplets spread on the particle surface and penetrate into pores of the core

patticle. The wetting behaviour is determined by the contact angle 6 between the solid particle
and the liquid phase and by the spreading coefficient of the liquid phase over the solid phase

(Iveson et al., 2001). Three interfaces are present when a droplet is added to a particle, each of
them described by the interfacial energy y: the solid/liquid (y,), solid/vaour (y,) and

liquid/vapour (y,) interface. The situation is depicted in Fig. 1-8. In order to minimize the total
surface energy, an equilibrium is established between the horizontal components of the interfacial

tensions (Goodwin, 2009). This is described by the Young equation (Young, 1805):
7.sv_7/sl:7/lv.cose (1_7)

The contact angle 0 is a function of the physical properties of both the liquid and the solid

material and of the roughness and porosity of the wetted surface.

YlV

vapour

solid

Figure 1-8: Interfaces at the contact of a liquid droplet with a solid plane (based on Teipel & Mikonsaari,
2004)

The work of adhesion W, which is required to separate an interface into two separate surfaces, is

given by the Young-Dupré equation (Goodwin, 2009).
WA=7lv+ysv_7sl=71v(1+cose) (1_8)

This equation relates the work of adhesion to the contact angle. However, in practice the
thermodynamic equilibrium of the interphases might not be established due to insufficient time
and simultaneous drying processes on the particle surface. Whether or not a liquid will form a
film on the particle surface is determined by the spreading coefficient A,. It is defined as the
difference between the work of adhesion W, and the work of cohesion W, which can be

expressed as W = 2y,, for a liquid component according to Iveson et al. (2001).
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Ay =W, =We =y, I +cost)=2y, (1-9)

Looking at rate constants for the different micro processes in granulation Chua et al. (2011a)
found an approximate spreading time T, of 10° — 107 seconds for commonly used binders in

fluid bed granulation, based on Volume-of-Fluid simulations.

A competing mechanism with droplet spreading is the penetration into pores, which is driven by
the surface tension, the contact angle and the pore radius. Relations for the penetration time were
published by Denesuk (1994), Palzer (2000) and Hapgood (2002). According to Denesuk (1994)

and Schaafsma et al. (1998) the spreading time T, is often far smaller than the droplet penetration

time T,. Palzer et al. (2003) showed that even non-wetting liquids can penetrate into pores, if the

droplets are small enough.

1.3.1.3 Growth

For granule growth, two mechanisms can be distinguished: Layer wise growth or granulation is
achieved, if the solid content of the binder remains on a particle surface while the solvent
evaporates. On the other hand, wet particles may collide and stick together, which is called
growth by coalescence or agglomeration. In this case the kinetic energy of the collision must be
dissipated by viscous and capillary forces as well as plastic deformation so that the particles do
not rebound. Furthermore, a strong bond must be formed at the contact between the colliding
particles. Agglomeration is very sensitive to the presence of liquid at the particle surface.

Therefore, the coalescence rate and the liquid content are closely related.

Some theoretical models are available in the literature for predicting whether or not a collision of
wetted particles will result in rebound or coalescence. The most commonly applied approach in
the literature is the model proposed by Ennis et al. (1991). It considers the impact of two non-
deformable spheres of equal diameter which are covered by a thin liquid film of thickness hy,, as
shown in Fig. 1-9. Agelomeration is assumed, if the kinetic energy of the impact is fully dissipated
by viscous forces in the liquid film, while capillary forces in the liquid bridge are neglected. Ennis
et al. (1991) defined the viscous Stokes number St, (Eq. 1-10) as the ratio of the kinetic energy

before the impact to the viscous energy dissipation in the liquid film

St = 2E:in _ m*(vrel )2 _ m*vrel
v - *2 - %2 ~
el R vy O (1-10
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Here, D is the separation distance, v,, = 2 v, is the relative velocity of the particles at the impact,

and My, is the viscosity of the liquid film.

Figure 1-9: Schematic of two colliding particles covered by a liquid film (based on Ennis et al., 1991).

An important limitation of this model is the assumption that both particles move at equal
velocity v, before the impact. The reduced mass m* and radius R* of two particles a and be are

defined as:

. 1 1
m = —+—|, (1-11)

ma mb

. 1 1
R=| —+—| (1-12)

Ra Rb

Note that in case two particles of equal mass m and radius R collide, m* is 2 m and R* is 2 R.

Agglomeration takes place if the relative velocity of the particles reaches zero at the end of the
collision. Here, three contributions for the loss of kinetic energy are considered by Ennis et al.
(1991): Viscous dissipation in the liquid film during the approach, energy dissipation through the
contact of the core particles and viscous dissipation during the rebound phase. The coalescence
criterion is fulfilled, if the viscous Stokes number St, before the impact is smaller than the critical

Stokes number St*:

h,
St*=(l+ljln e (1-13)
e

asp
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Here, e is the constant coefficient of restitution of the core particles and h,, denotes the typical
height of surface asperities of the colliding particles. Implementations of this model can for
example be found for example in Litster & Sarwono (1996), Talu et al. (2000), Blei (2005) and
Braumann et al. (2007). Ennis” model brought significant progress to the modeling of fluid bed
agglomeration on the scale of individual particles as it was the first to consider dynamic effects
such as viscous dissipation in a liquid layer. However, the model is limited by its assumptions, e.g.
the existence of a uniform particle collision velocity, the neglect of particle rotation and the

simplification to consider the volume of the liquid bridge as infinite.

Other expressions for the viscous force on the basis of Reynold’s lubrication theory (Reynolds,
1886) were published for example by Matthewson (1988) for the impact of a sphere on a flat
surface. Pitois et al. (2001) extended the expression by Ennis et al. (1991) by a factor taking into
account the limited volume of the liquid bridge. An overview on the different viscous force

models is given in Table 1-1.

Some authors such as Seville (2000) and Darabi et al. (2009) argue that static capillary forces also
contribute to the adhesion of particles. For the dynamics situation of particle collisions, however,
they are of minor relevance, as was shown by Antonyuk et al. (2009) both theoretically and

experimentally.

Liu et al. (2000) extended the model by Ennis et al. (1991) to account also for deformable core

particles. They distinguish between 4 impact scenarios:

1. Coalescence without contact of the core particles. The kinetic energy is entirely dissipated
by viscous forces during the approach of the particles. This will be the case for very small

particles (St, is large), highly viscous binder liquids and low impact velocities.

2. Coalescence after an elastic impact of the core particles. The kinetic energy of the
collision is high enough to cause a contact of the core particles, but the relative velocity

goes down to zero during the rebound phase due to viscous forces in the liquid film.

3. Coalescence after plastic deformation of the core particles. Viscous forces in the liquid
film and plastic dissipation during the contact combine to dissipate the kinetic impact

energy.
4. Rebound. For very high impact velocities no agglomeration will occur.

Implementations of this model can for example be found in Gantt & Gatzke (2005) and Rajniak

et al. (2009). This model is particularly relevant for processes with high impact velocities, such as
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high shear mixers. It does, however, not bring any improvement regarding the viscous Stokes

theory itself.

Table 1-1: Overview of viscous force models in the literature.

Reference

Model equations

Comments

Cameron (1981);

Adams & Edmondson (1987);
Barnocky & Davis (1988);
Ennis et al. (1991);

Lian et al. (2001);

Antonyuk et al. (2009)

Pitois et al. (2001)

Matthewson (1988)

Adams & Perchard (1985)

Goldman et al. (1967);
Lian et al. (1998)

Popov (2010)
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For particle-particle impact,
D = separation distance

1 = liquid viscosity

R* = reduced radius

according to Eq. 1-12.

Viiq = liquid bridge volume

For particle-wall impact,
R = particle radius,

1y = radius of liquid bridge

For a non-Newtonian fluid
with power law index n.
b = radius of contact area

k= COHSiStCI’le constant

Motion of a sphere of
radius R parallel to a flat
surface with tangential

relative velocity v,

rel,t*
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1.3.1.4 Breakage

Breakage of agglomerates occurs due to collisions with other particles and with the walls of the
equipment and limits the final product size. Also the agglomerate strength is influenced by
breakage processes in the process, since only agglomerates that can withstand the applied
intensity of agitation in the bed survive. Extensive descriptions of breakage mechanisms are given

in Reynolds et al. (2005), Antonyuk (2006) and Salman et al. (2007).

Consolidation and breakage of wet granules was described by Tardos et al. (1997) with the help
of a dimensionless Stokes deformation number St which is defined as the ratio of the

externally applied kinetic energy to the energy required for deformation:

2
m P Vrel

Sty ==~
Ywe)

(1-14)

In Eq. 1-14 m is the particle mass, V, the particle volume and 7 is a characteristic stress in the

granule, which can be approximated by the yield strength 1, for concentrated wet granules.
(Tardos et al., 1997) measured granule deformation and break up under shear in a novel constant
shear fluidized bed granulator. Granules first elongated under shear and then broke at a Stokes

deformation number of approximately 0.2.

Attrition and breakage of dry granules or agglomerates is a very complex process due to the
inhomogeneous structure of the particles. Iveson et al. (2001) suggest that dry granules fail in
brittle or semi-brittle fashion, i.e. they fail in tension by the propagation of pre-existing cracks,
which concentrate stress. Thus, the fracture stress may be much less than the inherent tensile
strength of bonds between particles in the granule. Due to the unknown micro structure of the
particles regarding the distribution and length of cracks, which is different in each individual

particle, a general model for breakage of granules or agglomerates is not available today.

Antonyuk (2000) investigated the deformation and breakage behaviour of different types of
granules and suggests that the Discrete Element Method is a suitable tool to describe the
mechanical properties of agglomerates. Multi-body systems can be represented as spheres
connected via a network of solid bridge bonds. However, the model requires measured values of
the mechanical properties such as the contact stiffness and the tensile strength of both the

primary particles and the solid bridge bonds as input parameters.
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