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Abstract
This thesis presents initial designs for the extension of Outotec’s HSC SIM 8 simulation platform
into the field of mechanical recycling. The designs focus in the implementation of a generalized
particle description framework, which allows flexible characterization of recycling particle
populations.
The generalized particle description framework was developed on the basis of a literature review,
and observations of recycling particles in a plant environment. The literature review studied the
established particle description framework of mineral processing, as well as the particle
description frameworks utilized in the early modeling of mechanical recycling. The plant
observations were conducted at the Kuusakoski Heinola Works recycling plant. The principal
method of observation was the hand sorting of two output fractions of a shredder, which
processes end-of-life vehicles and mixed scrap. This sorting study was complemented by
freeform observations.
The generalized framework embodies the common structure of the more specific frameworks that
have been utilized in both mineral processing and mechanical recycling. Thus, it allows any of
those frameworks, or even entirely new ones, to be utilized. This flexibility makes the
development of a mechanical recycling simulation platform sensible, even though a common
particle description framework has yet to be established in the field.
The initial designs for HSC SIM describe the intended functionality of a set of three user interface
elements. The set was designed for the specification of the properties of particle populations in a
way that adheres to the new generalized structure. Such functionality sets a foundation for the
simulation of mechanical recycling, but this does not yet complete the platform. Thus, it was
recommended that the implementation of the designs be followed by three additional
development stages: implementation of modeling structures, direct implementation specific
properties to the generalized particle description framework, and initiation of the development of a
material database.
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Tiivistelmä
Tässä työssä esitetään alustava suunnitelma Outotecin HSC SIM simulaatioalustan
laajentamiseksi mekaaniseen kierrätykseen. Laajennuksen keskeisin osa on yleistetty
partikkelikuvausrakenne,
joka
mahdollistaa
kierrätyspartikkelien
joukkojen
joustavan
karakterisoinnin.
Yleistetty
partikkelikuvausrakenne
kehitettiin
perustuen
kirjallisuustutkimukseen
sekä
kierrätyspartikkelien havainnointiin tehdasympäristössä. Kirjallisuustutkimuksen aiheina olivat
mineraalien prosessoinnissa vakiintunut partikkelikuvausrakenne sekä vastaavat rakenteet
mekaanisessa kierrätyksessä. Partikkelihavainnot tehtiin Kuusakoski Heinola Works
kierrätystehtaalla. Pääasiallinen havaintomenetelmä oli autoja ja sekametallijätettä prosessoivan
murskaimen synnyttämien materiaalifraktioiden käsinlajittelu. Käsinlajittelun lisäksi tehdasta, sen
toimintaa sekä siellä esiintyviä partikkeleita tarkkailtiin vapaasti.
HSC SIMiä varten kehitetty partikkelikuvausrakenne on yleistetty mineraalien prosessoinnissa ja
mekaanisessa kierrätyksessä käytetyistä spesifimmistä rakenteista. Tästä johtuen sen käyttö
mahdollistaa näiden olemassa olevien, tai toisten täysin uusien, rakenteiden käytön. Tämä
monipuolisuus taas mahdollistaa simulaatioalustan kehityksen huolimatta siitä, ettei mekaanisen
kierrätyksen simulointiin ole vakiintunut spesifiä partikkelikuvausrakennetta.
Työssä esitelty alustava suunnitelma HSC SIMin laajentamiseksi selittää kolmen
käyttöliittymäelementin aiotun toiminnallisuuden. Elementit suunniteltiin partikkeliryhmien
ominaisuuksien määrittämiseksi uuden yleistetyn rakenteen mukaisesti. Kyseinen toiminnallisuus
luo perustan mekaanisen kierrätyksen simuloinnille, mutta ei sellaisenaan saata simulaatioalustaa
valmiiksi. Tästä johtuen, alustan jatkokehityksen seuraaviksi vaiheiksi suositellaan
prosessimallinnusrakenteiden
kehittäminen,
spesifien
ominaisuuksien
lisääminen
partikkelikuvausrakenteeseen sekä materiaalitietokannan kehityksen aloittaminen.
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1 Introduction
Mechanical processing of ores and end-of-life products encompasses the fields of mineral
processing and mechanical recycling. These industrial fields focus on the mechanical beneficiation of material resources into economically valuable concentrates and recyclates respectively. The two fields differ most notably in the input materials that they process. Mineral processing operates on mined resources for the production of virgin materials, while
mechanical recycling operates on waste resources for the production of secondary materials. In both disciplines, there is a significant interest for predicting the performance of operations through process simulation.
Process simulation of mineral processing and mechanical recycling has several common
characteristics. Firstly, the principal purpose of such simulations is typically the determination of material, and elemental, flows. Secondly, the materials of interest are typically solids. Finally, the solid materials are typically present as numerous individual entities of
mass, which are referred to as particles. Despite of these common characteristics, the simulation practices of the two fields differ markedly in their levels of advancement and sophistication.
Process simulation is widely applied in the mineral processing industry. The performance
of entire mineral processing plants can be simulated on the basis of process models. Such
simulations can be applied in, for example, viability studies, plant design, process optimization, process control, and operator training.
Process simulation of mechanical recycling is not yet sufficiently developed for extensive
industrial application. Early simulations have been developed (Van Schaik et al. 2004,
Castro et al. 2005, Van Schaik & Reuter 2007, Van Schaik & Reuter 2010, Colledani &
Tolio 2013), but their adoption has only recently begun in the recycling industry. Furthermore, no software platform exists for convenient development and utilization of mechanical recycling simulations.
The thesis was made to address this lack of a simulation platform. More specifically, the
purpose of this thesis was to formulate designs for the extension of Outotec’s HSC SIM 8
process simulation platform into the domain of mechanical recycling. Through such an
extension, HSC SIM could be utilized to facilitate the development and utilization of process simulations significantly.
In the development of a mechanical recycling simulation platform, it is necessary to consider the properties of particles. They are considered the fundamental units of mineral pro-
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cessing (King 2001), and the same can be assumed to hold true in mechanical recycling.
Unfortunately, a population of such particles cannot be described directly in current practice. One reason for this is that the number of particles in a typical population is significantly large. Another reason is that some of the properties of particles, such as shape, are
difficult to quantify in an exhaustive and exact manner. Thus, in practice, particle populations are described indirectly through particle description frameworks, which employ functional simplifications.
The most significant part of the thesis was to discover a suitable particle description
framework for the simulation of mechanical recycling. Ultimately, a generalized framework was formulated based on a literature review, and observations at the Kuusakoski
Heinola Works recycling plant. To summarize the idea of the framework, particle populations are described through a distribution to general particle classes. These classes are not
inherently defined in terms of any specific properties, and thus allow the particle population to be flexibly defined in terms of any properties, which are considered significant. In
other words, the general particle classes are a generalization of the specific particle classes,
such as “size classes”, or “grade classes”, which have been traditionally utilized in particle
description.
After a suitable particle description framework had been decided on, the actual designs
were made. As complete designs of the simulation platform could not be included in the
scope of this thesis, they focus on the specification of particle streams using the generalized framework. The designs describe the functionality of three user interface forms, which
are used to edit material properties, particle class properties, and the distribution of solid
material into the particle classes. Together, the three forms can be utilized to define the
properties of particle populations in sufficient detail for property-based simulation.
There are three thematic parts in this thesis. The first part concerns the formulation of the
generalized particle description framework. Chapters two and three concern relevant literature in the fields of mineral processing and mechanical recycling respectively. Then, chapter four explains the plant observations conducted at Kuusakoski Heinola Works. Finally,
chapter five presents the generalized framework. The second part focuses on the implementation of the new designs for HSC SIM 8. Chapter six discusses the design process,
which ultimately resulted in the designs that are presented in chapter seven. The last of the
three parts is chapter eight, which presents the final conclusions and recommendations of
this thesis.
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2 Particles in the simulation of mineral processing
2.1 Introduction
Mineral processing has been defined as the mechanical processes which prepare ore for
transportation or metallurgical processing (Napier-Munn & Wills 2006), the refinement of
mined resources without changing their chemical composition (Lukkarinen 1985) and
preparation of ores by physical methods (Kelly & Spottiswood 1982).
The essential purpose of mineral processing is to separate impurities from the ore (Agricola 1556, Napier-Munn & Wills 2006) and so produce a concentrate. In the modern times,
virtually no mineral is suitable for conversion to a final product without preparation (Kelly
& Spottiswood 1982). Concentration results in cheaper transportation, improved metallurgical efficiency and a smaller capacity requirement for subsequent metallurgical processing
(Richards & Locke 1940, Gaudin 1939, Napier-Munn & Wills 2006).
The fundamental operations of mineral processing are size-reduction and separation (Napier-Munn & Wills 2006, Lukkarinen 1985, Richards & Locke 1940). In size-reduction,
particles are broken to free the contained minerals from each other. In separation, particles
are sorted to two or more streams based on their properties, such as size, density or color.
Both size-reduction and separation are typically needed to produce a concentrate.
Mineral processing operates on particles. Their properties affect the performance of all
mineral processing operations (King 2001). In this thesis, particles are defined as solid
bodies, which can not be separated to their components without considerable breakage
work, but which can readily be separated from each other.
Through extensive modeling practice, a general particle description framework has been
established for the simulation of mineral processing systems. This framework can be used
to characterize particle populations without the need to characterize each particle in detail
individually. Such characterizations convey sufficiently detailed information for modeling,
but yet they are not impractically complex.
The general particle description framework of mineral processing can be utilized in the
creation of system simulations. System simulations are combinations of several unitprocess models, which can be used to simulate entire mineral processing systems. If the
models share a common particle description framework, they can communicate with each
other. In this communication, the output variables of a model are utilized as the input variables of another. This is analogous to physical systems, in which the output of one process
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is the feed of another. Thus, a general particle description framework, shared by most of
the mineral processing models, allows the creation of system simulations through the linking together of individual models.
Creation of simulation systems is also facilitated by a body of knowledge related to the
generation of particles. Particles are typically generated in the mineral processing context
by the blasting of the ore during mining, or by the mineral processing operations of crushing and grinding. These particle generating processes can be modeled to predict the properties of the particles, which they generate. The output of these models can then be used as
input for subsequent simulation stages.
Therefore, to support the recycling extension of HSC SIM, this chapter focuses on the features of the general particle description framework in mineral processing. Knowledge related to particle generation is briefly discussed as well. Both of these bodies of knowledge
are later considered in the formulation of a new particle description framework for mechanical recycling, which is discussed in chapter four.

2.2 The general particle description framework
2.2.1 Size, shape and composition of a particle
Size and mineralogical composition are considered the most important descriptive properties of a particle (King 2001). In many models they are the only properties used to distinguish between the individual particles or particle classes. Thus, this section focuses on
these two fundamental particle properties. Shape is discussed briefly in addition as it is
likely to be the third most important particle property and is occasionally used to complement size.
The importance of size is often stressed in mineral processing literature. Gaudin (1939)
stated that size influence the effectiveness of all mineral processing operations. Similarly
Napier-Munn and Wills (2006) mentioned that size is of great importance in determining
the quality of grinding and for attaining optimal liberation for effective separation. In addition,

Kelly and Spottiswood (1982) stressed the significance of size in achieving sufficient

liberation.
Although size may seem like a simple property, it can only be explicitly defined for particles of regular geometric shapes. The most elementary case is a sphere, the size of which
can be defined by the length of its diameter. Hence, for the sake of simplicity, the particles
in mineral processing are most commonly defined as spheres rather than some other defi-
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nite shapes, such as ellipsoids. Since particles are not regularly shaped in reality, not even
at the finer sizes (Gaudin 1939), the use of such simplification requires some careful consideration.
Particle size doesn’t typically refer to any physical property of a particle, but rather to a
response to a given size measurement (Oja 1996, Gaudin 1939, Lukkarinen 1984). Thus
the size of a particle refers to the size of an explicitly shaped conceptual particle with theoretically the same response to the measurement as the physical particle. Most typically this
conceptual particle is spherical. Thus in this thesis, and typically in the field of mineral
processing in general, what is referred to as size is actually the diameter of an equivalent
spherical particle.
Screening, elutriation and microscope sizing are examples of very common size measurements (Gaudin 1939, Napier-Munn and Wills 2006). They are based respectively on the
second largest dimension, terminal sedimentation velocity and projection measures of the
particle. Since the methods are fundamentally different, they can’t be expected to produce
similar size distributions. In fact distributions measured with different methods are not
generally directly comparable with each other. Although transformation between different
types of distributions can be done, substantial error is likely introduced in doing so due to
irregular particle shapes.
A description of particle shape can supplement particle size for a more accurate particle
description. Napier-Munn and Wills (2006) suggested that a size measurement should always be accompanied by remarks on shape, such as granular, fibrous or modular. Oja
(1996) discussed shape in detail and listed methods for describing it. In addition to verbal
description she mentioned shape comparators, shape factors, mathematical functions and
fractal analysis as methods for shape characterization. These other methods allow the
quantification of shape, which can be used to make conversions on measured size data.
However, despite being recognized as important, size has remained a rarely used property
in particle description. This is likely due to difficulty of accurately defining all but the simplest of geometrical shapes.
Mineral composition is another fundamental particle property. Although mineral processing doesn’t concern with changing the chemical composition of material as a whole,
the compositions of individual particles are affected by size-reduction processes, which
then has an effect on enriching separation processes.
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The mineral composition of a particle can be rather complex to describe. To fully describe
the composition of a particle in a system with multiple mineral species, a vector with a
dimension for each different mineral species is needed. Thus, understanding and presenting
the significance of such multidimensional composition descriptions is rather difficult. In
addition, the use of such vectors in modeling is difficult and computationally heavy. Thus
the composition is often simplified by two-component thinking.
In two-component thinking the ore is considered to be made up of two components: the
mineral of interest, which is usually the valuable mineral, and all the other minerals, which
are referred to as gangue (Kelly & Spottiswood 1982, Napier-Munn & Wills 2006). The
categorization is applied even for complex ores, which are ores containing several valuable
minerals, as the valuable minerals are normally extracted one by one (Kelly & Spottiswood
1982).
Two-component thinking allows mineral composition to be expressed as mineral grade,
which is the mass fraction of the mineral of interest in the particle. Mineral grade can also
be used also to quantify the purity of a particle population as a whole. Although grade is a
very useful simplification it is important to remember that it doesn’t take into account variation in the composition of the gangue and thus is not necessarily for use in the context of
every system.

2.2.2 Particle distributions
As particles are the fundamental units of mineral processing, their properties must be accounted for. However, describing the properties of individual particles in detail is considered impractical due to their numbers and the complex nature of some of their properties.
On the other hand, accurate models can’t be entirely based on average properties of the
particles in a population. Thus, in practice particle populations are described with statistical
distributions, which allow taking individual particles sufficiently into account without the
need to specify their properties individually. As an example of the way that information
may be conveyed by using distributions, it can be stated that half of the mass in that population is in particles, which are under a millimeter in diameter. Based on this statement, the
mass fraction of the particle population passing a one millimeter sieve can be predicted
without knowing the specific sizes of the individual particles.
Particle distributions can be of either continuous or discrete type. Both can be used to define how frequent given properties are in a particle population. The frequency can be ex-
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pressed in terms of various measures of amount. Three examples of these measures of
amount are mass, volume, surface area and number of particles.
In selection of the measure of amount for a distribution, it is important to consider the process used for measuring the distribution. For example in sieving, the size distribution is
measured by weighing the particle fractions retained on the sieves of a sieve series. Thus,
the measurement produces a size distribution, which inherently has mass as its measure of
amount. The distribution can be expressed through other measures of amount, such as
number of particles, but doing so will inevitably introduce error. Thereby, if a certain
measure of amount is required for the utilization of a distribution, the process for measuring that distribution should be selected accordingly.
As was earlier mentioned, continuous distributions are one of the two basic types of cumulative distributions. Continuous distributions portray a particle population by defining the
distribution of particles over a continuous property space. Thus, continuous distributions
can be expressed in the form of continuous mathematical functions. These functions can
typically be portrayed graphically, as they are most commonly based on a single distributing property.
Continuous distribution functions can be of either the cumulative or density type. Their
difference is explained below in the context of a distribution based on a single distributing
property.
The output value of a cumulative distribution function, with a given property value as input, is the fraction of particles, which possess either lower or higher value of the property
than was given. To prevent confusion, it should be made clear which fraction of particles
the distribution refers to. For example, a distribution could be referred to as a cumulative
oversize distribution. This would indicate that its value with any given size as input is the
fraction of particles which are larger than that given size.
A density distribution function is an alternative depiction of distribution information. A
density distribution function, with a given property value as input, is the conceptual infinitesimal fraction of particles, which possess the property at exactly the given value. Thus
the density distribution function is the derivative of the cumulative distribution function
over the distributing property.
Continuous distributions cannot be directly measured, as the distribution of particle populations is fundamentally discrete in its nature. Thus, continuous size distributions are either
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theoretically devised or formed by fitting a continuous function on discrete measurement
data.
To successfully fit a continuous function to measurement data, it is important to consider
the form of the function. For particle size, which is the most commonly utilized property in
particle description, several empirical parameterized distribution functions have been devised to facilitate fitting (King 2001). As these functions can be utilized widely in practice,
it could be said that particles created by crushing rock have, at least to an extent, a universal characteristic shape.
Perhaps the function most commonly utilized in fitting is the Rosin-Rammler cumulative
undersize mass-distribution function defined as:
( )

[ (

) ] ,

(2.1)

where P is the cumulative undersize distribution function, D is particle size, D63.2 is the
size of the largest particle in the smallest 63,2 % of particles and n is an exponent parameter for fitting (King 2001).
As continuous distributions are not directly useful for modeling unit operations in mineral
processing (King 2001), discrete distributions are often utilized instead. They can be directly measured, or alternatively formulated on the basis of continuous distributions.
Discrete particle distributions may also be referred to as particle class distributions, as the
objects of discrete distributions are particle classes. These classes can be considered property brackets, which are used to categorize the particles of a population. In the case of a
single distributing property, the classes are defined as value intervals of that single property. To effectively describe the population, these intervals must cover populated range of
the property without overlapping. In other words, every particle in the population should
belong to a single class.
If the particles populating a class are sufficiently similar, it can be assumed that they are all
represented by a conceptual average particle of that class. This assumption is very useful in
modeling, as it allows taking into account particle properties of exact nature, without a
need to consider them for each particle individually.
It is important to take the aforementioned assumption into account while defining particle
classes. To assure that the particles in any given class are similar, the property ranges used
for class specification must be sufficiently narrow. At the same time it is important that the
amount of classes is not impractically high.
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There is an established method for conveniently defining size classes, which are the classes
most commonly used in the formulation of particle distributions. Following this method
typically allows the previously mentioned requirements to be taken into account and is
likely to produce classes containing relatively similar amounts of particles. The method is
to pick a low size value and to create a geometrically progressing sequence using the
picked value as its first element. The sequence should be continued until most of the particles are smaller than the largest value of the sequence. The size classes are then formed
based on the sequence. The common ratio of the sequence is typically √

or √

(King

2001).
The discussion so far has focused on distributions based on a single distributing property.
Nevertheless, both continuous and discrete distributions can also be defined over a multi
dimensional property space as well. However, as continuous multi dimensional distributions do not seem to have wide use, they are not considered further here.
The use of two dimensional class distributions, referred to as joint distributions, was discussed by King (2001). In a joint distribution, the ranges of two distributing properties are
divided to discrete intervals separately. Combining these intervals forms joint classes.
These classes can be visualized as rectangles in the plane of the two distributing properties.
As in the case of the one dimensional distributions, these rectangles should be sufficiently
small, but they should still cover the populated area of the property plane.
Class distributions do not necessarily have to be restricted to two dimensions. At least in
theory, any amount of properties could be used to categorize particles. However, It is easy
to envision at least two significant problems to the use of multi-dimensional class distributions. Firstly, as the amount of distributing properties increases, the visual representation of
the distribution becomes more challenging. Secondly, the amount of classes necessary to
cover the property space increases exponentially at the same time. These effects are already apparent in the case of two dimensional joint distributions, and would be further
pronounced if additional dimensions were added. Perhaps due to the problems discussed
above, no examples of the use of multi-dimensional class distributions were found.

2.2.3 Liberation
Liberation refers to the interconnectedness of the mineral species of a particle population.
It is not a specific measure, but rather a general concept which has several possible quantifications. Such quantifications are significant, as liberation determines the greatest extent
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of product purity attainable by separation methods. Thus, they can be used as a measure in
the optimization of size-reduction processes.
Perhaps the simplest and most commonly used quantification of liberation is the degree of
liberation. It can be defined for a select mineral phase as the fraction of the selected phase,
which exists in particles containing only that phase (Gaudin 1939, Napier-Munn & Wills
2006). The degree of liberation can be used to evaluate the size reduction of a particle population on average. However, this does not allow size to be considered. Such considerations would be useful, as particle size is connected to liberation and is the actual property
affected by size reduction operations.
To take size into account, a more detailed quantification of liberation can be made by utilizing the degree of liberation together with size classes. If the particle population is distributed to size classes, a degree of liberation can be determined for each size class individually. This type of liberation data can be useful, for example, when considering the target grind size in the context of an entire mineral processing plant.
Liberation can also be quantified in terms of mineral composition. In the case of an individual particle, the mineral composition of the particle describes the amounts of mineral
species contained in it, and so defines their connectedness. In the case of a particle population however, the connectedness of mineral species may not necessarily be similarly expressed in terms of the average composition of the population. This is because an average
composition may not sufficiently represent the individual particles of a population.
An average composition of particles in a population can only represent the individual particles if they are sufficiently similar in their composition. For example, consider two fully
liberated particles composed of minerals A and B, which have the same mass. On average
the particles are composed of 50 % A and 50 % B. Yet, neither individual particle has such
a composition. If the particles were more similar, they would also be better represented by
their average composition. To make an example, the compositions of two identical particles are both perfectly represented by their average.
Irrespective of what was considered above, the liberation of a population of dissimilar particles can be quantified in terms of composition. This type of quantification can be created
by utilizing particle distributions. Two examples of such quantification are discussed in the
following paragraphs.
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Peter King formulated a quantification of liberation through defining a suitable grade distribution function. He demonstrated it could be accomplished by fitting a mathematical
beta distribution function to the four parameters of:


The average grade of a mineral of interest



The standard deviation of the grade



The mass fraction of the liberated particles composed of the mineral



The mass fraction of the liberated particles composed of gangue.

One example of the grade distribution functions developed by King can be seen in figure
2.1. (King 2001)

Figure 2.1. A grade based particle distribution function (King 2001).

A detailed quantification of liberation can be made in the form of a joint size-grade class
distribution. One example of such a class distribution can be seen in figure 2.2. The distribution seen in figure 2.2 contains a great amount of information such as the total amount of
liberated particles, the degree of liberation of each size class and the total fractions of the
various grade classes.
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Figure 2.2. An example of a joint size-grade class distribution. (King 2001)

2.3 Particle generation considerations
2.3.1 Properties of ores
Ores are the principal inputs of mineral processing systems. They are defined as large bodies of rock, which contain minerals that can be profitably extracted. Properties of ores are
important to consider in modeling the particle generation in size-reduction processes.
The study of properties of ores is known as mineralogy. Mineralogy encompasses not only
the nature and abundance of the minerals present, but also the texture of the ore, which
refers to the size, dissemination, association and shape of the minerals within the ore (Napier-Munn & Wills 2006).
Concerning particle generation, the most interesting aspect of the nature of a mineral is its
behavior under various stresses. Two very commonly used properties for the quantification
of this behavior are hardness and brittleness. Both of these properties may vary for different minerals, but it can be stated that minerals are generally hard (King 2001) and brittle
(King 2001, Napier-Munn & Wills 2006).
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Describing the mineralogical texture of an ore is difficult as the geometries formed through
natural geological processes are seemingly chaotic. Thus, the texture is typically characterized in terms of statistical properties. The characterization of the mineralogical texture is
further discussed in section 2.3.3.

2.3.2 Breakage
Particles in mineral processing are primarily fractured by compressive impact stress, and
secondarily by high shearing stresses. These stresses cause breakage by different mechanisms. The breakage mechanisms employed by impact stresses are cleavage and shattering,
while those employed by shearing are attrition and wear. (King 2001)
King (2001) stated that the fracture network that breaks rocks to smaller particles shows
virtually no correlation with the mineralogical texture of the ore. Thus, he assumed that the
breakage is non-preferential, or in other words, random. This assumption was initially
made by Gaudin (1939) in the first attempt to model liberation. The assumption is still
commonly utilized.
Although preferential breakage is a common assumption, the existence of non-preferential
breakage is clearly recognized. King (2001) described six phenomena demonstrating it.
The phenomena and their causes are listed in table 2.1. According to King, only the first
three phenomena had been modeled successfully.
Table 2.1. Non-random fracture phenomena and their causes (King 2001).

Fracture phenomenon
Selective breakage
Differential breakage
Phase-boundary fracture
Liberation by detachment
Boundary-region fracture

Cause
Un-even brittleness of mineral phases
Composition dependent particle size-distribution
Fragile phase boundaries
Mineral grains loosely bound to the matrix
High stresses in the boundary region

2.3.3 Prediction of liberation
Several models have been devised to predict the liberation of ores in size reduction processes. As these processes operate on the size of particles, the models typically attempt to
predict the liberation behavior as a function of particle size. Such models can be utilized in
the optimization of size reduction processes in the context of a complete mineral processing plant. Some of the models are discussed below.
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Perhaps the most elementary way to predict liberation behavior of ores is by utilizing the
concept of liberation size. The concept is based on the observation that liberation mostly
occurs over a rather narrow size range. The top-end of this size range can be defined as
liberation size. (King 2001)
The first of the actual liberation models was formulated by Gaudin. He considered two
mechanisms for liberation. These were liberation by size-reduction and liberation by detachment of mineral grains. Gaudin focused on liberation by size-reduction, as he had concluded that liberation by detachment is no more than partly realized in practice. (Gaudin
1939)
Gaudin’s model for liberation by size reduction estimates a degree of liberation based on
the abundance of the mineral of interest and the size ratio of the mineral grains in both the
uncrushed ore and the particles produced in size reduction. For the formulation of the
model, the ore was assumed to be a binary aggregate of systematically arranged cubes. It
was then assumed that the ore would be crushed to cubical particles of a single size.
(Gaudin 1939)
Later, King developed a more detailed liberation model, which was based on images of
polished cross sections of ore samples. In the model, ore samples are quantified by using a
linear intercept image analysis method. In this method, line sections are masked from the
images to act as sample particles. These lines are created in such a way that they form a
preferred size-distribution. A linear grade can then be determined for each line sample as
the length fraction of the mineral of interest. For each sample, a linear grade can then be
determined by the ratio of lengths of the minerals in the sample. This linear grade can then
be used to estimate the actual volumetric grade of the ore through a stereological transformation. (King 2001)
To improve upon King’s method, a planar intercept method for the characterization of ore
samples was introduced by Gay. The planar method is similar to the linear intercept method, but in it the images of the ore are sampled by masking spherical areas instead of lines.
These areas then represent sample particles. For them, a surface grade can be determined.
Gay found that surface grades can be utilized to estimate the volumetric grade of the ore
more accurately than linear grades. (Gay 1999)
The problem with the methods of Gaudin, King and Gay presented above is the reliance to
the assumption of non-preferential breakage. As was mentioned in the last section, this
assumption is not always sufficiently accurate. New approaches by Gay have taken prefer-
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ential breakage into account however, and could be the first steps in overcoming this problem. These approaches are discussed below.
In the year 2004, Gay introduced a liberation model, which was based on probability theory. In the model, several phases could be defined, which was an improvement over the previously used two phase models. Another improvement was that non-preferential breakage
could be taken into account. To achieve this, a kernel based modeling approach was utilized. In the model, a kernel matrix contains the probabilities for each type of a parent particle to break into each of the types of progeny particles. Such a kernel can first be defined
by using a test feed, and then utilized to estimate the changes breakage behavior if the class
distribution of the feed changes. To define the kernel, it was suggested that a maximization
of probability entropy technique be utilized to determine a unique, most probable, kernel
that would explain the measured data within the limits of physical constraints. (Gay 2004a)
In the same year, Gay also discussed the estimation of particle mineral composition distribution based on the ore texture as a whole. He addressed three challenges in the creation of
such estimations. These challenges were to estimate the particle sections resulting from
random breakage, to apply a stereological correction and to take into account the effects of
non random breakage. For the first challenge, Gay referred to his earlier paper, which was
discussed above. For the second challenge, a new stereological correction method, which
utilizes both linear and planar intercepts, was suggested. For the third challenge, it was
discussed how preferential breakage could be taken into account through additional test
work. (Gay 2004b)

2.4 Summary
In mineral processing, particle populations are described with distribution functions, which
define the frequencies of the different kinds of particles. Normally these distributions are
based on size and mineralogical composition, which are the two most important descriptive
properties of a particle.
Continuous particle distributions can be defined, but discrete distributions, which are referred to as class distributions, are more commonly utilized in practice. In class distributions, particles are categorized to classes, which are represented by conceptual average
particles. These classes are typically defined in terms of the single property of size, or the
two properties of size and mineralogical composition. However, particle classes could well
be defined in terms of any set of particle properties.
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The particles in mineral processing are generated in ore breakage. Ores are composed of
naturally formed minerals, which are almost universally hard and brittle. Thus, it has been
possible to assume that ores break along a randomized fracture grid. This assumption has
been the basis for most of the traditional liberation models.
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3 Process modeling in mechanical recycling
3.1 Introduction
This chapter discusses process models in the field of mechanical recycling. The discussion
is divided into three sections. First, section 3.2 overviews the models of interest found in a
literature review. Second, section 3.3 discusses an attempt to use the models of section 3.2
in HSC SIM. Finally, to conclude, section 3.4 discusses the similarities and differences of
the models presented in section 3.2.
No books, and only a limited number of articles, were found in the review. It would seem
that little research has been conducted on process modeling in mechanical recycling. This
was confirmed by Professor M.A. Reuter, who was an instructor in this thesis project, in a
discussion on September 19, 2013.
The models of interest are discussed in a chronological order. The focus of the discussion
is on the particle and product description frameworks utilized, and in the unit models of
particle generating size-reduction processes.

3.2 M odels overview
3.2.1 Model A
In the earliest article of interest, Van Schaik et al. (2004) studied the influence of particle
size reduction and liberation on the recycling rate of end-of-life vehicles (ELV). The article
discussed a model, which was created based on techniques utilized in traditional mineral
processing. This model is referred to as ‘the model’ in this section and as ‘Model A’ in the
other sections of this thesis.
Material streams in the model were considered as particles, which were categorized to predefined particle classes. The classes were formed as combinations of three subclasses,
which distinguish particles based on their size, primary material, and level of liberation.
Five size classes, five mineral classes, and five liberation classes were specified in the
model, which resulted in a total of 125 particle classes.
The five size classes utilized in the model were not quantitatively defined in the article. It
is assumed that they acted simply as labels for distinguishing the particles of different sizes. Such labels can be considered in the specification of the distributions of other properties in the main class. For example, particles of the largest class can be considered less liberated than the particles of the second largest class.
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The five mineral classes indicated the primary material in the particle. The five primary
materials were defined as wrought aluminum, cast aluminum, copper, ferrous, and rest.
These materials referred not to elements, but to typical alloys utilized in ELVs. A composition defined in terms of such materials can be readily converted to an elemental composition, if the elemental composition of the materials is specified. The classes were assumedly
named as mineral classes, instead of material classes, to make an analogy to mineral processing.
The five liberation classes were qualitative in nature, as was the case with size classes.
However, these classes were utilized together with the primary material classes to define a
quantitative composition for the overall particle classes. This was done by manually specifying a composition for each combination of material class and liberation class. As an example, particles with the material class of wrought aluminum and the first liberation class
(least liberated), were specified to be composed of 50 % wrought aluminum, 20 % cast
aluminum, 20 % ferrous, 5 % copper, and 5 % of other materials.
Shredding was modeled in two stages. The first stage utilized a transformation matrix to
determine a size distribution for the output, directly based on the size distribution of the
input. This is to say, that it was assumed that the particles in the different material and liberation classes would be similarly reduced in size by shredding. The second stage transformed the liberation-size distribution so that the total composition of the material stream
would not change during shredding. It was intended that this two-stage shredder model be
parameterized through mass balancing.
In addition to shredding, the model included several stages of separation. They were modeled by utilizing recovery matrices, which contained separate recovery estimates for particle classes. In other words, the feed streams of each particle type were separated to two
product streams according to split-factors, which were estimated individually for each particle type.
The paper by Van Schaik et al. also discussed the modeling of mixers and metallurgical
processing, but these considerations are not discussed further here.

3.2.2 Model B
The mineral processing based approach of Model A, was expanded upon by Castro et al.
(2005). Their new model placed a greater emphasis on the effects of product design on
material liberation. The model was designed for ELV recycling, but the modeling of other
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input products was taken into consideration as well. This model is referred to as ‘the model’ in this section and as ‘Model B’ in the other sections of this thesis.
As in Model A, material flows were described as a distribution of mass to particle classes,
which were formed by combining several subclasses. In contrast to Model A, the liberated
and un-liberated particles were defined in terms of different classes. Liberated particles
were defined in terms of a size class, and a mineral class. Un-liberated particles were defined in terms of a size class, a liberation class, and a composition ratio class. Five size
classes, five liberated material classes, ten liberation classes, and ten composition ratio
classes were utilized. This brought the total amount of particle classes to 525. Overall the
particle class specifications can be considered rather similar to Model A, and thus they are
not discussed in more detail here.
In addition to defining the particles in terms of different classes, the model also defined a
common geometry for all of the particles. This was done to simplify the complexity of the
physical system, in which particles may possess a variety of shapes. A circular disc geometry was chosen to act as an average between extreme shapes.
A key focus of the model was on the shredding of ELVs. As ELVs are too complex to be
described as particles in the framework utilized in this model, a special description was
conceived for them. In this description, the ELVs are defined in terms of a material composition, and joints, which are further discussed below.
In the model, joints are forms of material connection, which behave in different ways during shredding. Each joint is specified in terms of the materials it connects together, a type
class, and a size. Of these specifications, the type class is especially interesting.
Three possible type classes, labeled P, L and S, were specified for joints. The P class refers
to point connections, which have a specific size. For example, such connection type can be
assigned to rivet or bolt connections. The L class refers to line joints, in which two materials are joined together along a continuous line. Some examples of such joints are welded
and glued connections. Finally, the S class refers to surface joints, in which two materials
are connected over a wide surface. An example of such a connection is the adhesion of
paint to the painted surface.
The shredding of the ELVs was modeled based on three working hypotheses. The first
hypothesis was that the probability of a fracture is lower in a joint than in the rest of the
material. The second hypothesis was that joint destruction is complete only if the size of
the particle formed in shredding is smaller than the joint size. The final hypothesis was that
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materials joined by chemical joints cannot be liberated by shredding. The first two hypotheses were based on observations from a shredding experiment, while the third was an assumption, which had yet to be tested. In addition to these three working hypotheses, another important assumption was, that each particle could only host a single joint.
Two types of matrices were central in the shredder model. The first type was utilized to
determine a size distribution for the particles created in shredding. As a simplification,
only one size distribution was defined for all the liberated particles, and another for all the
un-liberated particles. It was asserted that in reality, each joint class and each material
combination should have distinct size distributions. The second matrix type was utilized to
determine the probabilities of survival for the joints in particles in the different size classes.
As a simplification, only one survival matrix was defined for each joint type. It was stated
that in reality, the survival of joints is likely to depend also on their size and the materials
present in them.
Two liberation mechanisms were considered in the shredder model. The first mechanism
was the liberation of material from joint bearing particles due to the particle being comminuted. This first mechanism was not considered for particles with a surface connection.
The second mechanism was the liberation of material through the destruction of joints.
This second mechanism was considered only for particles with a surface connection.
The shredder model and the framework for particle description were created with the goal
of studying the effects of product design on material liberation during shredding. By utilizing the model, several product design guidelines were derived. However, neither these
guidelines, nor the simulations that they were based on, are further discussed here.

3.2.3 Model C
A systems model was utilized by Reuter et al. (2006) to evaluate the limits of ELV recycling. This model is referred to as ‘the model’ in this section and as ‘Model C’ in the other
sections of this thesis.
The model was similar to Model A in its particle description framework and in the modeling of shredding. One difference was, that compared to Model A, an expanded number of
materials was defined. These materials are listed in table 3.1.
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Table 3.1. Minerals or materials defined to comprise an ELV (Reuter et al. 2006).

Aluminium (cast)
Glass
Plastics (PP)
Steel

Mineral names
Aluminium (wrought)
Magnesium
Plastics (PVC)
Zinc

Copper
Organic non-plastic
Rubber
Rest

The focus of the model was on systems analysis, and thus it did not add further depth to the
modeling of shredding and particle streams, than what had been established in Model A
and Model B.

3.2.4 Model D
A model was developed by Van Schaik and Reuter (2007) to describe the size reduction
behavior in ELV recycling based on product design by utilizing fuzzy rules modeling. The
heuristic rules for the model were developed based on extensive sampling and data gathering. This model is referred to as ‘the model’ in this section and as ‘Model D’ in the other
sections of this thesis.
The particle description framework of the model was largely similar to the one utilized in
Models A and C. As in these previous models, the particles were defined in terms of a liberation class, a primary mineral, and a size class. Five qualitative size classes were specified as in Models A and C. The mineral classes were the same as in model C. However, the
liberation classes were slightly expanded from the previous models. This was achieved by
defining several liberation classes, with the same grade of the main mineral.
A key point of interest in the model was its fuzzy rule based approach. Fuzzy rule models
can be utilized to assign type classes to information objects, based on a given group of
their properties. The idea is that each object needs to be assigned a type class. Thus, the
objects do not have to fit type class specifications perfectly to be included. Instead, each
object is assigned the type class that best describes it.
In the model, fuzzy rules were utilized to assign three type classes for ELV inputs. These
were input type, liberation behavior type, and composition distribution type. The type classes were assigned based on the quantitative properties that initially defined the ELVs. The
input type was assigned based on the fractions of material components in the ELV. The
liberation behavior type was assigned based on the numbers of the different types of joints
in the ELV. Lastly, the composition distribution type was assigned based on numbers of
different material combination types in the ELV.
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The type classes assigned by the fuzzy models were utilized to reduce the complexity of
the ELV design to a limited number of representative cases. The intent was that each of
cases, or more specifically type class combination, be linked to a corresponding liberation
distribution matrix and a corresponding composition distribution matrix.
The composition distribution matrix and liberation distribution matrix can together define
the quality of a particle population in two stages. In the first stage, the composition distribution matrix determines the composition of the different liberation classes. In the second
stage, the liberation distribution matrix determines the distribution of material to the different combinations of size and liberation classes. Thus, these two matrices that are the direct
outputs of the shredder model can be directly utilized as the input of a separation system
model, such as the one utilized by Reuter et al. (2006).

3.2.5 Model E
A model by Van Schaik and Reuter (2010) extended the mineral processing based approach, which was introduced in Models A-D, to the new input product type of electronic
waste (E-waste). A key challenge was to describe the wide variety of possible waste products. This model is referred to as ‘the model’ in this section and as ‘Model E’ in the other
sections of this thesis.
In the model, products are defined in terms of material clusters. These clusters represent
groups of materials, which are commonly found connected to each other the products of
interest. They may be defined, for example, through observing the parts or components of
a product. For example, a printed circuit board (PCB) can be considered a material cluster.
Such clusters are specified in the model as material compositions with unique name labels.
The complete product (or the group of products used as input), is defined by specifying the
distribution of its mass to the material clusters.
In the model, particles are only defined in terms of connection classes. This is to say, that
the size of the particles is not taken into account in any way. Even so, the connection classes can be utilized to model shredding and to calculate a level of liberation for the particles.
Like the material clusters, the connection classes represent material compositions. However, a key difference is that the connection classes are linked to corresponding material clusters. This link is specified to ensure, that in the shredding of a material cluster, the particles
created are ones that can actually be formed in the breakage of the initial cluster.
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As changes in size are not considered in shredding, the only purpose of the shredder model
is to determine the liberation behavior during shredding. This is achieved through distributing the input material into predefined classes of output particles. This is done by utilizing
two tables. The first table determines, for each material cluster in a product, the distribution of its mass to the particle connection classes linked to it. The second table then determines the ratio of the materials in the particle connection classes, which becomes completely liberated.
In the model, both the product and its shredding behavior were specified according to the
authors’ estimations.

3.2.6 Model F
The most recent model of interest was presented by Colledani and Tolio (2013). The goal
of the model was to combine process and system level modeling. In the model, system
level considerations of such factors as mass flows, costs, processing times and material
storing are combined with detailed process modeling. This model is referred to as ‘the
model’ in this section and as ‘Model F’ in the other sections of this thesis.
The particle description framework in the model utilized particle classes, which were created as combinations of subclasses of three different types. Each subclass was linked to a
specific particle property. Firstly, liberation classes were linked to predefined material
composition vectors. Secondly, size classes were linked to size intervals, in which the size
of a particle was defined as the largest sphere that can be included in it. Lastly, shape classes were linked to three basic shapes: granular, flat and rod-shaped.
Two unit models used in simulations were discussed in detail in the paper: a size-reduction
model and an eddy current separator (ECS) model.
The size-reduction process was defined by three parameters: chamber volume, size of grate
holes and rotor speed. A population balance approach was taken. Thus, the model was
based on the population balance equation:
( )

( )

( )

()

,

(3.1)

where the vectors M contain the masses of material in each of the particle classes, T is a
transition matrix which describes the rate of change in masses of the particle classes due to
size-reduction and D is a discharge vector determining the discharge rate of the mass for
each particle class.
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It was claimed that the parameters T and D were obtained from two separate experiments.
First, the transition matrix T was obtained by shredding wire wound SMD power inductors
at the ITIA-CNR de-manufacturing laboratory. The discharge vector D was then obtained
by sampling the mill output in the re-shredding of the size fractions produced in the first
experiment.
The effect of size reduction on either particle liberation or particle size was not discussed.
In fact, based on the transformation matrix presented, it would appear that the particles
were only described in terms of size in the model.

3.3 Simulation in HSC SIM 7
In addition to being involved with the development of models A to E, professor M.A. Reuter has created simulations based on those models with Outotec’s HSC SIM 7 simulation
platform. These simulations were presented to the author on April 10, 2014. They are also
briefly mentioned in the recent United Nations Environmental Programme (UNEP) report
on metal recycling (Reuter 2013).
Implementing the recycling models on HSC SIM 7 was possible, but according to Reuter it
was inconvenient. This was due to the platform’s strict particle description structure, in
which particle classes are foremost defined in terms of size. Thus, material clusters had to
be implemented as size classes, and the definition of particle size had to be omitted. In addition, many redundant particle classes, which were not attributed any mass in the actual
simulations, had to be created in the process.
It was also noted by Reuter that the structure of HSC SIM 7 would not be suitable for the
modeling of unit processes, in which the behavior of particles is largely based on properties, which are independent of size. Some examples of such processes in mechanical recycling include eddy current separation, magnetic separation, and optical sorting. Such processes can only be modeled adequately if the particle classes utilized in simulation can be
assigned corresponding properties of interest.

3.4 Conclusions
The particle description frameworks utilized in Models A to F were all similar in their
basic structure, but differed in specifics. At a basic level, in all of the frameworks, particle
populations were described as particle class distributions. Furthermore, in all of the frameworks, the particle classes were formed systematically as combinations of predefined sub-
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classes. The frameworks differ only in their configurations of these subclasses. These configurations can be seen in table 3.2.
Table 3.2. Subclass configurations for the models of section 3.2.

Model
Model A
Model B (1)
Model B (2)
Model C
Model D
Model E
Model F

A

Particle sub classes
B
C
Primary material Level of liberation
Material
Material group Composition ratio
Primary material Level of liberation
Primary material Level of liberation

Size
Size
Size
Size
Size
Connection
Size
Composition

Shape

The actual subclasses vary between the models. In Models A to D, the subclasses are utilized to describe the size and composition of the particles. In Model F, particle shape is
also described. In Model E, only the composition is described.
The composition of particles is also described in several ways in the models. Models A, C
and D describe composition in two terms. Firstly, the primary material in a particle is defined. Secondly, a level of liberation is defined for the particle. The combinations of these
two properties then link to predefined composition vectors. In Model F, the composition is
directly defined in terms of composition vectors. This may seem simpler, but makes it difficult to consider the level of liberation as an independent property. In Model B, particle
composition is simplified by taking into account only the unary and binary particles. Thus,
instead of defining the primary material in a particle, each material, as well as each material pair, is defined as a material group. Then, for binary particles, a composition ratio defines the ratio of the two materials in the particle. Thus, the approach of Model B allowed a
detailed description of binary particles. In Model E, the composition was defined in terms
of a single connection class.

However, the connection classes were structured in such a

way, that each linked to a material cluster in the parent product. Thus, the connection classes were defined as potential composition outcomes of the breakage of a given material
cluster in a product.
As there are differences in the particle description frameworks, and none of them has clearly been proved superior, it can be concluded that a definitive particle description framework has yet to be established in mechanical recycling. In addition, as it is difficult to assess the descriptiveness and practical applicability of these particle description frame-
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works, it is possible that none of the frameworks can adequately describe recycling particles.
As compared to the modeling of particle streams, the modeling of products and their behaviors in size reduction processes seemed to still be at an early stage. Products, which are
complex entities in reality, were described in the models in rather simplistic terms. Size
reduction behavior, on the other hand, was estimated heuristically, and the results obtained
were not extensively validated. In addition, it was stated in many of the articles that much
of the necessary test work for the modeling of size reduction has yet to be done.
Ultimately, the models A to E could not be satisfactorily implemented in HSC SIM 7. This
was the main motivation for funding this thesis. The scope of the thesis was later restricted
to the necessary structures for specifying the properties of particle populations in HSC SIM
8. Implementing such functionality can be considered a required initial step for the complete extension of the platform.
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4 Plant observations at Kuusakoski Heinola Works
4.1 Introduction
As was found in Chapter three, current literature does not seem to present an established
particle description framework that could be directly utilized in the design of the recycling
extension of HSC SIM 8. Thus, particles were observed at a recycling plant to support the
design of a suitable framework. These observations are the topic of this chapter.
The observations were conducted at the Kuusakoski Heinola Works (KHW) recycling
plant during the five-day period from 16 to 20 December, 2013. The initial plan was simply to photograph particles, which are produced in the shredding of mixed scrap. However,
during the visit, opportunities arose for conducting a hand sorting study, discussing with
plant personnel, and for observing the plant more widely. Thus, the particles were ultimately studied in more detail than initially planned. Furthermore, the plant process was also
studied briefly to form a context for the particle observations.
The main discussion of this chapter is divided to five sections. Firstly, section 4.2 discusses
the process of shredding ELVs and mixed scrap, as well as related plant practices. Secondly, section 4.3 discusses the process of aluminum enrichment and re-melting. Thirdly, section 4.4 discusses the plant practice for sampling and analysis of particle streams. Then,
section 4.5 details a sorting study on particles produced in the shredding of ELVs and
mixed scrap. Finally, section 4.6 concludes what was observed.

4.2 Shredding of ELVs and mixed scrap
At KHW, ELVs and mixed scrap are shredded together in a hammer mill. The mill processes roughly 14 000 tons of such waste annually.
Some of the operational parameters of the mill were attained during the observations. The
anvil of the mill was set at a distance of 75 mm from the reach of the hammers. The discharge sieves near feed entry were 126 mm in size, while the ones at the back were 151
mm in size. The arrangement of the sieves was utilized to prevent medium size particles
from passing through the mill without being hit by the hammers of the mill. Unfortunately,
both the feed rate of the mill and the rotational speed of the hammers remain unknown.
The shredder is immediately followed by a circuit for separating the output material to
product and waste fractions. The principal product of the shredding operation is considered
to be ferrous scrap, but non ferrous residue (NFR) has substantial value as well. The se-
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quence of processes utilized in the separation of the materials can be seen in figure 4.1.
This separation system is further discussed in the following paragraphs.

Figure 4.1. A simplified flow sheet of the immediate separations performed for shredder output.

In milling, dust is removed from the main fraction by air suctioning. The air then undergoes washing, and the washed-off slurry is finally deposited to a landfill. The main fraction
is then separated to light and heavy fractions in a windshifter.
Although the shredder light fraction is mainly waste, it undergoes three stages of further
separations. In the first stage, ferrous scrap is removed with a belt magnet, and subsequently sold as a product. In the second stage, a stronger magnet is utilized to remove magnetic
fluff, which is then land filled. Finally, an aluminum rich fraction is removed from the light
fluff with an ECS. The removed fraction then continues to a line of further processing,
while the remaining light fluff fraction can is sold to incineration plants.
The heavy fraction is rich in steel and aluminum, which are recovered through an initial
separation followed by two parallel separation stages. In the initial separation, a magnetic
fraction is separated from the rest with a belt magnet. The magnetic fraction then undergoes hand sorting for the removal of copper and wastes. The non-magnetic fraction passes
a secondary belt magnet, which further purifies it from magnetic materials. What remains
is NFR, which continues to a line of further processing for the recovery of various valuable
metals.
The fractions discussed above vary considerably in their compositions. This variation originates from the inconsistency in the feed materials, but is likely to be affected by the randomness of the shredding process as well.
Therefore, the characterization of feed materials is necessary to control the compositions of
the fractions produced, as there are strict composition requirements for both products and
wastes. This control can be achieved by blending different feed materials, or the products
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from the shredding of these feeds, at appropriate ratios. However, this can only be accomplished if the feed materials are characterized in a useful manner.
The preferred approach for feed characterization would be sample analysis. However, it is
impractical due to the large variety in the products, and the small number of products that
can typically be found in a waste body. Thus, a representative sample would have to include a large portion of the entire waste body.
On site, the actual practice for feed material characterization is simply to roughly estimate
the type of the feed in the bases of six predefined classes. The first class includes only the
ELVs, for which a known average composition is assumed. The five remaining classes,
which can be seen in table 4.1, concern mixed scrap. These classes are based on visually
evaluated contents of color metals and waste, which refers here to non-metals. This type of
an evaluation is largely based on the intuition and knowledge of the appraiser.
Table 4.1. Classes of mixed metal scrap at KHW.

Class number
1
2
3
4
5

Evaluated contents
Color metals
Waste
<5%
<10%
<5%
10-20 %
<5%
20-30%
<5%
>30%
>5%
undefined

4.3 Aluminum enrichment and re-melting
KHW has a process for the enrichment and re-melting of aluminum. The process is fed
with various aluminum rich material fractions, such as the NFR fractions of the mixed
scrap shredder, and various purchased aluminum rich material fractions. This process produced roughly 21 thousand tons of aluminum in the year 2014. However, the total capacity
is much larger. This is made aparent by the historical record production of 42 thousand
tons, which was achieved at the time of the fall of the Soviet Union, when the availability
of feed material was high.
The aluminum produced at KHW is principally sold to the steel industry to be utilized as a
de-oxidation agent. The rest of the aluminum is sold as different alloys of cast aluminum,
such as AlSi10Mg, which contains 9 - 11% Si and 0.25 - 0.45% Mg as alloying elements.
These cast alloys are most commonly sold to the car industry. Wrought alloys have never
been produced on site, which is likely due to their low tolerance for impurities.
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Some aluminum sources, such as industrial cuts of a specific aluminum alloy, have high
purity as purchased and can be fed into an aluminum furnace as they are. More commonly,
as is the case with the NFR fraction produced in shredding of ELVs and mixed scrap, the
aluminum source has to be mechanically enriched to produce a suitable fraction for melting. The main line in the aluminum enrichment process consists of a washing circuit followed by a sink-float separation circuit.
The washing circuit prepares the feed for further separations. It is used to remove particles,
which are either magnetic or too large. In addition dirt and other fines are removed by
washing over sieves. Four aluminum rich fractions of different sizes are produced in the
circuit, three largest of which are fed to the sink-float circuit. The remaining large and
magnetic fractions are both re-shred, except for the smallest magnetic particles which are
land filled. Before re-shredding, large non-magnetic particles are also hand-sorted mainly
for the removal of rubber.
As an interesting note of the washing circuit, the circuit’s operational manager Kyösti Kontio mentioned that the large and heavy fraction predominantly contains particles of the bent
plate type. This is likely due to the fact that wrought plates are not easily shredded to pieces, but tend to deform to lumps instead. Based on a superficial visual examination, it
seemed that large pieces of rubber and thick metal structures were also common amongst
the heavy and large particles.
The actual aluminum enrichment takes place in the sink-float circuit, which centers around
two subsequent drum-type dense media separators (DMS). The DMSs utilize dense fluids
to separate particles to sinking and floating fractions. The fluid of the first DMS is a magnetite suspension, while the second utilizes a ferrosilicon suspension. The specific gravities
of the fluids in the DMSs are maintained at 2 and 3 respectively. Rubbers, plastics and other light materials float in the first DMS and are transferred to another line of processing.
The sinking material continues to the second DMS where heavy metals sink again and are
either sold or processed further elsewhere on site. The floating fraction of the second DMS
consists mainly of aluminum, but includes also non-metals, such as rocks. The metals of
the floating fraction are recovered with an eddy current separator, dried, and ultimately
passed through a belt-magnet to create a feed for the aluminum re-melting operations.
It was observed that certain types of particles behave in special ways in the sink-float circuit. Firstly, it seems that very elongated particles tend to stick to sieves. This hinders sieve
performance and requires the operators to cut the blocking particles with an angle grinder
periodically. Secondly, many aluminum cans and pieces of bent plate were picked up by
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the final belt magnet, although the particles didn’t seem to include magnetic materials.
This effect is likely caused by the magnetite and ferrosilicon fluids, which are trapped inside the cans and the folds of the plates in the DMS stages. Thirdly, although this was not
directly observed, the plant staff explained that fibrous particles tend to absorb the dense
media, which results in additional costs.
The product of the sink-float circuit, which is used as feed for the aluminum re-melting,
was studied briefly. Most of the material was identified as aluminum, although some
locked particles could be found. As an interesting note, the aluminum particles of different
colors and shades seemed to be markedly different overall. This observation led to the
question of whether or not the alloying of aluminum particles is entirely independent of
their color and shape.

4.4 Particle sampling and analysis
Although the composition of aluminum produced in melting can be adjusted with various
additives, the key for reaching target compositions is to use sufficiently pure aluminum
sources mixed together in a suitable ratio. Thus the compositions of the materials fed to the
re-melting furnace must be known. This is be achieved by sampling and analysis of the
material stockpiles, which are to be melted.
To assure a representative sample, sampling methods are regulated in the plants. According
to the regulations, the samples should be taken by coning and quartering an entire stockpile
until the recommended sample size of 50 kilograms is reached. This sample size has been
found sufficiently representative for controlling the composition of the aluminum products.
On site, three methods are utilized for the analysis of particle fractions. First, fractions
which are known to be composed of a single metal, such as industrial cuttings or bulks of
structural parts, are be analyzed directly with handheld scrap metal analyzers which are
commonly based on X-ray Fluorescence (XRF). Second, sufficiently aluminum rich fractions are analyzed by taking a sample, making a test re-melt, and analyzing the composition of the metal produced. The yield is also calculated in this test to evaluate the yield in
the actual re-melting. Third, a combination of hand sorting and sieving is used for the fractions with mixed contents.
Analysis by hand sorting and sieving is the only method mentioned, which studies the
sample on the particle level. In practice, the sorting is typically based on particle composition, but it could as well be based on size, or any other feature, which is distinguishable to
a hand sorter.
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The standard procedure for sieving and hand sorting is explained in the following paragraphs. The procedure is occasionally complemented with additional steps such as sieving
or drying and related additional weighing. The fractions that the sample is sorted to may
differ depending on the contents of the particle stream. The procedure, as described here, is
the one that is most commonly utilized on site, and is especially common for sorting NFR
and the fractions produced from it.
The analysis of a sample begins by weighing. The sample is then sorted in portions that fit
the workbench. Table 4.2 lists the typical fractions that the sample is sorted into. All of the
fractions are weighed after sorting. Most fractions are then discarded, but the small fraction
undergoes additional sorting in two stages. First, the small fraction is sieved to remove
particles under 5mm in size, which are weighed as fines and discarded. Then, the remaining particles are sorted similarly to the bigger ones, but without making any further distinction by size.
Table 4.2. Typical material fractions in hand sorting analysis of NFR samples.

Aluminums
Lead
Copper
Wires
Small(< 20mm)

Fractionnames
Stainless steel
Zinc
Capacitors
Other locked

Other steels
Brass
Circuit Boards
Wastes

The identification of materials in hand sorting is a skill which takes time to develop. In
some cases it is easy to identify a material while in others it takes great sensitivity or intuition which can only be built by experience. However, the identification is supported by a
basic set of tools. These include a magnet and a file, but also chemicals, such as silver nitrate, for the more difficult cases. The basic methods for the identification of a material is
to examine its color, feel its weight, feel its hardness in filing, examine the color and luster
of the filed surface, and feeling the particle’s magnetic response to a magnet,. Experienced
sorters identify the materials in most particles almost instantly upon picking them up.

4.5 Particles in shredded scrap
4.5.1 Methods
Particles in the ferrous scrap and NFR fractions of the shredder output were sampled and
sorted by hand. The samples weighed roughly 50 kilograms each. They were taken by Rei-
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jo Lehmonen, who routinely takes samples at KHW. At the time of the sampling, the
shredder was processing the fifth feed type, which is rich in color metals.
The samples were sorted according to the plants standard hand sorting methods, which
were introduced in the previous section. In the sorting, materials were categorized by the
author according to the identification features listed in table 4.3. The results were then verified by experienced hand sorters. The sorted fractions were then weighed and photographed.
Table 4.3. Material identification features for the hand-sorting study.

Material
Aluminum
Stainless steel
Magnetic steel
Brass
Copper
Zinc
Lead
Small
Electrical wire
Locked metallic
Waste

Identification features
gray color, light, "draggy" and moderately soft filing responce
steel color, reflective surface with rust spots, heavy, hard filing responce
rusty or steel colored surface, magnetic, heavy, hard filing responce
brass color, light, hard filing responce
copper color, medium weight, soft filing responce
bluish gray color, bright filing luster, moderately heavy, moderately soft
dull gray or bright bluish-white color, very heavy, very soft
particles passing the 20mm sieve
particles containing plastics and metals such as wires or PCBs
distinguishable parts, materials identified to be different
the remaining particles

In the photographs, the particles were arranged to seemingly similar groups. These arrangements were conceived on the spot and made in such a way that most of the particles
seemed to belong to a group. Still the sorting was somewhat ambiguous and surely carries
the fingerprint of the sorter. As all the particles of a fraction often did not fit the workbench, the grouping was done individually for each photograph.

4.5.2 NFR sample
The weights of the sorted fractions are shown table 4.4. The bulk of the sample was composed of aluminum, stainless steel and waste. The locked particles were few in number, but
significant in total weight. The total mass of the sample was reduced by 1937 grams during
sorting. According to the sorters on site, such losses are commonly caused by evaporation
of water and losses of dust. The small fraction contains particles under 20 mm in size.
The rest of the section discusses the individual material fractions, which can be seen in
table 4.4. A central focus is in the qualitative types of the particles present. The discussion
is based on the photographs taken from sorted fractions. Some of the photographs are displayed along the discussion. The discussion is divided under three headings: large unary
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particles, large locked particles, and small particles. By large, it is meant that the particles
are over 20 mm in size. While discussing these large particles, the term “particles” refers
only to such large particles. The small particles are the ones, which were under 20 mm in
size.
Table 4.4. Weights of the fractions after the initial sorting of the NFR sample (initial weight = 50044 g).

Material
Aluminum
Waste
Stainless steel
Locked metallic
Electrical wire
Small
Magnetic steel
Brass
Copper
Zinc
Lead
Total

Weight (g)
14164
13141
11158
6485
947
888
482
446
273
92
31
48107

Wt-%
29.4
27.3
23.2
13.5
2.0
1.8
1.0
0.9
0.6
0.2
0.1
100.0

Large unary particles
Various types of aluminum particles were observed in the sample. The two alloy types of
cast aluminum and wrought aluminum were clearly recognizable. The distinction could be
made intuitively, based on shape and surface texture. Figure 4.2 is one of the six pictures,
which together include all of the aluminum particles in the NFR sample.
Cast aluminum particles were generally thick and did not show much signs of plastic deformation. Their overall shape was often a non-deformed fractured segment of a larger
whole. Nevertheless, some relatively small local deformations could still be observed. The
surface of cast aluminum seemed rough and occasionally contained distinct embossed patterns.
Wrought aluminum particles were thinly shaped overall. These particles were either planelike or elongated as a whole, or lumps formed from the deformation of such thin elements.
The surface of wrought aluminum was typically smooth, excluding worn sections. Plastic
deformation was seen in most of the particles, and often to a great extent.

35

Figure 4.2. Aluminum particles from the NFR sample.

Figure 4.3. Stainless steel particles from the NFR sample.

The stainless steel particles of the sample seemed rather resistant to shredding overall. The
particles were very large on average, and they did not seem as strongly deformed as similarly shaped and sized aluminum particles. Based on visible dents, big and strong shaped
structures of stainless steel seem to be able to withstand considerable stresses and impacts
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without breaking or extensive deformation. Figure 4.3 is one of the six pictures, which
together include all of the stainless steel particles in the sample.
The copper particles of the sample were mostly wires and flattened pipes. They were of a
rather small size and weight and very elongated overall. Although the copper fraction had a
large stacked volume, and included a significant number of particles, its total weight was
rather low. A significant portion of the thicker wires was entangled in loose knots. Most of
the thinner wires were entangled in tight fibrous clusters. In addition to the various types of
wires, copper was also commonly present in pieces of flattened copper pipe. Figure 4.4 is
one of the four photos, which together include all of the copper particles of the sample.

Figure 4.4. Copper particles from the NFR sample.

Figure 4.5. The zinc particles of the NFR sample.

In the sample, there were only two zinc particles that were over 20 mm in size. Both were
relatively small and seemed to have survived the shredding intact. They can be seen in figure 4.5. One of the particles had a steel bolt attached. Nevertheless, the particle was sorted
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as zinc, as the bolt was relatively small. No conclusions on the typical shapes of zinc particles can be made based only on these two particles.

Figure 4.6. The brass particles of the NFR sample.

The brass particles in the sample were diversely shaped, but few in numbers. All of them
can be seen in figure 4.6. These particles did not seem to be greatly deformed, even as they
had rather thin shapes. The brass particles seemed small on average, but this was most likely caused by their original design, than by breakage in shredding. Many of the zinc particles seemed to have originated from very specific functional parts of their parent products.

Figure 4.7. The magnetic steel particles of the NFR sample.

There were only three particles of the magnetic steel type in the sample. It is clear that
magnetic steel is very effectively removed in magnetic separation. All three steel particles
were of distinct types, and thus neither the overall characteristics of magnetic steel particles, nor the reason these particles were not collected by the magnets, can be concluded.
The three particles can be seen in figure 4.7.
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Figure 4.8. The only lead particle of the NFR sample.

Only one lead particle was found in the sample. No conclusions can be made on the properties of lead particles in general based on this single sample. It was rather small and
seemed to have passed the shredder intact. The particle can be seen in figure 4.8.
The waste fraction of the NFR sample contained many kinds of materials. Some materials
that stood out were wood, ceramics, rubber, fabrics, cushioning and plastics. Wood was
found in splinters and pieces of chipboard. Ceramic particles were mostly rock-like, but
also include plate fragments of materials like glass and porcelain. Rubber particles were
mostly shreds of tires and dampening strips, but some solid lumps from were also found.
Fabrics were mostly in thin shreds of different shapes and cushioning was in porous pieces.
Plastics particles seemed to be quite cleanly ripped and fractured from the original products and showed very little signs of deformation.
Large locked particles
There were three fractions containing locked particles: locked metallic, electrical wire and
waste. Such particles are interesting, but could only be studied on a rather superficial level
due to their low number in the sample. The locked particles in the waste section contained
very little metal, and thus they are not discussed in detail here. Most commonly, the metal
bearing waste particles were pieces of plastic with relatively small screws attached. The
other fractions containing locked particles are discussed further below.
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Figure 4.9. Electrical wires and components from the NFR sample.

In the sorting of this sample, the electrical wire fraction was extended to include also PCBs
and electrical components. This was because their numbers were rather low, and because
they somewhat resemble electrical wires in their composition. Figure 4.9 shows particles
sorted to this fraction. Although electrical wires are by themselves locked particles of copper and plastic, they were often connected with additional components. Many of the particles of this type have been selected to figure 4.9. The additional components were most
typically plastic parts with small steel screws.
Compared to stripped copper wires, the electrical wires were much straighter. They also
formed fewer knots, and the knots they formed were looser. Some electrical wires had partially exposed their metallic hearts, which would indicate that the copper in the electrical
wires liberates to an extent in shredding. The large amount of liberated copper wires also
supports this observation.
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Figure 4.10. The locked metallic particles of the NFR sample.

Only few locked metallic particles were found in the sample. Nevertheless, they still accounted for a large portion of the weight of the sample due to their large size. All the particles in this fraction can be seen in figure 4.10. They are discussed in more detail below.
The particle at the top right of figure 4.10 is a largely intact electrical motor. Such particles
are known as “copper meatballs” in the recycling industry. Due to the steel casing, these
particles are often sorted into magnetic fractions, which they contaminate with copper.
However, this particular meatball had bypassed the magnetic separation stages. It exemplifies the unpredictability of the separation of locked particles. This particle contained the
largest number of material components of the particles in the NFR sample. Steel, stainless
steel, brass, plastic and copper were all identified in it. The components of the motor were
connected in rather complex ways. The stainless steel axis of the motor was inserted to the
magnetic steel body with a bearing connection. The external shaft of the axis is connected
to the brass parts with solid insertions. The copper wire was coiled around the main structure and held in place with glue and cable ties. The copper hearts of the power cables were
most likely soldered to connectors inside the motor, and the plastic that coated the copper
was connected by the mechanism of shape capture. In addition to these externally visible
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materials and connections, other materials and connections could most likely have been
found inside the motor.

Figure 4.11. Material trapped inside a bent plate.

Two pieces of bent plate can be seen at the center-right of picture 4.10. The bodies of these
particles are made of stainless steel plate, but both particles have pieces of magnetic material trapped inside. Figure 4.11 shows a steel bolt trapped inside one of these particles. The
amount of steel trapped inside, as well as the presence of other trapped materials, remained
unknown. To understand the frequency and extent of this phenomenon, a significant
amount of bent plate particles should be cut open and examined.
Many of the locked particles were combinations of steel and aluminum, or more specifically, structural parts of aluminum with steel bolts attached. Many such particles were sorted
to the aluminum fraction due to containing very low amounts of steel. However, five pieces of bolted aluminum had a significant amount of steel and were included in this fraction.
They can be seen in figure 4.10.
The box-shaped particle at top left of figure 4.10, and the solid particle at the center, contain magnetic steel, stainless steel, plastic and brass. In both particles, the amount of plastic
is very low, and the brass is in small specific parts. Their bodies are made of stainless steel,
while the bolts are made of magnetic steel.
There are two more locked particles, which have not yet been mentioned. One contains
aluminum and plastic, while the other contains aluminum, stainless steel and magnetic
steel. They are not discussed in detail here.
Small particles
All of the particles smaller than 20 mm in size were left to dry and later sieved to remove
the particles that were smaller than 5 mm in size. These removed fines weighed 888 grams.
The remaining particles were sorted to material fractions and weighed. The masses of the
fractions can be seen in table 4.5.
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Table 4.5. Weights of the fractions of small (5-20 mm in diameter) particles of the NFR sample.

Material
Waste
Aluminum
Stainless steel
Electrical wire
Magnetic steel
Brass
Copper
Lead
Total

Weight (g)
418
74
30
15
15
6
4
2
564

Wt-%
74.1
13.1
5.3
2.7
2.7
1.1
0.7
0.4
100.0

The particles of the small fraction, which were not considered waste, can be seen in figure
4.12. Aluminum is at the top-left corner, brass at the top in the middle, and the single lead
particle is to the right from the brass. Magnetic steel is at the middle, and stainless steel at
the top right corner. Copper is at the bottom-middle, and electrical wire at the bottom-right.

Figure 4.12. The small non-waste particles of the NFR sample.

4.5.3 Ferrous scrap sample
According to the site’s hand sorters, ferrous scrap samples are typically not analyzed by
sorting. Perhaps such an analysis is not needed due to the quality of the product, findings
of earlier studies, the feed type system utilized, or feedback received from smelters.
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The ferrous scrap was significantly purer in its composition, than the NFR sample. The
overwhelming majority of the material was magnetic steel. Excluding waste and small particles, only four non ferrous particles were found. Thus the approach of the observations
was to focus on the different types of steel particles found in the sample. The total weight
of the sample was 54 772 grams.
Some of the pictures lack the ruler as a measure of scale. In these cases it is possible to
judge the scale by using the distance between the farthest metal rings in the notebook,
which measures roughly 20 cm.
In the sample, one clearly distinguishable group of particles was tinned steel cans. These
particles were flat and light and they contained a substantial amount of tin as a coating material. The particles also had a yellowish luster to them. Some examples can be seen in figure 4.13.

Figure 4.13. Cans of tinned steel from the ferrous sample.

Another group contained chrome-coated particles. They were identified by their strong
luster. All such particles in the sample can be seen in figure 4.14. As can be seen, most of
them are pipes, although a piece of molding and few particles that seem like machine parts
also had similar features.
A yet another group of particles contained particles with thick shapes, rusty color and a
distinct quality in the deformation perceivable in them. It is suspected that all these particles are composed of cast steel. Cast steels have high contents of carbon, which makes
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them hard. This alloying also makes them somewhat brittle. Nevertheless, the particles did
not show many signs of brittle fracture. Some of these particles can be seen in figure 4.15.

Figure 4.14. Chrome-coated steel from the ferrous sample.

Figure 4.15. Thickly shaped particles from the ferrous sample.
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Most of the other steel particles were bent pieces of plate and different types of elongated
particles such as wires, pipes and plate strips. In addition, two interesting particles were
found: a short chain and a cut of braided wire.
The fraction of small particles from the ferrous sample was not studied in detail. The fraction contained a large amount of fines in the forms of rust and dust. It also contained some
pieces of thin steel wire. In addition, the fraction contained a great variety of waste particles, such as organic material in different shapes, rocks and small plastics. A rough idea of
the quality of the small particles can be formed based on figure 4.16, which shows the surface of a bucket containing the particles.

Figure 4.16. Small particles from the ferrous sample.

4.6 Conclusions
The observations discussed in this chapter were limited to a part of a single recycling plant.
In addition the plant particles were only observed based on two samples weighing roughly
fifty kilograms. Thus, the observations are not in any way representative of the entire spectrum of particles commonly encountered in the mechanical recycling industry. Nevertheless, a great diversity was observed in the particles.
It would seem like some of the diverse particles observed cannot be adequately described
terms of size and composition only, as is commonly done in mineral processing, and in
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most of the recycling models discussed in chapter three. This is because some additional
properties of particles seem to have the potential to significantly influence their behavior in
size reduction and separation processes. The properties, which seem significant in this
way, are shape, and in the case of multi component particles, the arrangement of the material components, and the natures of the connections between them.
On site, particles were observed in various shapes. Extreme outline shapes such as rods and
plates were commonly encountered. In addition, the outline shapes encountered were not
always solidly filled with material. Few examples of such hollow particles include pipes,
porous lumps of plate, and rings.
The significance of particle shape was recognized by plant personnel. To give few examples, it was known that rod-like particles tend to clot sieves, and that porous particles may
float in the DMS stages of aluminum enrichment. Thus, it seems likely that the extreme
particle shapes encountered can also significantly affect other separation stages, as well as
the possible further shredding of the particles. The significance of particle shape has also
been recognized by Colledani and Tolio, who included shape classes in the particle description framework of their model (2010).
The number of un-liberated particles in the samples was relatively low. This is likely due
to the small size of the samples, as well as the relatively good liberation achieved in shredding. Nevertheless, many different connections, and few distinct types of material arrangement were observed.
Several types of connections were observed in multi component particles. Perhaps the most
common of them was the entrapment of one component inside the shape of another. This
was most commonly observed in electrical wires, in which an insulating plastic layer is
formed around a copper wire. The second most common connection was seemingly bolting. In most of the particles studied, the actual bolt connection was broken, but the bolt
itself remained in one of the initially connected material components. Other types of connections observed were glued connections and soldered connections. The glued connections were mostly found between pieces of plastic, while the soldered connections were
typically seen in parts of electronic components.
Although the plant staff did not mention the significance of connections in plant operation,
the connections surely have an influence in liberation behavior of particles in shredding
processes. This has clearly been recognized in the modeling of mechanical recycling processes (Castro et al. 2005, Van Schaik & Reuter 2007, Van Schaik & Reuter 2010).
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Few distinct types of material component arrangements were observed in the un-liberated
particles. Firstly, connected material components were observed side-by-side, in a way that
neither material covers the other. This is often the case with soldered connections. Secondly, material components were observed in a relation, in which one component is partially
inserted to another. This is always the case with bolting connections, but also possible in,
for example, machine parts. Thirdly, in some cases one material component completely
covered another. Examples of this are the two pieces of aluminum plate, which were
wrapped around components composed of magnetic material.
The author knows no mention of the significance of the arrangement of material components in un-liberated particles. However, they could potentially affect the liberation and
separation behaviors of particles significantly. For example, the materials of side-by-side
components can both liberate partially in a shredding process, without the connection itself
being destroyed. In addition, the side-by-side connection may easily become subjected to
considerable internal stresses, even without being impacted directly. The arrangement of
material components may also be significant in separation. For example, a material that is
covered by another may not be detected in any way by optical sensors.
If the arrangement of material components in un-liberated particles is found significant in
future studies, it should then be taken into account in modeling. However, presently it is
difficult to assess how this could best be accomplished. One potential method would be to
define surface compositions for particles.
Regarding particle properties in general, they did not seem to be entirely independent of
each other in the samples studied. Most notably, several properties of particles seemed
closely connected to their composition. This was most evident in the sorted fractions of the
NFR sample. These fractions are not only distinct in terms of composition, but in terms of
size and particle shape as well. Due to this interconnectedness of particle properties, it may
be possible to estimate some of the properties based on the others. Thus, it may not ultimately be necessary to define, or measure, each property directly.
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5 A generalized particle description framework
A functional particle description framework is a key feature for the recycling extension of
HSC SIM. However, as concluded in chapter three, a definitive particle description framework for mechanical recycling has yet to be established in literature. Furthermore, based
on the observations discussed in chapter four, it would seem that the current approaches for
particle description will still have to be expanded upon to adequately portray the complexity of particles in mechanical recycling. Thus, at the moment, a flexible particle description
framework is needed to permit the use of not only the different types of existing models,
but potential future models as well.
Therefore, it is suggested that HSC SIM utilize a generalized form of such types of class
based particle description frameworks that were discussed in chapter three. The approach
suggested here is that particle classes be generalized in the sense that they could be defined
in terms of any given particle properties. This would permit the implementation of any
model, which utilizes class based particle size distributions for particle description. Thus,
for example, any of the mechanical recycling models discussed in chapter three could then
be potentially implemented to HSC SIM.
General particle classes are not descriptive by themselves. They only indicate that the included particles are considered to behave uniformly in the system of interest. However,
general classes can be made descriptive by defining some specific particle properties for
them. For example, size classes, which are traditionally utilized in mineral processing, can
be considered general classes that have been defined in terms of size. Similarly joint sizegrade classes can be considered general classes, which have been defined in terms of both
size and grade. However, unlike in these two examples, general classes do not necessarily
have to be defined in terms of quantitative properties. Alternatively, qualitative type labels
can be assigned to classes. For example, the shapes of particles in a class can be described
with labels such as flaky, or granular. This can then be taken into account in simulation by
modeling the behaviors of differently labeled particles individually, when appropriate.
Such an approach has already been reported by Colledani and Tolio (2013).
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Figure 5.1. A set of general particle classes defined in the property space of type, size and composition.

C.
A.
B.
A

Figure 5.2. Three different types of copper particles with similar sizes (labelled A to C).
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An example of the specific particle classes which could be defined in the generalized structure can be seen in figure 5.1. In the figure, each ball represents a general particle class. In
this example, a typical two dimensional size-composition joint distribution has been extended to a property space, which includes a qualitative type class as its third dimension.
This specific particle description framework was devised to describe several types of recycling particles loosely based on the observations conducted at KHW. Although the particles were only qualitatively observed, it was still possible to assign them descriptive general classes. This was done by utilizing type classes, which are simply labels for distinguishing particles of observably different types. Even such a rough label can potentially be
utilized in simulation. For example, the fiber clusters could be assumed to occasionally get
entangled with other particles, and thus be separated at a different efficiency than other
particles of the same size and composition.
The three particles seen in figure 5.2 can be used as an example to explain the framework
seen in figure 5.1. The three particles are all composed of copper alloy, and can be considered small, but are still clearly different intuitively. Thus, they could be assigned different
type classes to take this into account. According to the scheme seen in figure 5.1, particle
A would be a wire, particle B would be a plate strip, and particle C would be a fiber cluster. These type classes could then be taken into account in simulation, for example, by assigning them different probabilities for getting entangled with other particles in simulations
of separation processes.
Figure 5.1 only concerns with properties which distinguish classes from each other. However, it should also be possible to assign properties, which can be determined on the basis
of those distinguishing properties. This is already common practice in mineral processing,
where particles are assigned masses based on their size and composition. In other words,
although the particle classes in figure 5.1 can be distinguished from each other strictly
based on the three properties presented, extra properties should be defined for the classes
according to need. For example, if the recycling system of interest includes color sorting, a
color property should be defined for each class. This could either be done manually by the
user, or automatically based on the combination of material composition and known material colors.
Utilizing the generalized particle description gives rise to a compatibility problem. As particle classes can be defined freely, they may not contain the information required by some
previously made model that utilized different type of particle classes. Even if the infor-
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mation exists, its form may be incorrect. Thus, each model of a system imposes requirements on the form of the global particle description, which links them together.
To prevent compatibility problems and to simplify the system, the generalized particle description framework should ultimately be developed so that it becomes more specific. In
other words, if it becomes apparent that a certain properties are commonly utilized in a
certain form, these specific properties should be directly implemented to the particle description framework of the platform. This could immediately be done for the properties of
size and composition, which have been well established as important descriptive particle
properties. The adoption of these specific properties would enable, for example, the implementation of an automation, which estimates masses of particles based on these two
properties.
To conclude, the generalized particle description framework, as discussed in this chapter,
enables a meaningful recycling extension to be developed for HSC SIM. It allows for flexible specification of the properties of particle populations in a way that permits the implementation of the recycling models presented in chapter three, as well as any future models
that use particle class distributions as input data. However, the generalized framework
should later be developed further by implementing specific properties as they become established in modeling. As the properties of size and composition already are established,
they can be implemented immediately.
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6 Formulation of the software designs
6.1 Introduction
The purpose of this thesis was to formulate designs for the initiation of HSC SIM’s recycling extension. The previous chapters have concerned with the search for a suitable particle description framework. A definitive framework was not found in literature, and the
plant observations of chapter four seemed to indicate a need for further development in
particle description. Thus, a generalized framework was suggested as a flexible approach.
This concluded, in the scope of this thesis, the theoretical studies for the recycling extension of HSC SIM.
At this point, the focus moves to the actual designs. They rely on the considerations of the
earlier chapters, but take a more practical approach. The designs are meant to illustrate, not
only to specialists of mechanical recycling, but to software developers as well, what kind
of specific features are suggested for implementation to HSC SIM.
This chapter concerns the formulation of said designs. As the process of design was creative, and could even be considered chaotic, it cannot be explained completely. Instead,
only specific parts are explained. Firstly, section 6.2 presents early drafts, which were
made before considering the particle description framework in full detail. These drafts are
a representation of the intuitive design ideas, which were initially conceived. Secondly,
section 6.3 explains the scope and goals for the actual designs. Then, sections 6.4 to 6.6
discuss the features of versions seven and eight of HSC SIM, which needed to be taken
into account in the final designs. Lastly, the most significant ideas of the design process,
from both its documented and undocumented parts, are concluded in section 6.7. These
ideas were the foundation for the final designs, which are presented in chapter seven.

6.2 Early interface drafts
The design work actually started before the formulation of the new particle description and
the plant observations at KHW. A presentation was prepared to communicate the idea of
this thesis for Outotec internally, and to make sure that the designed structure for the upcoming HSC SIM 8 would be flexible enough for a future extension. The most significant
parts of the presentation were two interface drafts, which illustrated the intended structure
for materials and particles. These drafts are discussed further below.
Limitations in HSC 7’s material specification framework became apparent already at an
early stage. Materials were limited only to minerals, which were defined in terms of chem-
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ical composition, density, and a floatability class. Thus, the user interface (UI) draft of figure 6.1 was made to communicate that the range of materials would have to be expanded to
include the man made materials utilized in products. Furthermore, the draft also communicated the need to expand the framework in which material properties were described. This
would allow meaningful description of the diverse materials utilized in products, but also
allow for the particle description of traditional mineral processing to be improved. This
could then allow for the future implementation of advanced property-based models.
Material Properties
General Information
Material Identifier
Material Name
Production Standard
Additional Notes
Reference

Composition
Element
wt-%

SS001
Stainless Steel
SAE 201
Doesn't corrode easily
W ikipedia

Fe
84.912

Cr
17.000

Mn
6.500

Quantitative Properties
Specific Gravity
Boiling Point (K)
Melting Point (K)
Mass Susceptibility (m3 /kg)
Electrical Conductivity (S/m)
Radioactivity (Bq/kg)
Hardness (HV)
Young's Modulus (Mpa)
Rupture Elongation (%)
Thermal Conductivity (W/[m*K])

8
1838

Ni
4.500

Si
0.750

N
0.250

C
0.150

P
0.060

Qualitative Properties
Fluorescence
No
Color
Steel
Phase
Solid, Austenitic
Reflectivity
Strong
Transparency
No
Toxicity
Strong

Save to Database

Cp Functions

Cancel Changes
Standard State

T min (K)

T max (K)

700

950

A
152.43999

S
0.030

B
C
-230.28967 -106.92703

D
134.07056

T 0 (K)

ρ0 (bar)

279.15

1

Standard Quantities
H 0 (kJ/mol)
-197.46654
Format: A + 0.001*B*T + 10^5*C*T^(-2) + 10^(-6)*D*T^2

J/[molK]

Figure 6.1. An early user interface draft for a new material editor.

Accept Changes

S 0 (J/[molK])
20.889
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Figure 6.2. An early user interface draft for a new particle class editor
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The framework for particle description was found limited as well. Particles were described
only in terms of size, mineral composition, and a behavioral type. To offer a potential solution to this problem, a new type of particle description framework was suggested in the UI
draft of figure 6.2. The draft communicates a structure, in which the definition of particle
classes has been expanded in two ways. Firstly, the particles are categorized according to a
conceptual structural type, such as bolted plate. Secondly, the properties of size and composition are complemented with extra properties. This specific structure was ultimately
abandoned in favor of the generalized structure presented in chapter five.
Although these early drafts were not directly utilized in the final designs, they did influence them. In fact, the material editor is in its structure very similar to the one presented
here. In addition, the ideas present in the particle class editor sketch were an important part
of the thought process which resulted in the generalized particle description framework
presented in chapter five.

6.3 Scope
The extension of HSC SIM to mechanical recycling is an extensive project, which cannot
be completely planned in the scope of this thesis. Thus, the scope of the designs had to be
narrowed. The final, narrowed, scope is introduced and discussed in this section.
The first restriction to scope was that the focus should be entirely in the desired result.
Thus, neither the practical execution of the project, nor the specifics of the necessary programming are discussed in the designs. Instead, the designs contain drafts of the intended
user interface, along with supporting discussion. This approach was selected, as it can convey the central ideas of the design in a way that is easily understood by software developers. The specifics can then be decided on in a dynamic development process including both
process engineers and software developers.
The scope was further focused on the basic structure, which is needed to characterize recycling streams. In other words, the focus was principally on the implementation of the generalized particle description framework, which was presented in chapter five. However, the
implementation of the specific properties of size and composition was also included, as
they have been found so significant in the modeling of mineral processing, and the early
recycling models. The direct implementation of composition is especially significant, as it
needs to be complemented with a structure for defining the properties of recycling materials adequately. However, this extended implementation of material properties will only be
partial at this stage, as the initial designs do not consider the implementation of a comple-
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mentary material database. At the moment, the specific properties that should be listed in
the database cannot be decided on, as the current recycling models are not yet extensively
based on material properties.
The second scope restriction leaves out the actual models entirely. As the development and
implementation of models is a great task, this was unfortunately unavoidable. However,
process models are required for simulation, and models that automate elements of the user
interface would also be very useful as they can greatly facilitate the use of the platform.
Thus, the implementation of models is an immediate task after establishing the basic structure. This could be started by implementing some of the existing recycling models, but
ultimately new models should be designed and implemented. Such development could be
done in cooperation with universities, or possibly even as a part of commercial service to
recycling companies.

6.4 Particle-based simulation in HSC SIM 7
As any extension of HSC SIM builds on the current structure of the platform, it is important to take this structure into account in the new designs. Thus, this chapter discusses
the properties of HSC SIM 7, which was the latest commercial version during the design
process. The focus is on the particle-based simulation mode, which is the most applicable
mode to be extended for the simulation of mechanical recycling.
The particle-based mode of HSC SIM 7 is designed for the modeling of mineral processing. Its basic units are particles, which must be defined at least in terms of size and
mineral composition. The minerals, in terms of which the particle composition is defined,
have the further, globally defined, properties of chemical composition, specific gravity,
and an optional behavioral type, which can be utilized by flotation models. (Lamberg
2009)
The simulations in particle-based mode have five potential levels of detail:


Sized particles without composition



Un-sized minerals



Un-sized minerals with floatability components



Size-by-mineral



True particles
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The most detailed level is true particles, which is naturally the level of interest here. It distinguishes between particles using size and mineral composition. The difference to the
size-by-mineral level is that locked particles may also exist. (Lamberg, 2009)
The basic use of HSC SIM 7, in the particle mode, can be summarized in three steps:


Drawing a flow sheet using process units and particle streams



Performing a step-by-step set-up for defining system variables



Adding and adjusting process models for the units

In the context of this thesis, the second step is the most interesting one, as it concerns with
particle stream definition. Thus, it is explained in more detail below.
The system variable set-up begins with the specification of the mineral species present in
the system of interest. This is accomplished by selecting one of the pre-sets in a list, which
includes entries such as “Iron ore” and “Zn-Pb-Cu ore”. The properties of the minerals in
these entries can then be adjusted by the user.
The second step is to determine the size-classes used for simulation. This is once more
accomplished by selecting an entry from a list of pre-sets. Two examples of the possible
options are “Fine to Coarse 20 Fractions” and “Coarse to Fine Tyler”. After the selection,
the size-brackets of the pre-set classes can be edited by the user. However, the size classes
cannot overlap, and they must jointly cover the entire range of size.
The third step is to specify a feed stream. This is done by specifying the distribution of
mass to the specified size-classes. Then the mineral composition of each size-class is also
specified. If several behavioral types were specified in the first step, the distribution of
minerals to the behavioral types can also be specified here for each size-class. The option
to use un-liberated particles can also be selected at this stage.
After the first three steps are complete, HSC SIM can create the input stream and the list of
variables required to define it. In other words, the platform creates particle descriptions
based on the user input discussed above.

6.5 Recycling stream specification test in HSC SIM 7
To test the capabilities of HSC SIM 7, the specification of a recycling stream was attempted in its particles-mode. The idea was to expose some of the potential limitations of the
platform regarding its structure for recycling stream definition.
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The objective of the test was to define the particle stream as a distribution to joint classes
formed from combinations of material types and conceptual particle types. In addition, a
measure of size was to be defined for each class. The particle stream was to be created
loosely on the basis of the observations made at KHW, which were discussed in chapter
four. To simplify this exercise, locked particles were not considered.
Four material types and five conceptual types were considered in the test. They can be seen
in table 6.1. These type classes could potentially have been combined to form a total of
twenty particle classes. However, since the other metals and non-metallic are large groups
of materials, which form diverse types of particles, it was decided that the particles composed of them would only be of the miscellaneous type. Thus, the specification of a total of
twelve particle classes was attempted.
Table 6.1. The material types and conceptual types of the recycling stream specification test.

Material types
Magnetic Steel
Aluminum
Other Metals
Non-Metallic

Conceptual types
Bent plate (large)
Bent plate (small)
Fragment
Elongated
Miscellaneous

To define particle classes, the materials had to be defined first. Although HSC SIM 7
doesn’t use materials in stream specification, the minerals can be considered equivalent
structures, as they allow the specification of a chemical composition. However, it was noticed that minerals cannot be specified in terms of properties other than composition, specific gravity, and behavioral type. This was the first immediate limitation encountered during the test. Nevertheless, a mineral table was filled as seen in figure 6.3 to represent the
material types.
After specifying the materials of the system, the type classes were defined by utilizing the
size class set-up tool. This was done by utilizing the name labels, which can be specified
for each size class. The resulting size class set-up can be seen in figure 6.4. A limitation of
this approach was that there seemed to be no way to take into account the contents of these
labels in the simulation automatically. However, the approach made possible to manually
account for the behavior of the different type classes, for example by giving them different
split factors in separation models.
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Figure 6.3. Recycling materials specified with the mineral set-up of HSC SIM 7.

Figure 6.4. Particle type classes specified with the mineral set-up of HSC SIM 7.

Additionally, the idea of specifying particle sizes with the aforementioned editor was entertained. However, this approach had three serious problems. Firstly, two size classes cannot be made to overlap with the editor. Secondly, the size class configuration is only accepted by the tool if the classes jointly cover the entire range of size. Finally, the sizes of
the particles with the same conceptual type could not be made to vary based on their composition. Thus, the size class set-up tool appears limited recycling applications, where the
particle classes are not necessarily foremost defined by a size distribution. To explain further, in recycling, particles of certain sizes may not be present in the system, different types
of particles may overlap in size, and the size of a particle class may depend on several other properties.
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After the initial stages, the set-up created particle classes from the combinations of material
types and conceptual types. The distribution of the stream to these particle classes could
then be defined to finalize the particle stream description. In this test, the distribution was
estimated roughly.
The selected method for estimation was to evaluate the material composition of the stream,
and then evaluate the distribution of the materials to the conceptual type classes. However,
the structure of the stream set-up of HSC 7 does not allow for this. Instead, the set-up first
requires the specification of the distribution of total material to the type classes, or normally size classes. Only then the distribution of the material into the type classes to the material classes can be specified. Thus, the estimates had to be converted to the required structure
through external calculations. The resulting distribution can be seen in figure 6.5.
Name

Bulk

Wt.% of bulk

100

Bent plate (large) Bent plate (small) Fragment Elongated Miscellaneous
19

26

7

6

42

Mineral composition of the fraction (required), wt.%
Stl %

60.68

96

94

84

97

15

Alu %

4.04

4

6

16

3

1

OM %

3.78

0

0

0

0

9

NM %

31.5

0

0

0

0

75

Total wt%

100

100

100

100

100

100

Figure 6.5. Particle class distribution specified in HSC SIM 7.

Figure 6.6. The final stream description at the particle class level after editing.

After the inputs seen in figures 6.3 to 6.5 were filled, and the mass flow of the particle
stream was specified to be 25 t/h, a particle stream description could finally be created by
the program. The description can be seen in figure 6.6. In the figure, each row describes a
single particle class, as well as its partial mass flow in the total stream. To make the figure
more clear for the sake of this example, the particle classes which were not assigned any
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mass have been removed. In addition, many of the columns concerning the size and behavioral types of the particles were not found necessary, and were therefore removed.
Although a particle list could eventually be created, several limitations of HSC SIM 7 were
discovered in the process. To summarize, the properties of particle classes and materials
cannot be defined as flexibly, as would seem to be necessary in order to effectively model
mechanical recycling systems.

6.6 Streams in HSC SIM 8
Although HSC SIM 7 is the latest commercial version of the platform, version eight has
long been in development. One of the main goals of the update from HSC 7 to HSC 8 is to
convert the original Visual Basic 6 code to the new VB.net environment. As a part of this
update, it was decided to rework the structure of HSC SIM’s material streams, to make
them more flexible, and to unite the different modes of simulation into one. An upgrade to
the UI for editing these streams is also underway. The new structure is introduced in this
section.
The discussion here is based on information received from e-mail conversations with Antti
Remes and Jussi-Pekka Kentala and from a meeting on 14th of February 2014 with Antti
Remes. These two people were the main designers of the particle stream structure of HSC
SIM 8, along with Antti Roine and Pertti Lamberg.
The data structure for material streams in HSC SIM 8 is built with oriented programming.
The central elements of the structure can be seen in figure 6.7. This stream description can
easily be expanded or modified thanks to the flexible programming approach taken. Thus,
structure-wise, the implementation of the new particle description framework, and the accompanying framework for material description, should be possible.
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Figure 6.7. An overview of the basic elements defining a particle stream in HSC SIM 8.

There are plans to make the user experience of HSC SIM 8 coherent by uniting the editors
of different stream types into a common UI. At the moment, this UI is not yet finalized, but
three elements, which will most likely be included it can be seen in figure 6.8. The first
element, which is perhaps the most important one, is the navigation panel on the left side
of the figure. It is used to navigate the stream structure to access the UI components for
viewing and editing various stream properties. Thus, by the use of this navigation panel the
same window can be utilized for editing solid, liquid and gas streams. The second element
of interest in the figure is the main UI area, which is on the right side of the navigation
panel. The intent is that the contents of this element be dynamic in the sense that they
should adapt to the selection of the navigation panel. The main focus should be on presenting the relevant data as well as possible, and allowing the user to edit this data directly
when necessary. The last UI element of interest in the figure is the pair of toolbars at the
top. These toolbars are intended for interacting with the data in the main UI area. To do
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this effectively, they should be made dynamic as well, so that they would only contain
tools, which are relevant to the contents displayed in the main UI area.

Figure 6.8. Illustration of the basic structure of the UI and the graphical theme for the new designs.

In addition to the basic structure, figure 6.8 also illustrates the graphical theme which was
selected for the UI designs. The theme is very simple and allows the focus to be on the UI
elements themselves as well as their layout. However, there is one important graphical
detail in the theme as well. This detail is that the selected item in the navigation panel is
indicated by a light orange background color.

6.7 Conclusions
It was decided that the designs of the recycling extension of HSC SIM would focus on the
necessary UI drafts for particle stream specification. The purpose of the designs should be
to clearly communicate the necessary functionality of the user interface. The specifics of
the implementation should then be designed along the software development process.
The design of the UI for particle stream specification was most importantly based on the
generalized particle description framework, which was presented in chapter five of this
thesis. However, features of HSC 7, and intended features of HSC 8 were studied to further
guide the design process. The key limitation of HSC 7 was the inflexibility of its structure
for the definition of particle classes and materials. However, it seems that the update to
HSC 8 will make the structure of the platform sufficiently flexible for the implementation
of the intended new features.
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This chapter, along with the previous one, has discussed the underlying considerations in
the process of designing the initial stage of the recycling extension of HSC SIM. These
considerations set the goal, and some important restrictions, but the actual creative process
of design took place by the drawing board. It was constantly guided by questions such as,
“How could the user conveniently and logically describe particle streams in the intended
depth?”, “Would this really work?”, and “What about this possibility?” What resulted from
this process was the set of interface drafts, which are presented in the following chapter.
These drafts show the intended functionality of the program, and in doing so embody the
considerations of this thesis in full depth.
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7 Designs for the recycling extension of HSC SIM 8
7.1 Introduction
This chapter presents the designs, which were made to initiate the recycling extension of
HSC SIM. As discussed in the previous chapter, it was decided that the designs would focus on the implementation of the generalized particle description framework presented in
chapter five, and would be structured around UI drafts. As the process of design is expected to continue dynamically during the actual software development, these designs focus on clearly communicating the key ideas for the initial extension.
The generalized particle description framework differs notably from the one that has been
used for the modeling of mineral processing in the previous versions of HSC SIM. The
main differences can be seen in figure 7.1. To summarize, particle classes should not be
strictly specified in terms of size and liberation, and material properties should not be limited to density and elemental composition.

Figure 7.1. Structures of particle stream descriptions for mineral processing and mechanical recycling.
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Figure 7.2. The three step structure for specifying a particle class distribution.

Three user interface elements were ultimately designed to enable the specification of a
particle stream, as a class distribution, in three logical steps:


Specification of material properties



Specification of particle class properties



Specification of the total stream’s distribution to particle classes
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The three step structure that is formed by the elements is explained in figure 7.2. The material editor is used to specify the properties of materials that are present in the simulation.
The particle class editor is then used to specify the properties of particle classes. In doing
so, the particle class editor can utilize the previously defined material properties when necessary. Finally, the distribution editor is used to define how solid material is distributed to
the previously specified particle classes.
It is important to note, that the structure presented in figure 7.2 omits the specification of
the total mass flow of the particle stream. This approach was taken, as the specification of
mass flow would seem to most logically belong at a more general level, on which the other
types of streams, such as liquids or gases, would also be set. Thus, to complete the recycling stream editor, the interface for the specification of particle mass flow should be included in the general stream editor interface as it is developed further.
The designs of the user interface elements are presented in the remaining sections of this
chapter. Each section contains a user interface draft, which is accompanied by considerations in writing. In the drafts, the user interface is not in a blank state. Instead, the drafts
portray what the user interface elements would look like when used to describe an example
population of particles. Three classes, or types, of particles were considered in the example
population. They are labeled “Large aluminum chunk”, “Steel bolted aluminum”, and
“Small aluminum chunk”. These classes represent particles, such as the ones seen in figure
7.3. In the figure, they are labeled A, B, and C respectively.

B.

A.
Figure 7.3. The three types of particles described in the UI drafts.

C.
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7.2 The material editor
As discussed in the previous chapter, the mineral editor of HSC SIM 7 is limited in its capacity for defining the properties of recycling materials. Thus, a new material editor was
designed for their adequate characterization. The extended material descriptions that are
possible with this new editor can be utilized to define particle properties automatically
based on particle composition. These particle properties can then be taken into account in
models of mechanical recycling processes.
The proposed UI for the material editor is shown in figure 7.4. The UI has five functional
elements, which are indicated in the figure by the red numbers. These elements are named:
1. The list of materials
2. The material property tables
3. The composition graph
4. The toolbars
5. The navigation panel
The list of materials is used to manage the material species, which are present in the system that is being modeled. Each row of the list represents a material by displaying its
name, an abbreviation of the name, a material type, and the primary element of the material. The first two fields, which are used to name the material, are freely editable for the user.
The material type is selectable from a dropdown list containing predefined material types,
such as ceramics, plastics, and metals. Lastly, the primary element is automatically determined based on the composition of the material, which can be defined in the material property tables. Materials can be added to the list and removed from it by using the appropriate
buttons in the toolbars. In addition, any material in the list can be selected by clicking it.
The selected material is indicated by an arrow and a darker background color. This effect
can be seen in figure 7.4 for the material “Steel”. As can be noticed from the figure, the
properties of the selected material are displayed in the material property tables for inspection or editing.
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them is the composition table, which defines the element composition of the material. The
table has two rows. The top row indicates the element in question, while the bottom row
indicates the fraction of the material, which consists of that element. Underneath the composition table are two tables for material properties. One contains quantitative properties,
while the other contains qualitative properties. Although several properties of both types
are suggested in the example of figure 7.4, it is important to note that a definitive list of
relevant properties has yet to be established in the modeling of mechanical recycling. Thus,
the users should be able to add new properties according to need. This could be done either
through a separate dialog, which can be accessed from the toolbars (as indicated in the figure by the “Manage Material Properties” button), or by adding a plus sign into the list for
adding new properties.
The possibility to add custom properties provides flexibility, but may raise compatibility
issues in the future. The problem is that if a model utilizes a custom material property, it
will not function with a material that does not have that same property. Furthermore, even
if an equivalent property exists, it has to be identified by some means. As a solution, it is
suggested that the properties are referred to by their exact name in the system. Thus, if the
properties would be named identically in both the models and the material specification,
the key property could be found. Furthermore, if a property used by a model is not found, a
dialog should open for selecting an equivalent property if one exists. Alternatively, the
same dialog could also be used for adding the required property to the system. To simplify
this functionality, the material properties should be coherent between the different material
species of a system. In other words, if a custom property is added for one material, an identical property should automatically be added for all the other materials of the system. This
is to say, that the list of custom material properties would be global for the system, and
applied automatically for each material.
The composition graph is a rather simple element compared to the two that were previously discussed. It shows the elemental composition of the material in the form of a pie chart.
As a material may consist of a large amount of elements, which are difficult to fit together
in a pie chart, the dropdown control above the chart can be utilized to limit the amount of
materials in the chart to a selected number of the most abundant elements.
The toolbars are a planned element for the overall stream editor UI. As discussed in chapter six, they are meant to contain tools that can be used to interact with the main UI. The
toolbar buttons, which can be seen in figure 7.4, have already been discussed in the context
of the main UI.
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The navigation panel is another planned element for the overall stream editor UI. Here, the
navigation is on “Materials”, as indicated by the pastel orange background. Ultimately, the
navigation structure should be implemented in such a way that it is apparent that this material editor is analogous to the mineral editor utilized in the context of mineral processing.

7.3 The particle class editor
The idea of particle classes is that groups of similar particles are assigned classes with specific properties. It is then assumed that all of the particles categorized to a class have the
same properties assigned to the class. This way the properties of potentially millions of
particles can be taken into account by considering a limited amount of representative particle classes. The concept of particle classes is discussed in more detail in section 2.2.2 of
this thesis.
As was earlier discussed, the particle classes in HSC SIM 7 were defined strictly in terms
of size, mineral composition, and behavioral type. Thus, the use of the generalized particle
description framework, which was presented in chapter five, was impossible. Fortunately,
the data structure of HSC SIM 8 makes possible to add any type of properties for particle
classes. However, the current UI designs concern exclusively with mineral processing simulations, and thus follow the traditional particle description structure. Therefore, a new
particle class editor was designed for the flexible specification of particle classes, which is
necessary in the context of mechanical recycling.
The proposed UI for the particle class editor is shown in figure 7.5. The UI has five functional elements, which are indicated in the figure by the red numbers. These elements are:
1. The list of particle classes
2. The particle class property tables
3. The class configuration graph tool
4. The toolbars
5. The navigation panel
The list of particle classes is used to manage particle classes. Each row of the list represents a class by displaying its name, an abbreviation of the name, a size class, the primary
material component of the particles represented by the class, and the grade of that material
component in those particles. The first two fields, which are used to name the material, are
freely editable for the user. The rest of the fields are automatically determined based on the
size and composition values defined in the particle class property tables. Particle classes
can be added to the list and removed from it by using the appropriate buttons in the
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toolbars. In addition, the toolbar has a button for duplicating classes, which can be very
convenient when defining several classes, which have many similarities. Particle classes
can be selected from the list by clicking them. The selected material is indicated by an arrow and a darker background color. This effect can be seen in figure 7.5 for the particle
class “Large aluminum chunk”.
The three particle class property tables define the properties of particle classes for simulation. The two tables on the left side define the properties of size and composition, which
are well established as significant descriptive properties of particles. Size is defined in
terms of a size-bracket, and an average. The average size is what is used in calculations,
but the size bracket is also important as supporting information, as it defines clear limits to
the sizes of particles in the class. Composition is defined in terms of the material components, which have been specified with the material editor. In addition to a traditional
weight fraction, a surface fraction can be defined as well to take into account the arrangement of the material components. For example a painted ball of steel may be almost entirely composed of steel by weight, but still its surface may be specified to be entirely covered
with paint. The last of the three property tables contains any remaining particle properties
of interest. A few potentially interesting properties can be seen in the example of figure
7.5. However, as was the case with material properties, a definitive list of particle class
properties has yet to be established. Thus, this last list of properties should be customizable. Such customizability could be implemented in the same ways as were discussed in the
context of the material editor. The compatibility considerations, which were made in that
context, should be acknowledged as well.
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lows the user to see the particle classes that have been defined for the system as regions in
any given property plane. In addition to the chart area, this tool contains two drop-down
menus, which can be used to specify the property plane of interest. The functionality of the
class configuration graph tool can be further explained through discussing the example of
figure 7.5. In this example, three particle classes, which are all primarily composed of aluminum, have been specified. In addition, the axes of the class configuration graph have
been set as size and aluminum grade. As a result, the class configuration graph shows the
three particle classes as regions in the plane of size and aluminum grade. These regions are
labeled with the abbreviations of the corresponding particle classes, and the selected particle class is highlighted by a darker color and a blue outline. This is a very compact presentation of data, which allows the user to instantly see how the particle classes are defined in
terms of the selected properties of interest. In addition, it is easy to see how the classes
cover the selected property plane. However, it is important to note that this type of presentation has the potential problem of overlapping particle classes. This problem could be alleviated with creative graphical design, or by allowing the user to click on a point with
overlapping classes to view a list of classes covering that point, and to select which of
them should be on top.
At the moment the toolbars contain only the buttons for adding, removing, and duplicating
particle classes. However, new functionalities, which relate to particle classes, can be added to the toolbar. One example of such functionality is a dialog for creating a group of
classes based on a sieving measurement. These size classes could then be complemented
with additional information manually, or utilized as they are.
The functionality of the navigation panel has been discussed previously. Here, the navigation is on “Classes”, as indicated by the pastel orange background. Ultimately, the navigation structure should be implemented so that it is apparent that this particle class editor is
analogous to the structure used in mineral processing to edit the subclasses, which form the
overall particle classes. Perhaps this particle class editor could be distinguished from those
by labeling it either “Recycling particle classes” or “General particle classes” in the navigation panel.

7.4 Distribution editor
It was already possible to define particle class distributions with the distribution editor of
HSC 7, as was demonstrated in section 6.5. However, the rigid structure of the editor was
found impractical in the context of mechanical recycling. Therefore, a new distribution
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editor was designed for specifying mass distributions to particle classes in a simple way,
which could later be complemented by wizard dialogs if needed. An additional goal was to
ensure that the properties of streams could be visualized effectively. This would aid the
user in defining new distributions, but the interface elements used to accomplish it could in
addition be utilized for visualizing the intermediate and product streams of system simulations.
The proposed UI for the distribution editor is shown in figure 7.6. The UI has five functional elements, which are indicated in the figure by the red numbers. These elements are:
1. The distribution table
2. The composition tables
3. The distribution graph tool
4. The toolbars
5. The navigation panel
The distribution table is the only element of the editor, which requires user input. It is used
to directly specify the distribution of mass to the particle classes, which have been specified previously. The table contains columns for the names and abbreviations of the particle
classes, and to their right a column for specifying the weight fractions of the classes in the
total solids feed.
As overall composition is a key property of particle populations, it is constantly shown, in
two forms, in the composition tables. The first table shows a composition in terms of the
materials, which have been specified with the material editor. The second composition
table shows a corresponding element composition, which is often of interest as well. Both
tables are automatically updated based on the distribution specified in the distribution table. The compositions can be calculated based on the compositions of the particle classes,
the elemental compositions of the materials, and the distribution factor specified in the
distribution table.

Figure 7.6. The proposed UI for the particle class editor. The functional elements of the UI are labeled with numbers from one to five.
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The distribution graph tool can be used to visualize the overall properties of particle
streams. A generalized approach was taken in the design of the tool to permit a wide range
of possible visualizations. As a result, the tool can be used to plot the distribution of a material mass, or a group of particles, over the range of any defined particle property. An example graph can be seen in figure 7.6. The graph shows the cumulative distribution of the
material “Aluminum” over the particle property of size. From the graph it can easily be
read, that roughly 25 % of the aluminum is in particles under 70 mm in size. Similarly, it
can be read that slightly under half of the aluminum is in particles, which are smaller than
120 mm in size.
As the tool can draw many distinct types of graphs, it requires a structure for specifying
which of them should be presented. The structure suggested here, and seen in figure 7.6,
contains three sets of specifications, named base, scope, and property. The first specification, base defines the quantity, which is being distributed. The second specification, scope,
can be used to place restrictions on what is being distributed. Finally, the third specification, property, sets the particle property, over which the distribution is done. The use of
these specifications is exemplified in figure 7.5, where the size distribution of aluminum is
specified by setting the base as “Mass”, the scope as “Specific Material – Aluminum”, and
the property as “Size”. As this example covers only a single specification of the structure,
the structure is more completely discussed below, with the help of figures 7.7 to 7.9.
Figure 7.7 shows the options for base. In
addition to undivided mass, it is possible
to use particle quantities as the base of a
distribution. As mass is attributed to all
particle classes, it is the simplest of the
particle bases. However, it is possible to
convert particle mass to other measures
of amount, as long as the particles have
been specified in sufficient detail. Some
of these alternative measures can be seen
in the figure. However, the simplest, and
most important measure is mass, and
thus it should be the one that is initially
implemented.
Figure 7.7. Options for the specification of base.

The upper part of figure 7.8 shows two
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initial types of scope limitations for a mass base.

These are “Element” and “Material”.

They are used to restrict the mass, which is being distributed, to a specific element or material respectively. To complete either type of a scope, the specific element, or material, must
be further specified. In addition, it is possible to use the entire base without any further
limitations by selecting “Total Mass”.
The bottom part of figure 7.8 shows the types of scope
for the particle bases. All of the types refer to particle
properties. For example, a size base would indicate
that the user can specify a size range for the particles
that are considered in the distribution. Thus, a size
scope could be used, for example, to draw the aluminum grade distribution of large particles. Similarly,
the particles of interest can be limited to those belonging to a user defined grade range, or to those that possess any other given particle property in a user specified range. For example, the user may only be interested in blue particles, or particles possessing a rodlike shape. Thus, the specification structure should
allow the user to select a restricting property, and to
place a desired restriction in terms of that property.
This can be either in the form of a range interval, or in
the form of a group of accepted categories. In addition
to limiting the scope to a specific group of particles,
the user can also choose to consider the entire particle

Figure

7.8.

Options

for

the

specification of scope.

population by selecting “All Particles”.
Figure 7.9 shows type categories for the specification of the property of the distribution. The
type categories are not absolutely necessary, as
a property of interest could be specified directly. However, these categories make the specification of the property more convenient.
Properties of distribution differ most substantially in the forms of the values they have. Cur-

Figure 7.9. Options for the specification of
property.
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rently, at least three forms seem necessary for describing particles. They are real number
intervals, real numbers, and qualitative categories. Each of these forms presents different
possibilities for visualization.
Properties of distribution with real number interval values enable the type of visualization,
which can be seen in the graph tool of figure 7.6. The graph shows a cumulative undersize
distribution of aluminum. In other words, for each size along the x-axis, the y-axis shows
the amount of aluminum, which exists in particles that are smaller than that size. The expressiveness of the graph is further increased by lines, which divide the amount of aluminum to its sub amounts in the different particle classes. The lowest sub-amount represents
aluminum in particles of the “Small Aluminum Chunk” class, the second lowest represents
aluminum in “Steel Bolted Aluminum” particles, and the last represents aluminum in the
“Large Aluminum Chunk” particles. The names of these particle classes are not presented
in the graph. Instead, it is intended that they be displayed upon clicking, or mousehovering, the corresponding areas of the graph. The smooth visualization is made possible
by assuming that the particles in a class are evenly distributed along its given property interval. This is only an approximation, but an effective one, which avoids unnecessary complexity.
Properties of distribution with real number values
may also be visualized as cumulative distributions.
However, in this case, a smooth distribution graph
cannot be drawn. Instead, all of the particles in a class
will be added to the cumulative distribution at an
exact value of the property of distribution. This can
be seen in the example graph of figure 7.10, which is
based on the distribution table of figure 7.6. In terms
of the graph tool specifications, the example graph
would have particle mass as base, all particles as
scope, and aluminum grade as property. As can be
seen, the graph is basically similar in form as the one
in figure 7.6. The key difference is that each of the
areas, which represent particle classes, is rectangular
in shape. To further distinguish the two types of
graphs, the top left corner of each of these rectangular Figure 7.10. Presentation of a distribuareas is marked with a white point, which highlights tion based on a property with real
number values.
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the discrete nature of the particle classes. As in the case of particle classes with range values, the name of each particle class should be displayed if the area is clicked, or mousehovered upon.
Properties of distribution with qualitative categories as values need an entirely different
form of presentation, as the categories do not relate to each other numerically. Thus, the
focus is simply in the ratios of amount, as determined by the base and the scope, in the
categories. Such information may effectively be visualized in the form of pie charts. An
example can be seen in figure 7.11. The figure is based on the distribution table of figure
7.6, and shows the distribution of particle mass to liberation classes. This figure could be
drawn by specifying particle mass as base, all particles as scope, and liberation classes as
property. If several classes of the selected type have been assigned for the particles, the pie
may become difficult to read. In this case, it would perhaps be best to combine few of the
least represented classes under a sector labeled “Other”. The distribution to these other
classes could then be shown in another complete pie chart, if the label or the sector is
clicked by the user.

Figure 7.11. The distribution of particle mass into liberation classes.

The last few pages have discussed the distribution graph tool. However, there are still two
functional elements in the distribution editor, which have not been discussed. First of them
is the navigation panel, which has been discussed in the previous sections. It can be used to
access the distribution editor can be accessed through the navigation panel by selecting
“Distribution”, which is under the heading “Particle Classes”. The navigation structure
seen in figure 7.6 is only tentative however, and should be reconsidered in the context of
the overall particle stream editor later in development. The last element to discuss is the
toolbars. Currently, no functionality has been added to them. However, in the future, the
toolbars could be used to access tools, which aid in the specification of the distribution.
Such tools could for example be simple wizards that help in the evaluation of the distribution, or even advanced size-reduction models, which can estimate the distribution based on
user inputs.
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8 Conclusions and recommendations
8.1 Conclusions
This thesis presented initial designs for the extension of Outotec’s HSC SIM simulation
platform into the field of mechanical recycling. The most important feature of the designs
is the implementation of a generalized particle description framework, which was developed for flexibly describing recycling particles.
The initial problem in developing the designs was to find a suitable framework for describing recycling particles. The first step in finding a solution was a literature review on particle description in mechanical recycling, and the closely related field of mineral processing.
The review found that an effective particle description framework had been established in
mineral processing. However, the modeling approaches in mechanical recycling did not
directly adopt the established framework. Instead, the framework was expanded upon in
various ways, in an attempt to describe the complex particles, which can be encountered in
recycling. Unfortunately, none of these new frameworks could be considered definitive.
Thus, although the literature review revealed a significant amount of relevant information,
it did not present a direct solution to the problem.
As it became apparent that a new solution would have to be developed, a decision was
made that particles would be observed directly to support the process. This was conducted
over a five-day period at the Kuusakoski Heinola Works recycling plant. Although these
observations were limited to particles produced in a single shredding process, the particles
encountered seemed very diverse. This diversity extended to properties, which were not
included in any of the particle description frameworks that were found in the literature review. The relevance of these properties has yet to be studied, but overall the observations
left the impression that none of the current particle description frameworks in the literature
could fully capture the complexity of recycling particles. Furthermore, it became apparent
that a specific, definitive, particle description framework could not be developed in the
scope of this thesis.
As the development of a specific particle description framework was ruled out, a generalized approach was taken instead. In other words, a generalized framework was developed
allowing the creation of specific particle descriptions of various types. The framework is
based on the underlying basic structure that is common to all of the particle description
frameworks, which were encountered in the literature review. More specifically, the
framework uses particle classes, but unlike in any specific frameworks, these particle clas-
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ses are not inherently defined in terms of any specific particle properties. Instead, these
general classes can be specified freely, and thus can be used, for example, to form any of
the particle descriptions discussed in this entire thesis.
Ultimately, the scope of the designs for the extension of HSC SIM was limited to the particle description framework and to the user interface, which would accommodate it. The
formulation of the designs was a creative process, which resulted in three user interface
drafts. These drafts demonstrate the functionalities of three editors, which can together be
used to create descriptions of particle populations. These editors are named the “Material
editor”, “Particle class editor”, and “Distribution editor”. Subsequently used, they can define the distribution of a material stream into general particle classes

8.2 Recommendations
The designs presented in this thesis can be utilized to initiate the recycling extension of
HSC SIM. However, the scope of the designs is limited to the implementation of the generalized particle description framework. Thus, the designs will only help in the creation of
foundation, upon which the complete simulation platform can be developed.
It is recommended that the implementation of the designs be followed by additional development of the platform. There are at least three important targets for this development.
Firstly, the necessary structures for modeling unit processes must be implemented. Secondly, specific properties should be added to the generalized particle description framework as
they become established in modeling practice. Thirdly, the development of a material database should be initiated by documenting the relevant properties of the various materials
which are commonly present in end-of-life products.
The most important future development is the implementation of modeling structures.
There are at least two basic approaches for accomplishing this. One is to hard-code specific
models, which have to be developed individually. The other is to implement generalized
structures for defining the relations of the outputs and inputs of a process. As an example, a
structure could enable the user to model a separation process by defining a formula, which
calculates split-factors for particle classes based on their properties. The input material
belonging to each particle class would then be separated to the output streams according to
the corresponding split-factor.
To summarize, the recommended development steps are, in their suggested order of implementation:

85


The implementation of the designs presented in chapter seven



The implementation of modeling structures



The direct implementation specific properties to the particle description framework
as they become established in modeling practice



The initiation of the development of a material database.

Although the focus of this thesis is on mechanical recycling, it is important to note that
some of the ideas presented in the designs of chapter seven can be utilized to extend HSC
SIM’s framework for description of mineral processing particles as well. More specifically, the use of additional particle properties could permit the use of advanced property based
models. Thus, as a last recommendation, it is suggested that the particle description
framework of mineral processing be also expanded in the future.
In considering the entire recycling extension, and whether it should be initiated, one should
keep in mind that the modeling of mechanical recycling, as well as its industrial application, is still at an early stage. This can be seen as either a drawback, or an opportunity. On
the one hand, it is difficult to evaluate the complete benefits from making the extension,
and there would surely be challenges ahead in doing so. On the other hand, successful extension would make HSC SIM the forerunner platform in the simulation of mechanical
recycling, which could result in a variety of unforeseen benefits.
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