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Abstract

This report focuses on the discrete element method and experimentation of sizing of particles in
zero gravity conditions, with the objective of understanding the difficulties which may arise when
attempting to predict the behaviour of particles under these conditions. This research will be

beneficial in future asteroid mining operations.

This report first demonstrates how spherical particles behave in a zero gravity environment and
how efficiently different types of sieve geometries and configurations perform. Plastic and steel
pellets as well as iron ore particles were used as the screening material. The extruded sieve concept
produced favourable results, with particles approaching at 60° to 90° to the sieving plane reaching
efficiencies of 90%.

Probabilities were calculated for the various sieves, with the following results: rectangular
(28.6%), oval (22.4%), square (14.1%) and circular (11.1%). A physical experiment was then
performed for the purposes of having a comparative practical screening technique. The results of
the physical experiment demonstrated similar efficiencies. In order to calibrate and validate the
DEM simulation parameters for the various particles, a simulation of the physical experiment was

then performed.

Screening in a zero gravity environment was then simulated. The space case sieve results were
compared to the theoretical passing probability of particles, demonstrating similar efficiencies for
the plastic and steel pellets. The iron ore particles reached efficiencies which were 1.5 times higher
than the theoretical results; however, they were still within the range of probabilities for multibody

particles.

The report shows that the main characteristics which govern the behaviour of particles during the
screening process in a zero gravity environment are the coefficient of restitution, coefficient of

static friction and the shape of the particle.

The overall conclusion of this report is that it is possible to predict the behaviour of material in a
zero gravity environment with the use of practical experiments, careful parameter calibration and
validation, and LIGGGHTS DEM simulations.
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Chapter 1 Introduction and Literature Review

1.1 Summary of Chapter 1

Chapter 1 consists of the background, problem statement, research questions, objectives and

the literature review.

1.2 Research Background

There has been extensive research in the field of space mining as to whether mining in space
is realistic and feasible. The main considerations in those studies however, were the
economic feasibility thereof. In recent years there have been major developments in reducing
the costs for transporting objects, including machines, into space. One entrepreneur in
particular, Elon Musk, has been a leader in this field, and has continuing aspirations to make
space travel more affordable than where it currently stood, at $17000 per kg in 2014 (Gump,
2014). This means that the possibility of mining asteroids is not as implausible as it seemed
ten years ago. Some experts expect space mining to become a reality within the next ten years
(Goswami, 2018). Scientists have studied asteroids and the general environment of space, and
engineers have already proven that it is feasible to design and manufacture machines which

can operate in space and the environment it offers (Musk, 2017).

Asteroids are classified into different types. Amongst the three most common types are
carbonaceous, silicate and metallic type asteroids (Ross, 2001). The minerals within these
asteroids are valuable and the asteroids can also contain water in the form of ice. Some of the
minerals (eg. nickel and iron) are not particularly desirable because of their abundance on

earth, but could be used in space for future structural developments (Arthur, 2016).

On Earth, mining techniques are generally limited to three methods, namely surface mining,
underground extraction and in-situ extraction (Sonter, 1996). The fundamentals of these
techniques are similar in the way that material is broken down and processed in smaller

portions. By contrast, mining asteroids in space will involve attaching a type of space vehicle



to the asteroid. It would break down the asteroid into smaller, manageable pieces, sort the
pieces of asteroid using a method of screening, packaging the final product and transporting it
to a space station or back to Earth. The focus of this report is the screening process of the
particles recovered from breaking down of the asteroid, to assess whether the principles that
govern particle sizing on Earth may be applied in zero gravity conditions, and whether there

are adaptations to other mining processes that may be required.

1.3 Problem Statement

Space mining is a relatively new but fast-growing field of interest as companies around the
world such as SpaceX, Planetary Resources and Deep Space Industries (DSI) are racing to be
the first to achieve a viable form of mining asteroids in space (Space.com, 2018). These
companies are developing concepts for salvaging asteroids and returning them to Earth for
material processing. Asteroids exist in different shapes and sizes ranging from a few metres
to a few hundred metres in diameter, which would be dangerous to bring through the Earth’s
atmosphere therefore braking methods such as propulsive braking or aerobraking would need
to be investigated (Ross, 2001). This poses the question; would it not be more sensible to
process the material in space and transport back only that which is desired in more
manageable sizes? The idea behind this is that it will be more efficient to mine in outer space
in this manner. Of course this would require the asteroid to be broken up, a feat which would
need to be done without the use of explosives in order to prevent any flying, and potentially

damaging debris.

On Earth there are various machines used to crush large rocks. These include jaw crushers,
cone crushers, gyrasphere crushers, horizontal shaft impact (HSI) crushers and vertical shaft
impact (VSI) crushers. The first three machines rely on gravity to ensure feed to the crushing
chamber is maintained, and would not be viable solutions to mine in space. The HSI and VSI
crusher would however, be able to operate solely with an initial push of the material into the
crushing chamber. These two crushers produce cubic shaped particles (Metso, 2018) and the
size of the particles varies depending on the close side setting and the speed at which the
rotor rotates (between 800 — 2700 rpm) (Trio® Vertical Shaft Impact Crushers, 2016). These

machines typically recirculate the material which has been crushed to ensure that the final



product has reached the desired close side setting size. It is thus feasible that, with some

adaptation, crushing may be possible in zero gravity.

After crushing, the loose particles would need to be contained and conveyed to a screening
chamber. On Earth, screens vibrate the particles on the screen media or mesh using gravity as
the force to ensure that the particles remain in contact with the screen media. The agitation
mechanism allows the particles to rotate randomly into the correct orientation, which allows
the particles to pass through the screen media apertures. In space, this would not be possible
as the effect of vibration on the particles would be different, as the particles could have
higher Kkinetic energy and would not remain in contact with the sieve. There are several facets
which need to be explored in order to understand the behaviour of particles on screen media,
including the orientation of particles relative to the screen media apertures, Kinetic energy,
driving force or energy required to allow a particle to successfully pass through an aperture in
the screen media, method to ensure that a sized particle does not pass through the aperture in
reverse, impacts of particles in a low energy dissipation environment, and the method of
cleaning the screen media that has become blinded (ie. where particles become stuck in the

apertures).

This report aims to investigate the principles which affect the screening of particles, in order
to better understand the zero gravity application and to predict such application by means of
DEM (Discrete Element Method) simulations, calibrated using a simple experimental

approach.



1.4 Literature Review

1.4.1 Introduction

Sonter (1996) stated that space mining processes will naturally differ with respect to the
desired product type. If a metal was desired and it was presented as macroscopic lumps in a
silicate matrix, a process of crushing and thereafter sieving would need to take place. This
generic mining separation method separates the larger particles from the smaller particles
through screening. The larger particles are conveyed to a secondary crusher for further down-
sizing, while the screened particles are conveyed to an area where they will be further
refined, in order to obtain the metal in its purest form. This screening process forms the basis

of this research.

This section will discuss the different factors which need to be considered before space

mining may commence.

1.4.2 Asteroids

Near Earth Asteroids (NEA) have been grouped into several categories according to their
compositions. It has been found that the most common types of asteroids are of the
carbonaceous type (C-type). This classification means that they are made up of water and
other elements necessary for life (Sonter, 1996). The second most common type of asteroid
is classified as a silicate type (S-type), which, although stony, is mineral-rich (Arthur, 2016).
These contain fragments of Magnesium silicates, and small quantities of nickel, iron and
platinum (Arthur, 2016). The third type of asteroid composition which is of interest is the
metallic type (M-type). These consist of large quantities of nickel and iron, although it has
been found that large asteroids cannot consist of pure metal as photometric and polarimetric
studies suggest that they consist of silicate-component-like stony-iron (Lupishko and
Belskaya, 1988). These studies suggest that no form of water exist in this type of asteroid.
This report has, therefore, excluded water from the analysis. Nickel (Ni) and Iron (Fe) are of
minimal interest for return to earth but could prove to be extremely useful for construction of
colonies and vehicles in space (FW:Thinking, 2013), where they could be melted down,
extruded into a filament and used for 3D printing parts in space. If this process is successful,

it will be possible to print steel structures at a substantially reduced cost.



Two organizations have set their targets on space exploration, namely Planetary Resources
and Deep Space Industries (DSI) (Space.com, 2018)). Planetary Resources has already
deployed Arkyd — a machine which was built and sent into space purely to identify whether
asteroids contain precious minerals (FW:Thinking, 2013). DSI, on the other hand, has
produced the first ever 3D print from an asteroid material on earth. The asteroid was crushed,
powdered and processed and then used in a 3D printer (Science Plus, 2016). The printed part
consisted of iron, nickel and cobalt and was produced to prove that asteroids could be used
for future steel construction in space. The composition of this part was comparable to a
refinery grade steel (Science Plus, 2016).

1.4.3 Transfer of mass

According to a study performed by Ross (2001), the difficulty in transferring a mass from
one orbit to another is due to the change of velocity required. These changes of velocity can
range between 1 km/s — 11.8 km/s, the former being the change of velocity of a NEA to
Earth’s orbit, and the latter being from Earth’s surface to Geostationary Earth Orbit (GEO)
(Lewis, 1991, cited in Ross, 2001). Findings on how to nudge NEAs into Earth’s orbit
temporarily have been published by Tsighua University in Beijing (Baoyin et al., 2011, cited
in Goswami, 2018). This will allow space miners on Earth the opportunity to access the
asteroid for mineral extraction before nudging the asteroid back out of Earth’s orbit. The
asteroid’s trajectory would need to be determined carefully in order to carry out this
dangerous task, as any mistake could result in the asteroid entering the earth’s atmosphere,

which could be catastrophic.

1.4.4 Spacecraft

There is an emphasized drive to reduce the costs of sending objects into space. Currently,
Elon Musk is one of the leading entrepreneurs in this field as his company, SpaceX, has
made immense progress in optimizing the concept of reusing the spacecraft after it lands
safely on Earth. This was done in order to reduce the costs per launch for the space tourism
concept. Currently, Elon Musk’s largest spacecraft to date is the Falcon Heavy which can
transport 30 tonnes of payload per trip (Musk, 2017). Approximately 70% of the spacecraft
is reusable. The design of the previous space rocket, the BFR, consisted of a fully-reusable
spacecraft which can transport a payload of 150 tonnes (Musk, 2017). The latest SpaceX
launch vehicle, the Starship prototype called the Mk1, has been designed and will be the first

5



full-sized test vehicle that is planned to take flight in 2020 (Wall, 2019). It will fly to an
altitude of approximately 20 km. Soon thereafter it is predicted that the Mk4 or MKk5 of
Starship will transport paying customers into space as early as 2023 (Wall, 2019). One major
challenge of space travel is the transportation of the fuel the spacecraft requires as this forms
the largest portion of mass and thus accumulates the most cost when sending the spacecraft
into orbit. Liu Ruopeng, founder of Kuang-Chi Science Ltd., intends to compete with Elon
Musk by entering the race for space tourism (Goswami, 2018). The competition will not only
reduce the time to the first space tour, but will ensure that companies consider every possible
way to reduce the cost per ticket for the consumer. The reduction in cost of space launches
will mean that space travel could become another mode of common transport. This would
also allow the transportation of space mining machines and robots into orbit that could carry
out the task of space mining, which would make space mining potentially feasible in future.

1.4.5 Financial aspects

A study performed by Sonter analysed the technical and economic feasibility of mining
NEAs and concluded that it is technically feasible, and that the product returned to earth
could be traded for an impressive profit (Sonter, 1996). This study took into consideration
the potential drop in the mineral market due to large quantities of specific minerals being

sourced from space which would decrease the rarity of the mineral here on Earth.

NASA budgets $19.9 billion annually for their space programmes (NASA, 2020). China has
recently increased the contribution to their space program from $695 million in 2015 to $6
billion in 2016 (Goswami, 2018). This shows an increased interest in space exploration. The
justification given for the increased annual financial investment is led by China’s ambitions
to investigate spaced-based solar power, lunar and asteroid mining, space settlement, and
planetary defence (Goswami, 2018). The China National Space Administration (CNSA) is
focused on performing feasibility studies for extracting minerals from asteroids between
2017 and 2022. One asteroid, in particular, 1996 FG3, is one NEA which is near enough to
be processed for research and the collection of titanium and platinum mineral samples
(Goswami, 2018). These budgets may seem low as studies performed in 1996 suggested that
an initial capital of $100 billion would be required in order to start space mining (Kargel,
1996, cited in Ross, 2001). In today’s value it is converted to $164 billion — an amount far
greater than the amounts budgeted for by NASA and CNSA combined.
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1.4.6 Material processing on Earth
1.4.6.1 Separation techniques

There are many different types of separation techniques which are used in industry today.
Amongst the most common are magnetic separation, eddy current separation and different
types of mechanical screening. Other interesting separation techniques exist such as the X-
ray fluorescence separator which is used in the final recovery process in diamond mines.
This process utilizes two physical properties of diamonds; they are hydrophobic in nature

and that they fluoresce when they are exposed to x-rays (Diamcormining.com, 2018).

Material separation occurs during recycling of automobiles through the use of manual and
mechanical techniques. Due to the relatively low cost of mechanical separation techniques it
has become the preferred process of material separation. Automobiles are shredded into
thousands of pieces and are then sorted into ferrous and non-ferrous metals. Ferrous metals
are separated from other materials through a magnetic process. Non-ferrous metals are
separated with an eddy current separator (Coulter et al., 1998). For separating polymers of
different densities a fluid is used. The material with the greater density sinks while other

polymers float (Coulter et al., 1998).

Screens are the most common type of machine used in the mining industry for separating
large particles from smaller particles.

1.4.6.2 Types of screens

Rotary screens are used in industry to separate solids from liquids (Defender Rotary Screens,
2016). This is done by feeding the solid-liquid mixture onto a rotating drum which has
openings to allow liquid to pass through while transporting the solids over the drum to a

discharge chute.

Vibrating screens have a bed with apertures which vibrate to allow motion of particles across
the bed, with smaller particles passing through the apertures. All screens attempt to achieve
complete stratification through the method of exciting material at an acceleration of more
than 3 times the acceleration due to gravity. Screens operate with different motions and each
motion has its own advantages for specific applications. Each screen is designed for a
specific application and can very rarely be modified to suit another application. Circulatory



motion screens are usually inclined at 20° and can process tonnages of up to 1700 tonnes per

hour in some applications (Xinhai, 2018).

Vibrating screens are designed for the type of screen media which they will be fitted with and
these may also vary according to the application. The type of screen media chosen is based
on the desired percentage open area of the screen, the wear resistance of the media as well as
the maintainability of the screen media when it is worn. The types of screen media are
(Screen Media, 2013):
o perforated plates — steel plates with apertures profiled through the thickness of the
plate,
o woven wire mesh — wires layered horizontally and vertically to form sieve apertures,
o polyurethane and rubber panels — moulded panels with apertures moulded into the
material,
o wedge wire panels — wires moulded into polyurethane or rubber panels to form

apertures.

1.4.6.3 Screening parameters

Studies have been performed on vibrating screens to determine the efficiencies which could
be attained by changing the physical and operational parameters. Screen manufacturers use
different programs to size screens correctly according to the defined requirements but most of
these software programs are based on a modified formula that was initially generated by the
Vibrating Screen Manufacturers Association (VSMA) (Olsen and Carnes, 2001). This

formula considers 12 factors which have been tested over years of research.

Olsen and Carnes (2001) argued that the original formula considered 12 factors to reduce the
manual calculation time, but with today’s computer power they urge screen engineers to
include 6 additional subtle factors which they felt are necessary to increase the accuracy of
the solutions. Table 1 lists the 12 originally generated factors as well as the 6 additional
factors which are suggested above. Their relevance to the zero gravity application are also

assessed.



Table 1: Parameters which determine the screening efficiency of vibrating screens.

Relevance to Zero

Parameters L .
Description gravity

Basic Factors Application

Basic capacity per | Capacity in tonnes per hour Relevant

square foot

Inclination angle

Screen angle determines the effective screen
opening area (foreshortening) — See Figure 1.

Not relevant

Deck factor

Not the whole length of the lower decks are being
used — See Figure 2

Not relevant

Oversize factor Percentage of input particles which are larger than | Relevant
the screen openings.
Half size factor Percentage of input particles which are less than | Relevant

half the size of the screen openings.

Slot factor

Determined by the shape of the screen openings.

To be investigated

Spray factor

Effect of a water spray system on a screen.

Not relevant

Material condition

Dictated by the effect of moisture content on the
feed material.

Not relevant

Particle Shape

Dictated by the shape of the particle ie. Cubic or
elongated.

Relevant

Open area factor

The available open area of the screen media.

To be investigated

Weight factor

Determined by the density of the feed material.

Not relevant

Efficiency factor

The ratio between the amounts of particles which
should theoretically pass through versus the
amount of particles which actually pass through.

Relevant

Additional Factors

Type of stroke factor

Determined by the type of stroke of the screen —
See Figure 3.

Not relevant

Stroke length factor

Dictated by the stroke length of the screen.

Not relevant

Timing angle factor

Considers larger particles in large screen openings
requiring a greater vertical lift to clear the material
from the opening.

Not relevant

Frequency or the
revolutions per minute
(RPM) factor

Determined by the frequency of vibration and the
particle size.

To be investigated

Near size factor The amount of particles which are close to the | Relevant
screen media opening size (within approximately
25%).

Bed depth factor Based on the bed depth size compared to the size of | Relevant

the screen openings — See Figure 4.




Effective Length of Horizontal Deck

Effective Length of Inclined Deck

Figure 1: Foreshortening - effective open area of horizontal deck vs effective area of 20°
inclined deck.

Figure 2: Deck factor illustration

c. Linear Stroke

a. Circular Stroke b. Oval Stroke

Figure 3: Illustration of a circular, oval and linear stroke
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Figure 4: Large bed depth compared to small screen media opening.

Table 1 lists all the factors which influence the efficiency of screening and whether or not
they will be relevant in determining the efficiency of screening in space. Three factors, in
particular, need to be investigated further to understand whether they will affect screening
efficiency in space or not. These factors are namely: slot factor, open area factor and the
frequency or RPM factor. It is thought that the latter factor will not directly affect the
efficiency but investigation of inducing a vibration at a frequency may provide useful
insights.

It is common knowledge in the screen design and engineering community that vibrating
screens perform optimally when they are actuated at an acceleration of 3-5 times the
acceleration due to gravity, or g. According to Newton’s second law of motion, to achieve
this, a screen with a mass of 4000 kg would require an actuating force in excess of 200 kN
(when also considering the mass of the material on the bed). This force is easily generated
through the use of electric motors which are designed to induce vibrations to a screen at
various frequencies. These motors use counterweights which are designed to cause an

imbalance which result in the vibrating motion.

The work done by Olsen and Carnes (2001) on the RPM factor explains why, in industry,
screens operate with a stroke (or a throw) of between 8-10 mm for particles larger than 10
mm, a stroke between 4-6 mm for particles smaller than 10 mm and a stroke of 1-2 mm for

particles smaller than 3 mm. The stroke is dependent on the frequency at which the vibrating
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motors operate. To achieve a stroke of 4-6 mm a 4-pole motor (1470 RPM) operating at a
frequency of 24.5 Hz is used and to achieve a stroke between 8-10 mm a 6-pole motor (960
RPM) operating at a frequency of 16 Hz is used. For the purposes of this research report it is
anticipated that a larger stroke would be desirable, therefore the frequency of vibration of 16

Hz will be used.

The particles flowing over the vibrating screen are in contact with the screen for a minimal
amount of time so that the particle is understood to be “hopping” on the screen media.
Screens operating with large bed depths have ranges of different sized particles and the main
phenomenon which plays an important role in the efficiency of the screen in this case is
stratification. This is a process whereby the smaller particles are excited through vibrations
and manage to find their way through the spaces between the larger particles to the top of the
screen media (as seen in Figure 5). This means that the smaller particles are positioned at the
bottom of bed depth and have a greater probability of falling through the screen media due to

their contact time being increased.

Mixed screen feed of
coarse and fine particles

Material stratifies:
Nearsize and oversize
particles at the top of
the bed

Separate screening:
Nearsize particles in
contact with the screen
surface

Stratified region
experiences a high
rate of screening e o

Figure 5: Stratification of material due to a vibrating screen deck (Courtesy
JKMRC and JKTech Pty Ltd, as cited in Mineral Processing & Metallurgy,
2018).

1.4.7 Screening in zero gravity vs screening on Earth

The difference between screening in zero gravity versus screening on Earth is the fact that
space does not consist of an atmosphere and a gravitational field. The zero gravity
environment is the main concern as it heavily restricts the principles of screening to be
applied to screens in space. On Earth, gravity is the external force which ensures that
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particles vibrating on a screen surface return to the screen surface after being accelerated
upwards at 3-5 g. In space this force will not be applied and alternative parameters of
screening will play a predominant role for the efficiency of screening. One advantage which
the zero gravity environment has is the fact that the sieve will not have to be underneath the
material being screened, it could be positioned around all sides of the material. Imagine a
cube with one side being the inlet for material to enter and the opposite side being the exit
for the oversize material. The remaining 4 sides could consist of a screen media which would

mean 4 sides will be screening versus the single side screening on Earth.

1.4.8 Probability of particles passing through sieves

Probability plays an important role in the screening process as particles experience
opportunities where they may pass through the sieve apertures. Screen designs on Earth rely
heavily on ensuring particles have the most particle-on-sieve encounters (Retsch.com, 2019)
to increase the chances to pass through the apertures. Therefore the probability of a single
particle passing through a sieve aperture in one interaction is usually never considered. This
research report, however, will consider the probability of a single particle passing through a
single sieve aperture and will be compared to the results obtained in the DEM simulations
and the physical experiments.

Gupta and Yan (2006) found that Gaudin developed a formula which governs the probability
of a single particle passing through a square aperture. The formula is based on the assumption
that the particle does not touch any sides of the aperture while approaching at 90° to the plane
of the opening. The formula is given by:

_ [La—dp))?
~ Latdy)

1)
where

La - is the length of the square aperture

dp - the particle size of which 50% passed through the screen (Gupta and Yan, 2006). This
could be found in the particle size distribution (PSD) data, from the ds; measurement

dy - is the wire diameter of the wire in wire mesh screen media

The equation was further derived to include the additional probability of the particles
colliding with the wire diameters and deflecting through the aperture openings. Theoretically

this can be calculated with the use of a spherical particle and the angle at which the particle
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contacts the edge of an aperture (0). Figure 6 below illustrates trajectory of the spherical

particle after it collides with the wire diameter due to the overlap.

Initial movement
i before collision

Trajectory after collision

Wire diameter

o~ ot

Wire diameter

- ot

Aperture opening
| — - | ‘; _: | . -~ |

Figure 6: Particle colliding with wire diameter and deflecting through the aperture.

Using the above figure the following probability equations for the square, rectangular,
circular and oval apertures can be derived (T Frangakis 2020, personal communication, 14

February):
Square:
(La—d,, cos 6)1>
Psquare = [ A(LA: ) )
Rectangle:
_ (La—dpcos8)(3Ly—dp cos0)
prectangle - (La+dy)(BLa+dy) (3)

assuming the longest side of the rectangle is 3 times that of the shortest side.

Circle:
 [(Lg—dy cos 0) 2
Peircle = 3 [m (4)
Oval:
_T (La—dyp cos 6)(3Ly—dy cos 0)
Poval =3 [ (La+d,)(3La+d,, ] )

assuming the major axis of the oval is 3 times that of the minor axis.
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1.4.9 Efficiency of screening and error percentage

Similar to how the probability equation quantifies the theoretical probability of particles
passing through sieves, the screen efficiency quantifies the collective percentage of all the
particles which physically pass through the sieve. The screening efficiency is calculated
using the following formula provided by the VSMA handbook (Vibrating Screens, 1968):

% of undersize in feed which actually passes

Efficiency = (6)

% of undersize in feed which should pass

Predictions of results are not always entirely accurate therefore a deviation percentage is
used to calculate the difference between the experimental value and the simulated value as a

percentage. For this calculation the following formula is used:

|experiment value—simulation value|

Deviation % = x 100 (7)

experiment value

1.4.10 3D printing

3D printing is rapidly growing in the commercial industry. Steel printers, such as the one
which DSI used to 3D print a part using material from a M-type asteroid, are common
machines in the market (Cherdo, 2019). These devices use different techniques for 3D
printing one of which is the process of extruding a filament (a material which could be melted
down and formed), of the operator’s choice, to produce parts which have been designed on a
computer aided design (CAD) program. The process starts with inserting cylindrical resin
pellets (for polymer 3D printing) of approximately 82 mm x 2 mm long of the desired
material into the hopper which is then moved to the heating element and forced through the
extrusion nozzle to form the filament which is used by the 3D printer. The 3D printer then
melts down the filament and places layers of material to form a part which is a precise replica
of the CAD model. The process to make steel filament is the same except it starts with

melting down a powder instead of pellets (Cherdo, 2019).

This research report will focus on the sizing of particles to obtain small particles so that in the
space application these small particles could be used to make filament for the purpose of steel
3D printing.

15



1.4.11 Discrete Element Method (DEM)

Discrete Element Method (DEM) is a numerical technique used to simulate the flow of
granular material. It considers interactions between particles and particles as well as between
particles and wall surfaces. Weak forces between particles may also be defined to simulate a
material with a certain moisture content (Coetzee, 2017). During the movement of granular
materials, particles may break into smaller particle sizes but this is sometimes not considered
in order to simplify the simulation. Results produced by DEM software include the position
and velocity of particles, as well as the magnitude and orientation of contact forces which
may be experienced by particles as would occur in reality (Cavarretta et al., 2012). This
method of analysis, although well established, often lacks in-depth experimenting for the

validation of the results it produces (Grima and Wypych, 2011).

LIGGGHTS (LAMMPS Improved for General Granular and Granular Heat Transfer
Simulations) is an open source DEM software program which is used to perform simulations
of bulk material flow (Kloss et al., 2012). Accurate DEM simulations make use of suitable
contact models in conjunction with Newton’s second law of motion to determine the
resulting forces acting on discrete particles within a stipulated system (Horn, 2012). In order
for the software to determine the movement of particles it calculates the velocities,
accelerations and the positions of the particles as well as the effects of the collisions with
other particles and system geometry. The DEM model is first set up with parameters which
have been calibrated with the material which is to be simulated. Thereafter the model is
validated through the use of an experiment (Cheung and O'Sullivan, 2008). Once the above
two steps have been carried out correctly it is possible to use those parameters to predict how
similar particles will behave in other environments. It is therefore necessary to investigate
the different input parameters which will have the most influence on the accuracy of the

results in zero gravity application. Stated below are the input parameters of LIGGGHTS:

1. Coefficient of restitution (COR) is a measure of the amount of useful kinetic energy
which is lost due to a collision between any two bodies (Ranjan, 2017). This input
parameter is dependent on the velocity before and after the impact of the particle. The
coefficient of restitution is often determined by a simple rebound test governed by the

following equation (Bennett and Meepagala, 2005):

Vfinal

— hfinal (8)

hinitial

Vinitial
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where v IS the relative velocity after impact, v;y;.;q; IS the relative velocity before
impact, hinitiqr 1S the initial height from which the particle has been dropped and

h¢inqi is the height to which the particle has rebounded.

It is important to note that this equation may only apply on Earth where the kinetic
energy can be transformed into other forms of energy such as sound and heat. Where
the effects of energy conversions are different, as in space where sound may not exist,

a different value of coefficient of restitution may occur.

A global parameter for the coefficient of restitution is initially used due to the quantity
of collisions between the respective particles being fewer than the collisions between
the particles and the wall geometry. Therefore the coefficient of restitution value is
initially given that of the particle to wall until the parameter is calibrated in Section
2.4.1.6.

Particle shape plays an important role in DEM simulation (Combarros et al., 2014) as
it determines whether the particles are more susceptible to a rolling or bouncing
motion during a collision. For the purposes of screening it determines whether a
particle may orientate itself in a position which will allow it to pass through the screen
media apertures. Two methods are commonly used for particles in DEM simulations:
i.  Spherical particles with modified DEM input parameters to provide results
which accurately simulate the desired bulk material or;
ii.  Multibodies which consist of many spheres which are clumped together to

replicate the actual particle shape.

Cavarreta et al. (2012) stated that O’Sullivan and Cui (2009) obtained results which
accurately compared to their experimental results when using DEM particles which
were closely spherical while in their physical experiment they used precision steel
balls, whereas Barreto (2009) did not achieve accurate results probably because he
used particles which were not completely spherical which significantly influenced the
behaviour of the bulk material. The results of these papers proved that DEM is
heavily dependent on the particle geometry being used. Many types of equipment use
the QicPic system (Cavarretta et al., 2012) to analyse the particle’s size and shape by
dynamically measuring the particles and by producing three results, namely the aspect
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ratio, sphericity and convexity (Sympatec, 2018). This enables particle shape to be

accurately represented in DEM.

Particle density is calculated by dividing the particle’s mass by its volume (Flint et al.,
2002).

. Young’s modulus (E) is a measure of the stiffness of a material (Budynas, Nisbett and
Shigley, 2011). It is common practice in DEM simulation to assume a value of 5x10°
for Young’s Modulus because any value higher than this results in a dramatic increase
in simulation time, while values of this order do not significantly affect simulation
results (Yan et al., 2015).

Cohesion energy density quantifies the amount of energy required to break the

cohesive bond between particles. This will not be explored in this research.

Coefficient of static friction is the amount of resistance a particle experiences before a
force starts moving the particle in the direction of the applied force, when the particle
is in contact with a surface. One method that may be used to test for the coefficient of
static friction is through the use of an inclined plane test. This test inclines a plane on
which a particle is placed until sliding occurs. Once the particle begins to move the
angle at which the plane is set (6;) is recorded and used in the following equation for
determining the coefficient of static friction (us) (Pstcc.edu, 2019):

Hs = tan s 9)

The coefficient of kinetic or sliding friction is used to determine the resistance force
experienced by an object while it slides at a constant velocity. The coefficient depends

on the nature of the two surfaces in contact and their respective surface roughness’s.

For the purposes of this research report the coefficient of static friction will be
experimentally determined and will initially be used. This value acts as a global
friction coefficient and is used in the case of kinetic friction as well (gran model hertz
model — LIGGGHTS v3.X documentation, 2016). Similar to the coefficient of
restitution, after the use of the initial value, the coefficient of static friction is
calibrated in Section 2.4.1.6.

. Poisson’s ratio is a material property defined for a body as the ratio between the

transverse strain and the longitudinal strain when the body undergoes stress due to a
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load being applied to it (Silver.neep.wisc.edu, 2018; Engineeringtoolbox.com, 2018).
This value was shown to have an insignificant effect on the results of the bulk
material flow behaviour (Horn, cited in Guya 2018). In DEM, the Poisson’s ratio (v)

can be used to define the Shear modulus (G) and the Young’s modulus (E) of a

substance using; G = Therefore using a small value for Young’s modulus in

2(14v)’

the simulation results in the shear modulus/ Poisson’s ratio obtaining a small value.

Particle size is the physical size of the particle being simulated. Often spheres are
clumped together to form more complex geometries to accurately represent actual
sizes of granular materials (Coetzee, 2017).

. Time step is a DEM simulation parameter which defines the time interval between
iteration of particles’ position, velocity and acceleration as they interact with one
another and wall surfaces. This parameter is directly related to the simulation time and
is dependent on the particle size. The larger the particle size the larger the time step
required which results in a shorter simulation time (Grima and Wypych, 2011). The
time step is required to be less than the critical Rayleigh time step. This is calculated
using:
1 p 2 -1

Tg = ;md, (G—Z) (0.1631y, + 0.8766) (10)
where Tr is the critical time step, d,, is the particle diameter, p, is particle density, G
is the particle shear modulus and y, is the particle Poisson’s ratio (Ren et al., 2012).
A study performed showed that the particle shear modulus has a small impact on the
results of the DEM simulation as long as a value of 1 MPa or greater was selected
(Cole, 2020). A value higher than this increases the simulation time exponentially and

is not necessary for the accuracy of the results.

The critical time step defines the point where the simulation would be numerically
unstable (O'Sullivan and Bray, 2004). One instance in particular which shows this, is
the requirement for having a small enough time step to produce results where particle
interaction may be detected, as illustrated in Figure 7 below. Two particles travelling
toward each other need to have a time step such that their collision is detected, as in
the case of the two particles on the right of Figure 7 (Guya, 2018). If the time step is
too large a collision may not be detected, and particles may pass through one another.

This is not possible in reality.
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Collision detected
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Figure 7: Timestep illustration

Out of the 10 input parameters mentioned above only the parameters relevant to segregation
of cohesionless granular materials will be focused on. The parameters which are to be
investigated and calculated are the coefficient of restitution, particle shape, particle density,

coefficient of static friction, particle size and the critical time step.

The LIGGGHTS script also makes use of the Hertzian granular contact model which
considers the contact between any two curved bodies of different radii to either be a point or
a line as shown in Figure 8 (Williams and Dwyer-Joyce, 2001). Once a force is applied
between these two bodies the contact area enlarges due to elastic deformation and the loads

experienced by the bodies are distributed as pressures.

Figure 8: (a) Two crossed cylinders in contact; (b) Two cylinders in contact with parallel axes
(Popov, 2010)

The granular contact model makes use of the following equation in order to calculate the

force between two particles:

F=(ky, éng —vn wvng )+ (ke 6t; —vyve vt ) (11)
—— —— —— )
normal normal tangential tangential
overlap relative vel. overlap relative vel.
normal force tangential force

The DEM simulation parameters require calibration and validation by means of physical
experiments. Therefore the DEM and experiment processes are represented in Figure 9 and
Figure 10 below. These illustrate the steps in order to successfully compare the results

obtained in the DEM simulations and the physical experiments.
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DEM process:

Calibration of Validation

Final simulation

parameters experiment

Figure 9: DEM process

For this research project laboratory experiments will be conducted to determine particle
characteristics including coefficients of friction and restitution and sieving experiments,

before the final simulation of the application is conducted.
Experiment process:

Tests for
coefficients of

Single impact

experiment of Space/ zero

gravity

different . :
simulation

materials

friction and
restitution

Figure 10: Experiment and simulation processes

1.4.12 DEM simulations of screening

Various studies have been conducted to analyse screen performance using different DEM
software, including LIGGGHTS. These include studies by Sawant, Mohan and Sawant
(2016) who investigated the effects of vibration frequency as well as vibration amplitudes on
the performance of screening. Their findings were that vibration frequencies between 20 Hz
to 30 Hz, and larger vibration amplitudes of between 5 - 7 mm, increased the screening
efficiency. Barrios et al. (2013) investigated the behavioural difference between an
experiment with iron ore particles and the DEM simulations of overlapping sphere
multibodies and single spheres. Their findings were that overlapping spheres could achieve
results within 6% of the experimental results while the single sphere results differed by more
than 30%. It was said that it was possible to improve the result of the single sphere simulation
by changing the static friction coefficient so much that much of the physical meaning of the
parameter was lost. This, along with the use of multibodies, will form the approach for the
research conducted in this report.
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Delaney et al. (2012) conducted a study investigating the validity of approximating realistic
granular flow with spherical particles. The study concluded that this approximation proved to
be inadequate and that experiments and DEM simulations of non-spherical particles should
be conducted. This illustrated that one of the most important parameters for running accurate
DEM simulations is to ensure the best particle shapes, which closely represents the material
being investigated, is used. According to research performed by Barrios et al. (2013) the
sphericity and aspect ratio calculated for the tetrahedral-shaped overlapping spheres (see
Figure 11) almost matched the physical measurements taken from a sample of iron ore

pellets.

Figure 11: lllustration of shapes made from spheres which are to be used in DEM simulations
(Coetzee, 2017)

In order to satisfy the required parameters for the simulations certain approximations will be
made. These include approximations for Young’s Modulus as well as the particle shape used
in the simulations. The former is approximated much smaller than the actual value, as the
DEM time step is inversely proportional to the shear modulus, which depends on the Young’s
Modulus. This results in a reduction of simulation time while not affecting the accuracy of
the results. (Jahani et al., 2016).

1.4.13 Gap in the research

This literature review consisted of studies where the feasibility of space mining was
investigated but lacked investigations of how the practicality of space mining would be
carried out. A 3D printed steel part has been made from an asteroid material and thus it is
desired that an asteroid of iron, nickel and cobalt be crushed down and screened to achieve a
final product of powder. Similar to mines on earth the space mining process will require
multiple crushing and screening stations to acquire the desired powdered product. Initially
the particles would need to be crushed to particles smaller than 2 mm x 2 mm x 2 mm cubes.
Realistically screens would be positioned in series so that there would be multiple stages of

screens allowing the particles to be sized progressively until the final product is reached. The
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cubic pellets will then be transported to other crushing or grinding stations to be ground
down to a powder and then melted down and extruded into a filament and used in a 3D

printer to produce steel parts in space.

In order to design machines for the space mining industry, designers and engineers first need
to understand the dynamics of particles in a zero gravity environment and the potential
problems which may be presented. This research will investigate the physics of screening in
a zero gravity environment. In order to do so the mechanics of screening in a gravitational
field will be reviewed experimentally before exploring how these principles may be extended

for use in a zero gravity environment.
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1.5 Research Questions

The main questions set out in this research are:
A. Which system and particle characteristics govern the behaviour of particles during
screening within a gravitational field, and in zero gravity?
B. How may the behaviour of particles in a zero gravity screening application be suitably

simulated?

1.6 Research Objectives

The research objectives are as follows:

1) Conduct a physical experiment with different sieve geometries using spherical plastic
and steel pellets, as well as iron ore particles, to assess screening efficacy in a high
kinetic energy environment.

2) Calibrate and validate DEM models for spherical plastic and steel pellets, and iron ore
particles, based on the physical experiment

3) Assess the effect of sieve geometry and efficacy in screening particles in a zero

gravity environment by means of DEM simulation.

1.7 Research Methods
1.7.1 Research design

The theory on which this research is based will be tested and analysed through
experimentation and simulation. The theory and formulas presented by VSMA over the last
few decades have proven that highly vibrated particles are screened more efficiently than
particles which are not excited at all. Due to this reason it makes sense to think that particles
in space would act in the same way as they do on Earth if the same vibratory environment
could be created for it. Therefore the desire to simulate a situation where particles will be
highly vibrated in zero gravity exists but where the vibration is likely due to particle and
surface interactions, in addition to the vibration of the screen. These simulation parameters
will be validated using a laboratory experiment. Mentioned below is the breakdown of the
simulations and experiments which are to be conducted and the reasons why each step is

necessary to determine the efficacy of screening in space.
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Preliminary simulation:

e Assess sieve geometry and efficacy in a high kinetic energy environment. This would
be done using DEM simulations, and would explore different sieve and aperture
geometries. The stroking frequency of the sieve geometry would be 16 Hz so as to
remove this parameter from the comparison between screens operating on Earth

Versus screens operating in zero gravity.

Physical experiment:

e Construct and test a small laboratory experiment with the sieve geometry now set
from the first simulation. The materials to be tested will be plastic pellets, steel pellets
and iron ore particles. This test would explore only a single impact scenario to assess
the probability that a particle could pass through a sieve aperture. The behaviour of
spherical vs non-spherical particles will also be assessed in relation to the probability

of the particle passing through the aperture.

Final simulation:
e Carry out DEM calibration of the plastic pellets, steel pellets and iron ore particles
and simulate the laboratory experiment to validate the DEM model.
e Assume a space application geometry and carry out DEM simulations of the single
impact test to test efficacy and practicality of sieving in space.

Note that the intention is not to determine an optimal geometry for sieving in zero gravity but

rather to explore the potential thereof.

1.7.2 Material to be analysed

Three different spherical pellets (white, yellow and steel) will be tested to provide a
benchmark to which the iron ore particles can be compared. These spherical pellets are all 6

mm in diameter and consist of different densities.

Material of all types, shapes and sizes exist in space in the form of asteroids. Asteroid mining
which this research will investigate is extracting minerals from the M-type asteroid to be used
for steel 3D printers. The types of minerals in M-type asteroids are iron, nickel and cobalt
therefore for the purposes of this research iron-ore will be investigated as the equivalent

space material. Materials which are available to be used for testing include iron-ore in the
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size range of 2 — 16 mm. Only undersize iron-ore particles, -6 mm, will be used in the

experiments to ensure each particle has an opportunity to pass through an 8 mm aperture.

The desired particle shape to be used in the experiments is of a cubical nature as this is the
shape which is most likely to be produced by VSI’s and HSI’s — the type of crusher most
likely to succeed in a zero-gravitational environment. The different samples of iron ore
material will be screened to sort the sizes of the test sample. The shape which will be used in
the simulation will be determined in the preliminary simulation. The types of shapes to be
tested will consist of spheres in different forms; the single sphere and four spheres forming a

tetrahedral shape (see Figure 11).

1.7.3 Experimental equipment

The simulations conducted in LIGGGHTS will require inputs for the parameters. The
following list illustrates which parameters will be tested and which will be obtained from
literature.

1. Coefficient of restitution — conduct an experiment to identify the coefficient of
restitution between the material and the object or surface it will be interacting with.
To do this, particles of a spherical shape will be used in a rebound test where the
initial and final heights are measured.

Particle shape — modelled after visually inspecting the particles.
Particle density — acquired from literature.

Young’s Modulus (E) — acquired from literature.

o~ 0N

Cohesion energy density — literature suggests that it is not necessary to include this

parameter for dry materials.

6. Coefficient of static friction — initially acquired from literature but to be tested later to
determine the effects on the overall behaviour.

7. Poisson’s ratio — acquired from literature.

8. Particle size — measured from the particles which are to be used in the experiment.

9. Time step — calculated using the critical Rayleigh time step equation.

A personal computer with Bash on Ubuntu 14.04 will run a simulation using LIGGGHTS
3.8.0 which will produce results in the form of code. LIGGGHTS will require two types of

inputs; parameter inputs as well as geometric inputs. The geometric inputs will be designed in
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the NX computer aided design environment. Once the results are obtained by LIGGGHTS
and converted into the VTK format (an action included in the LIGGGHTS execution code) it
will be run in Paraview to visually display the results to the viewer. This will easily present
whether or not the design is sufficient for the purposes of this investigation.

1.7.4 Data collection and analysis procedures

The preliminary simulation will be performed to determine which sieve configuration will be
used including the type of screen media openings best assists screening efficacy. The shape to
be simulated plays an important role in the DEM simulation therefore intensive investigation
in this area will be required. The DEM simulation of the single impact experiment under
Earth conditions must be carried out. Once this is completed the physical single impact
experiment performed will validate the DEM simulation parameters. Once the experiment has
validated the DEM model, the simulation of the zero gravity condition may be performed and
will represent how particles can be expected to react in space. The results obtained from these
simulations and experiments will be the first step to determining whether it is feasible to use
screening as a form of sizing particles in space. Favourable results, such as efficiencies which
are comparable to those which could be expected on Earth, means that this research will be
able to be used as the basis for a space screen design.
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Chapter 2 Experimental Methods and
LIGGGHTS Calibration

2.1 Summary of Chapter 2

This chapter will address the experimental setup of the preliminary, physical and final
experiments and simulations to achieve the objectives set out in Chapter 1. The calibration of
the LIGGGHTS variables required in order to run an accurate simulation will also be

discussed.

2.2 Preliminary LIGGGHTS simulation

To generate a design for particle sizing for the space application it is important to first
understand how particles behave in a high kinetic energy environment. The objective of the
preliminary simulation is to assess the effects of the following on the screening ability:

e Number of particles (200, 600 and 1800);

e Stroke angle (the direction in which the sieve should stroke as seen in Figure 12);

e Shapes of the sieve apertures (square, rectangular, circular and oval); and

e Sieve configurations (flat and extruded)

In order to test for this a preliminary LIGGGHTS simulation will be set up using generic
default parameters. This includes values such as 0.5 for the coefficient of friction, 0.3 for the
coefficient of restitution, a Poisson’s ratio of 0.45 and a Young’s Modulus of 5x10° GPa.

Figure 12: Stroke Angles in Increments of 15°
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2.2.1 LIGGGHTS simulation setup

A box will be modeled with a sieve with shaped apertures (square, rectangular, circular or
oval apertures) dividing the box in half (see Figure 13 and Figure 14). All the particles will be
randomly inserted in the top half of the box (via the insertion plane which uses a defined
input velocity) while the entire box, including the sieve divider, stroked (moved back and
forth in the direction of the stroke angle). This will allow particles to pass through the mesh
and oftentimes pass back through the mesh. A surface (later referred to as the counting plane)
positioned on the other side of the mesh will count the number of particles which pass
through the mesh (from the top half to the bottom half). The counting plane will only count
particles which pass through the plane from above and only count each particle once in the
entire simulation. In order not to count the particles which pass back through the sieve a
manual count will be done once the simulation has ended. The reason the particles remain in
the simulation and are not removed once screened is to test the ability of each sieve

configuration to retain the screened particles in the bottom chamber.

The specific details of the simulation and the results thereof will now be presented as useful

insights were gained that were relevant to the subsequent direction that the research took.

The sieve box consisted of the following dimensions: length = 200 mm, width = 100 mm and
height = 200 mm. The sieve was positioned midway between the top and the bottom surfaces
of the box.

The CAD models used were purely 2D walls and sieve surfaces as this reduced mesh size and
thus reduced simulation run time. The one problem which this brought with it was that the
Raleigh time step needed to be carefully calculated in order to ensure that particles’

interaction with walls and sieves were detected correctly.

The method of trial-and-error was used to determine the best amplitude of the sieve-box to
ensure that enough kinetic energy was transferred to the particles. Therefore the amplitude of
the stroke was tested to be 28.3 mm (20 mm in the x- and y-directions). This provided a
realistic stroke should linear vibration be used in the zero gravity (space) application. This
approximation was based on the performance of the particles in the trial-and-error box-sieve
configuration simulation. With a smaller stroke the particles reached a point where they
would float in the one chamber and not enough particle-to-particle and particle-to-wall

collisions were experienced, therefore the particles stagnated in empty space.
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The total simulation time for each run was 0.5 seconds — 8 strokes in each simulation which
equated to an operating frequency of 16 Hz and was comparable to the frequencies of screens
operating on Earth. Gravity was not considered in this simulation therefore it was set to zero.
The particle shapes which were used were spherical particles with diameters of 2, 3, 5 & 6
mm. The sieve aperture size used was 4 mm therefore the 3 and 5 mm diameter particles
represented the near-size undersized and oversized particles respectively. The 2 and 6 mm
diameter particles represented the undersize and oversize particles respectively. Each of the
four particle sizes comprised of 25% of the particles in the simulations.

The angle of stroke of the sieve box was varied between 0° and 90° in intervals of 15° to find
the most acceptable stroke to optimize throughput results in a zero gravity environment. This
is illustrated in Figure 12. This was necessary because the first handful of set ups of the DEM
simulation showed that a large stroke was preferred over small vibrations as in the latter case
particles became “lost” in empty space in the box after making contact with the sieve and

other particles, and then not interacting with the sieve again.

Sieve Shape
Configuration

Particle Radii
Undersize Scale

Chamber

Figure 13: Top isometric view of the sieve box with particles positioned in the top chamber.

Vibrating Box

Insertion Face

Counting Plane

Figure 14: Bottom isometric view of the sieve box with particles positioned in the top
chamber.
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2.2.2 Sieve geometry

Four different aperture geometries — square, rectangular, circular and oval — were used in the
simulation. These types of sieve geometry were tested with 2 different configurations; flat
and extruded sieve apertures to further identify the best sieve type and configuration for a

zero gravity application. These are explained in more detail in the following sub-section.

2.2.2.1 Sieve configurations
Flat configuration: Simulated with a flat piece of steel with punched out shapes.

Extruded configuration: Simulated with angled extruded apertures as per Figure 15. It was
decided that this would assist in guiding the particles through the mesh shapes. The purpose
of the optimised sieve configuration is to maximise the total top surface area used in the
extruded configuration by increasing the number of apertures in the sieve surface. The first
advantage which the extruded sieve is expected to have is that it would retain more particles
in the bottom chamber once the particles have been screened. The second advantage is that
should this configuration be selected for the space application the structural integrity of this
design would be better. This sieve configuration may be directly compared to the flat sieve

configuration as the same overall sieve area is used.

Square Rectangular Circular Oval
DT"—‘P 3DTnp

N

LM)l | 3Dgottom |

Figure 15: Extruded sieve configurations.

2.2.2.2 Sieve Shapes

Both of the above configurations were applied to each of the shapes below (shown in Figure
16). These shapes, through means of CAD software, were modeled and patterned multiple
times to form part of a complete sieve. This CAD model was then saved as a
stereolithography (.STL) file to be used in the LIGGGHTS code.
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Dimension A would be the cut size of the sieve and was given a value of 4 mm. The cut size
defines the size of particles which would be able to pass through the sieve. For the extruded
sieve configurations the cut size dimension is given to the bottom area of the extruded shapes
as this dimension determines the particle size which is allowed to pass through the sieve
apertures. The longest dimension of the rectangular and oval aperture was selected to be 3A
to ensure the results obtained are distinguishable from the square and circular aperture.

The following values were assigned to the dimensions in Figure 15:

A = Dgottom =4 mm

H=4mm

0=10°

Therefore using Pythagoras Y and Do, could be calculated:

Y = Drop =5.411 mm

Square Circular
—r
<
—Y
"1 A -
Open Area= A X A Open Area =1 X (A/2)?
=0.004 x 0.004 = x (0.004/2)
= 1.6 x10° m? = 1.256 x10° m?
Rectangular Oval

-
h 4
< 3xA J] IxA R
Open Area=A X (3x A) Open Area=n/4x Ax (3x A)
=0.004 x (3 x 0.004) =11/4 x 0.004 x (3 x 0.004)
= 4.8 x10®° m? =3.77 x10”° m?

Figure 16: Sieve shape open areas used in preliminary simulations
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2.2.2.3 Simulation Sieve Configurations and Shapes

The following sets of figures (Figure 17 through to Figure 20) illustrate all the sieve shapes
and configurations used in the process of the preliminary simulations.

e Square Sieve:

Flat Configuration Extruded Configuration

Figure 17: Preliminary simulation model of flat and extruded square sieves

e Rectangular Sieve:

Flat Configuration Extruded Configuration

Figure 18: Preliminary simulation model of flat and extruded rectangular sieves

e Circular Sieve:

Flat Configuration Extruded Configuration

Figure 19: Preliminary simulation model of flat and extruded circular sieves

e Oval Sieve:

Flat Configuration Extruded Configuration

\
Figure 20: Preliminary simulation model of flat and extruded oval sieves
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Table 2 below shows the open areas for all the sieves in square metres (m2) and as a
percentage (%) and it gives the top open area of the extrusions. It is important to note this
because if the particles enter this open area nominally perpendicularly they are guided by the
extruded sieve walls towards the opening (bottom) of the extrusion which increases the
probability. In another case a particle approaching the aperture at an angle may not result in
the particle passing through as it may deflect off the angled walls and deflect out the extruded

aperture.

Due to the different sieving shapes used in the preliminary simulations it was not possible to
produce screening sieves with the exact same open areas. The remainder of the apertures
could not be used because a portion of an aperture would be ineffective for the application of
screening. There is no point in using a half a hole (2 mm) because no simulated particle
would fit through it. Therefore the open areas in square metres (m?) and the open area
percentage (%) would not be exactly the same but was within 4%, except for the extruded
configuration which would optimally utilize the entire sieve area with as many sieve

apertures as possible.

Table 2: Sieve open areas for top of extrusions

Flat Sieve Extruded Sieve (Top)
Square (Area m2) (Area %) 0.0084 (42.2%) 0.0099 (49.5%)
Rectangular (Area m2) (Area %) 0.0081 (40.6%) 0.0123 (61.3%)
Circular (Area m?) (Area %) 0.0084 (41.8%) 0.0092 (46.0%)
Oval (Area m?) (Area %) 0.0084 (42.2%) 0.0123 (61.3%)

Table 3 below shows the open area in square metres (m?) and as a percentage (%) for all the
sieves but gives the bottom open area of the extruded configurations. This is the area which

dictates the size of particles passing through the aperture.

Table 3: Sieve open areas for bottom of extrusions

Flat Sieve Extruded Sieve (Bottom)
Square (Area m?) (Area %) 0.0084 (42.2%) 0.0054 (27.0%)
Rectangular (Area m?) (Area %) 0.0081 (40.6%) 0.0081 (40.6%)
Circular (Area m?) (Area %) 0.0084 (41.8%) 0.0050 (25.1%)
Oval (Area m2) (Area %) 0.0084 (42.2%) 0.0081 (40.6%)
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2.2.3 Particles used in the simulation

The preliminary simulation was run using only spherical particles. The particle sizes to be
used were undersize (2 mm), near-size undersize (3 mm), near-size oversize (5 mm) and
oversize (6 mm) particles. 25% of each of the above particle sizes was inserted into the
simulation. It was thought that simulating 25% of each particle size would also show which
particle size is screened the most as well as which particle sizes are retained by the extruded

configurations the most.

The sieve cut-size (aperture size) was selected to be 4 mm in apertures (A = 4 mm).
Therefore the maximum amount of particles which could pass through the sieve is 50% of the
particles (only the 2 mm and 3 mm particles). It should be noted that the efficiencies for the
simulations were calculated by excluding all the oversize particles as these could not possibly
pass through the sieves. Three Simulations were run for each shape type and configuration.
Each run time the number of inserted particles changed between 200, 600 and 1800 particles.
This was done to observe the performance of each sieve type during a small load, fairly

loaded and an overloaded scenario.

2.2.4 LIGGGHTS parameters

To perform the preliminary simulation it was decided that the LIGGGHTS parameters were
to be set up using the generically provided default parameters. The values of these
parameters, as long as they remained consistent throughout all the preliminary simulations,
would not have an impact on the objective of the preliminary simulation. These default

LIGGGHTS parameters consisted of the following:
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Table 4: LIGGGHTS parameters used in the preliminary simulations

LIGGGHTS Parameter Value (Units of measurement)
1. Coefficient of restitution 0.3
2. Particle shape Spherical
3. Particle density (p) 2500 (kg/m?3)
4. Young’s modulus (E) 5x10° (Pa)
5. Cohesion energy density No cohesion
6. Coefficient of static friction 0.5
7. Poisson’s ratio (v) 0.45
8. Particle size Diameters 2, 3,5 & 6 (mm)
9. Time step (calculated below) 5x10° (s)
10. Gravity 0 (m/s?)

The timestep was calculated based on 20% of the Raleigh time step but due to the high
frequency and stroke of the sieve box towards the particles it was necessary to reduce it
further. The Raleigh time step applies to wall boundaries which remain stationary but because
in this case the wall boundary would be moving, the time step was calculated using equation

10 using the following values:

dp (Smallest particle diameter) =0.002 m
pp (Particle Density) = 2500 kg/m?
Gp (Particle Shear Modulus) = 2 MPa (as mentioned in Section 1.4.11 any value

above 1 MPa is acceptable)
yp (Particle Poisson’s Ratio) =0.25

Equation 10 then yields:
2500

2x106
2(0,1631 x 0.25 + 0,8766)

7 (0.002)

Ty =

Tr = 0.0001211 s

20% Tr = 242 x1075s

The simulation initially provided results with oversize particles in the undersize chamber

which is not physically possible therefore the simulation was re-run with a much smaller time
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step. The simulation result was then carefully inspected to ensure that no oversize particles
passed through the sieve. After this trial-and-error approach it was found that a timestep of
5x10° seconds produced acceptable results while still maintaining a reasonable simulation
time. This means that in order to account for the fast moving boundary wall the Raleigh time
step had to be scaled by a further 20%. Therefore the value of the Raleigh time step which

was used in the preliminary simulation was:

20% 0f 20% Tr=5Xx10"%s

2.2.5 Simulation observations

It was observed in all the extruded sieve geometries that the oversize particles would trap
themselves in apertures resulting in a reduction of the open area available for undersize
particles to pass through. Figure 27 below indicates where the oversize particles (85 mm) had
lodged themselves in the extruded apertures in the first row of the sieve geometry. 14 of the
20 apertures in the first row had been blocked. This dramatically reduces the open area and
thus affects the overall efficiency of the sieve box. The flat sieve configuration did not have
these issues and thus the open area at the start of the simulation was equal to the open area at
the end of the simulation. One possible cause for this could be due to the input code of
LIGGGHTS where the Young’s modulus of the particles are given a value which resembles
the stiffness of rubber (in order to allow the simulations to run faster) — due to this reason

they would be more prone to get wedged in the apertures during the simulations.

: @5mm Particles Trapped
in Extruded Apertures

-

Figure 21: Sliced section of the circular extruded sieve box showing trapped g5mm spheres.
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It is important to note that upon visual inspection of the simulations that 20 - 30% of the
particles which were screened were screened during the first interaction with the sieve. This

observation inspired the one-time sieving technique for use in the zero gravity space case.

The simulations with 600 and 1800 particles showed that the sieve box was so full that the
particles formed a bed that was 3 -5 particles high which only allowed the bottom layer of

particles to have an opportunity to be screened.

One aspect which was observed during the preliminary simulation with no gravitational
acceleration was that no stratification took place. A frame-by-frame visual inspection of the
simulation showed that the particles would interact with the sieve and the particles which did
not pass through the sieve would be pushed in the exact direction of the vibrating stroke
(upwards). The particles would meet the top of the sieve box moving in the opposite direction
(downwards) to impact the particles to transfer kinetic energy into the particles. The particle’s
velocities increased with this transfer of energy but were soon slowed down once the particles

collided with other particles which reduced the particle kinetic energy again.

The energy transferred to a particle during a collision dissipates energy at the factor of the
coefficient of restitution. Therefore the energy in the entire system is not ever-increasing as
the sieve box moves through its strokes. In reality, some energy will cause particle chipping

or fracture, or would also be dissipated in impacts with the walls or sieves.

2.2.6 Preliminary LIGGGHTS simulation results

Figure 22 shows the result of one of the preliminary simulations run with 1800 spherical
particles of which 25% were 2 mm diameter, 25% were 3 mm diameter, 25% were 5 mm
diameter and 25% were 6 mm diameter (as can be seen on the scale on the right of Figure
22). The screen box used in this particular simulation was a flat square aperture sieve and was
stroking at 45° (vibrating linearly in this direction) and screening at a cut-size of 4 mm

(aperture’s smallest size).
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Figure 22: Results of Flat Mesh vibrating at 45° Stroke with 1800 Particles

The following figures (Figure 23 to Figure 26) show the efficiency results obtained, after
eight complete strokes of the sieve box, during the preliminary simulations. They show the
percentage of particles which passed through the counting plane after passing through the
sieve. The counting plane only counted each particle once as they passed through the top of
the counting plane. It should be noted that during this simulation particles were allowed to
pass back through the sieve but these particles were still counted as a “passed particle”. Each
of the sieve configurations (flat and extruded) and each of the aperture shapes (square,
rectangular, circular and oval) were simulated with 200, 600 and 1800 particles and were
vibrated at the different angles of stroke as previously mentioned. The points plotted in the
figures are summarized in table form in Appendix E. The results of the best and the worst
performing stroking angles for each sieve type and for the different number of inserted

particles can be seen in Appendix F.

The blue line on the graph indicates the flat sieve configurations while the green line
indicates the extruded sieve configurations. It is evident from the various graphs that the blue
line generally illustrates a greater efficiency in the smaller stroking angles, between 0° and
45°, and that the green line, in some instances, illustrates greater efficiencies in the higher

stroking angles, between 45° and 90°.

39



200 Particles

90,0
w g "
5 o r—
5 /
S //
8 a0
& o //
E 20,0 //

10,0 :,5:,/

00 T

o ]5"30"45"60"?5"90"
Stroke Angle

—+—5Sguare Sieve —+—5quare Ext Sieve

600 Particles

Percentage of Particles
5 & 8
\

A

20,0 /‘//
10,0

0,0

[ I]j"Sﬂ'lqﬁ"ﬂ]'l?S"‘Jﬂ"
Stroke Angle

——Square Sieve —&—Square Ext Sieve

1800 Particles

, /
o /A
N //
20,0 //

=

0,0

Percentage of Particles

o ‘]5"30"45"51]"?5"90"
Stroke Angle

—+—Square Sieve —4—Sguare Ext Sieve

Figure 23: Efficiency results for square sieve configurations, for different number of particles
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Figure 26: Efficiency results for oval sieve configurations, for different number of particles

2.3 Physical Experiment
2.3.1 Vertical tube experiment

The concept behind the experimental programme was to study the interaction between
particles and sieves with different shaped apertures, without the effects of gravity. This
should imitate a single impact scenario which allows the particles one opportunity to pass
through the sieve. This is one concept which could be used in a zero gravity environment as it
was observed in the preliminary simulation that the first stroke of the sieve box separated
more particles than any of the other strokes. The concept was to drop particles down a long
vertical tube (into a box), allow the particle to bounce off a 45° deflector plate and move
horizontally towards a sieve plate mounted vertically (see Figure 27 for concept illustration

as well as dimensions of the physical experimental setup).

One of three scenarios would play out when the particles interacted with the sieve plates:

1. The particle would pass through the shaped apertures (the probability for this scenario
can be quantified (see Section 2.3.5)).

2. The particles would deflect off the side of a shaped aperture and pass through.

3. The particles would collide with a portion of steel between two open aperture shapes

and not pass through the sieve.
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The particles which managed to pass through the shaped apertures would be collected and
counted and would be considered the successful particles, and would provide a percentage of

success rates for each drop of particles.

To determine the length of the tube, an initial simulation was performed with the default
LIGGGHTS parameters (used in the preliminary simulation) to view the smallest height at
which particles could be dropped to bounce off a deflector plate and allow the particles to
continue on the same path with minimal influence of gravity on the particle trajectories.. The
resulting drop height was approximately 2.2 m with a 45° angled deflector plate. The design

drawing of the deflector plate box can be found in Appendix A

Figure 28 shows the apparatus of physical experiment while Figure 29 shows a close-up of
the physical experiment with the vertical pipe in the testing position. The vertical tube is
positioned closer to the sieve plate (130 mm from the centre of the tube) in the latter figure to
ensure the particles would deflect towards the sieve plate from point-blank range.
The following procedure will be used for the vertical tube test:
1. The deflector plate is positioned inside the wooden box in line with the vertical tube
2. A single sieving plate (square aperture sieving plate) is installed on the open face of
the wooden box
3. The particle type (e.g. yellow pellets) is dropped from the top of the vertical tube with
no initial velocity and in quick succession. Each pellet type is dropped in quantities of
50 particles while the quantity of iron ore particles will be increased to 200 (to
increase the accuracy of these results)
4. The particles which pass through the sieve will then be counted and the total amount
of particles left in the box will be counted to ensure no particles have been lost during
the process

5. Steps 1 — 4 are then repeated for the all four particle types and for all four sieve types.
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Figure 28: Physical experimental setup with mild steel deflector plate.
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Figure 29: Close-up of physical experimental setup with mild steel deflector plate.

2.3.2 Sieves used in the experiment

The flat sieve geometries performed the best overall in the preliminary simulations therefore
it was decided that all the aperture shapes of the flat sieves would be tested in the
experimental stage. This would allow a complete comparison to be done between the physical
experiment and the experimental LIGGGHTS simulation. Due to the complexity of the
manufacturing process of the extruded sieves these were not manufactured and were only
assessed in the simulation phase. Detailed drawings of the flat sieves with their respective

sieve aperture shapes may be seen in Appendix B.

Table 5 below shows the open area (in square metres and as a percentage) of the various
sieve shapes. The different aperture areas were not likely to significantly affect the
probabilities of particles passing through in a single impact, so the measured results would be

retained without any weighting.

Table 5: Open area of various shaped sieves used in the experiment.

Open Area (m?) | Open Area (%)
Square 0.01440 50.00
Rectangular 0.01498 52.00
Circular 0.01453 50.44
Oval 0.01478 51.31
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2.3.3 Stacking densities of the sieves

The square and the rectangular sieves may be stacked more efficiently due to their straight
perpendicular sides. The circular apertures were stacked horizontally and diagonally to utilize
the space on the sieve surface. The oval sieve apertures, however, were stacked horizontally
and vertically. This resulted in areas in the impact zone where no screening apertures were as
shown in Figure 30. Although the sieves’ open areas were designed to be similar, the impact
area of the deflected particles was expected to be in the middle of the sieves and therefore the

more densely packed sieve apertures were expected to produce results with higher

efficiencies.
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Figure 30: Detail A of the oval (Left) and circular (Right) sieves showing areas with no

screening apertures.

2.3.4 Particles used in the experiment

The particles used in the experiment consist of white and yellow plastic pellets as well as the
steel pellets. These pellets are spherical in nature with a diameter of 6 mm (see Figure 31).
The densities of these spheres were calculated and are mentioned in the parameters of the
LIGGGHTS simulations.

Iron ore particles will also be used in the experiment and the sizes will be greater than 4 mm
but smaller than 8 mm. Figure 32 shows the 200 particles selected for the experiment while
Figure 33 shows the particles on 1 x 1 mm scaled paper to gauge the sizes used. It should be

noted that upon visual inspection the iron ore particles are of a slab nature with the aspect

45



ratio of the particles ranging between 1.5 to 2. The particles will be selected to be smaller
than the sieve aperture size so that there will be no large particles obstructing smaller
particles from passing through the apertures. It should be noted also that this particle shape
differs slightly from the cubic shape previously mentioned which could be expected to be
produced by a VSI or HSI crusher. This is expected not to play an important role as the
particles would be deflected towards the sieves at point-blank range. The DEM simulation of
the physical experiment will use multi-bodies which would compare to the slab-shaped

particles being experimented with.

Figure 31: Yellow pellets (left), white pellets (centre) and steel pellets (right)

Figure 32: Particles used in the experiment.
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Figure 33: Particle sizes and shapes seen on millimetre-scaled paper.

2.3.5 Probability of particles passing through the sieves

The physical experiment illustrates the principle of one-time sieving whereby each individual
particle is only provided a single opportunity to pass through the various sieve shapes. As
mentioned in the literature review the equations which govern the probability of a single
particle passing through an aperture are given in Equations 2 to 5. These equations account

for oblique impacts on the edges of the apertures with an angle 0 correction, as shown earlier.

The particles’ size of which 50% will pass through the sieve is 6 mm for all cases. This is due
to all the particles being smaller than the sieve aperture. A value of 45° will be used for 0 as
this is the maximum angle that will still allow particles to deflect into the aperture openings.

Using the square aperture size of 8 mm and the wire diameter (or distance between apertures)

of 2 mm the probability of particles passing through all four types of sieves then yields:
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Square:

_|(8-6 cos(45°)) 2
Psquare = (8 + 2) l

Psquare = 0.141

Psquare = 14.1%

Rectangle:
_ [(8 =6 cos(45°))((3)(8) — 6 cos(45°))
Prectangle = (8 + 2)((3)(8) n 2)
Prectangle = 0.286
Prectangle = 28.6%
Circle:
7 [(8 — 6 cos(45°))7
Peirce = 2|78+ 2) ]
Pcircle = 0.111
Pcircie = 11.1%
Oval:
_ m[(8— 6 cos(45°)((3)(8) — 6 cos(45°))
Poval =7 8+2)((3)(8) +2)
Povar = 0.224

Poval = 22.4%

These values will be compared to the values obtained in the physical experiment and will be

discussed in Section 4.3.
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2.4 DEM Simulation of the Physical Experiment

This section explains how the parameters required for the LIGGGHTS DEM simulation are
determined. It is also reasonable to include the results of the experiments here since they
pertain to the DEM simulations.

2.4.1 LIGGGHTS simulation setup of physical experiment

A LIGGGHTS simulation of the physical experiment will be performed to compare the
results obtained in the simulation versus the results obtained in the physical experiment. In
order to replicate the real-life scenario it is important to calibrate the DEM LIGGGHTS
parameters. As previously stated in Chapter 1 the parameters will be measured, calculated or
determined experimentally, or they would be acquired from literature. The cohesion energy

density is omitted from the simulation as only dry material is considered.

The following parameters will be measured, calculated or determined experimentally:
1. Coefficient of restitution — measured

Particle shape — visually inspected (refer to Figure 33)

Coefficient of static friction — determined experimentally

Particle size — measured

Particle density (plastic and steel spheres)

o gk~ w N

Time step — calculated using the critical Rayleigh time step, Equation 10.

The following parameters will be acquired from literature:
1. Particle density (iron ore particles)
2. Young’s Modulus (E)
3. Poisson’s ratio
4

Coefficient of rolling friction (for spherical particles)
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2.4.1.1 Coefficient of restitution

The coefficient of restitution between the 8 mm VRN500 steel plate and all the pellets, as

well as between the VRN500 steel plate and the iron ore particles, will be determined by

using the following procedure (see Figure 34 for the test setup):.

The particles are individually dropped from a height between 12 mm — 20 mm.

They will bounce off the steel plate to a maximum height, which is recorded with

a video camera against a millimetre scale background.

This procedure is repeated 50 times for each particle type.

Every time the particle is dropped the drop height and the maximum height to

which the particle bounced is recorded by analyzing the video footage. Equation

8 is used to calculate the coefficient of restitution.

The results of the experiment showed that the coefficient of restitution of the iron ore particle

on the 8 mm VRN500 steel plate was 0.56 while the coefficient of restitution of the yellow,

white and steel pellets on the 8 mm VRNS500 steel plate were 0.9, 0.74 and 0.67 respectively

(see Table 6 below). The iron ore particle to particle coefficient of restitution is also shown in

Table 6. The coefficient of restitution of the particles on the sieve plate was not considered

because the one-time sieving technique is being tested here.

Table 6: Measured coefficient of restitution values

Iron Ore White Pellets to Steel Pelletsto | Iron-ore to 8 mm
Particle t Vellow Pellets to 8 VRN500 8 VRN500
article to mm mm
Parameter Particl 8 mm VRNS00 Steel Plate COR | Steel Plate COR VRS0 Stedl
article eel Plate eel Plate
Steel Plate COR Plate COR
COR!
Minimum 0.46 0.83 0.66 0.58 0.38
Maximum 0.74 0.96 0.84 0.77 0.68
Average 0.61 0.9 0.74 0.67 0.56
Standard
o 0.08 0.03 0.05 0.05 0.05
Deviation

Since the standard deviations are fairly small, the average coefficient of restitution values will

be used in the DEM simulations.

! The numerical figures of the column titled “Particle to Particle Coefficient of Restitution” are sourced from

Guya (2018) in the section titled 4.1.1 Coefficient of restitution test results.
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Figure 34: COR testing setup for 8 mm VRN500 steel plate and iron ore particle.

2.4.1.2 Coefficient of static friction

The coefficient of static friction is measured by using an inclined plane. The device consists
of a steel pan which is hinged at a point with a protractor measuring the angle of the pan (see
Figure 35). The spherical pellet types were rigidly glued to separate rigid bodies to ensure
that they did not roll or move when an external force was applied to them. Each particle type
was then positioned on the steel pan while it was lifted slowly (see Figure 36). Once the
particle began to move the angled plane was locked into place so that the angle can be read

off the protractor.

It was anticipated that the size of the iron ore particle being tested would not have an effect
on the outcome of the coefficient therefore only the small iron ore particles were tested
(particles 1 - 5 in Figure 37). Four combinations were tested, as follows:

1. Coefficient of static friction between VRN500 and yellow plastic pellets

2. Coefficient of static friction between VRN500 and white plastic pellets

3. Coefficient of static friction between VRN500 and steel pellets

4. Coefficient of static friction between VRNS500 and small iron ore particles (-14 mm)
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The test was performed by using the side of each iron ore particle which had the largest
surface area facing down against the steel plate. The reason was so that the centre of gravity
would be lower and during the inclination process the particles would resist rolling down the

incline.

The angles of the inclined plane were measured for each of the four particle types and were
used in Equation 9 to produce the corresponding coefficients of static friction. These results

are presented in Table 7.

These coefficients are based on the comparison of the four experiments mentioned above.
The steel to be used in space would be VRN500 and the particle size to be used in the

experiment would be small iron ore particles (-14 mm).

Figure 35: Starting position of the inclined plane before the experiment has started.
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Figure 36: Position of the particle while plane is being inclined (current angle of 21°).

Table 7: Coefficients of static friction between VRN500 steel plate and different particles

Yellow Pellets | White Pellets | Steel Pellets Small Iron-ore
to VRN500 to VRN500 | to VRN500 Particles to
Steel Plate Steel Plate Steel Plate | VRN500 Steel Plate
Minimum 0.38 0.40 0.42 0.51
Maximum 0.47 0.47 0.51 1.00
Average 0.43 0.42 0.46 0.71
Standard
Deviation 0.04 0.03 0.05 0.12

As mentioned above the coefficient of static friction for small iron ore particles were tested.
Figure 37 below illustrates the small iron ore particles (-14 mm) shown on millimetre scaled

paper.
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Figure 37: Scale of small iron ore particles on millimetre scale

2.4.1.3 Particle size

The simulations of the physical experiments of the controlled case (with the spherical pellets)
will be simulated using single spheres with diameters of 6 mm. The particles will be selected
to ensure that they are constant and would pass through the sieve apertures. This would allow

the results to be compared to the theoretical calculated results as well.

All the iron ore particles used in the simulation of the physical experiment will be -6 mm on
the longest 2 sides. The particles in the DEM simulation will be made up to be multi-
spherical bodies to improve the accuracy of the simulation versus the physical experiment.
They will be purposefully chosen to be undersize as this will give results of the passing
success rate with no oversize particles blocking the shaped apertures. This will provide each
particle an equal opportunity to pass through the sieve apertures.
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Similar to the physical experiment the simulation of the physical experiment will only allow
the particles to have one chance to pass through the sieve for the single impact experiment

being simulated here.
2.4.1.4 Particle densities

The following Table 8 represents the values of particle densities calculated for each of the
pellets and iron ore particles used in the physical experiment.

Table 8: Particle densities calculated for the plastic and steel pellets

Type of Particle Diameter (m) Mass (kg) Density (kg/m?)
Yellow Plastic Pellet 6,00E-03 1,15E-04 1016,82
White Plastic Pellet 6,00E-03 2,50E-04 2210,49
Steel Airsoft Pellet 6,00E-03 3,60E-04 3183,10

The iron ore was given the particle density will be specified as 3280 kg/m3 (T Frangakis
2020, personal communication, 14 February).

2.4.1.5 Time Step

Equation 10 will be used to determine the Rayleigh time step for the simulation of the
physical experiment. A particle shear modulus of 2 MPa will be used to ensure a reasonable
simulation time, of approximately 10 minutes, while maintaining a good level of accuracy of

the results.

For the iron ore, with d, (smallest particle diameter in any of the clumped particles - 0.56

mm diameter) =0.56 mm

pp (Particle Density) = 3280 kg/m?

Gp (Particle Shear Modulus) =2 MPa

yp (Particle Poisson’s Ratio) =0.283 (Lietal., 2017)

The equation then yields:

3280

m (0.56X1073) %106

TR =
2(0.1631 X 0,283 + 0.8766)

T = 39x107°s
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Table 9 below represents the time step calculations for each of the particles, using the

appropriate particle diameters, Poisson’s ratios and densities.

Table 9: Timesteps calculated for each particle type

Timestep (s)

Yellow pellets 2.3x10™
White pellets 3.4 x10™
Steel pellets 4.1x10"

Iron ore particles 3.9 x10”

The timestep parameter will be chosen to be the worst case which is the iron ore particle case
which has a value of 3.9 x 10” s. However, to be conservative this will be reduced further by
a factor of 2 for better accuracy of the solution. Therefore the value used for all the
simulations will be:

1.95x10°s

2.4.1.6 Coefficients of restitution and static friction matrix

The DEM simulations are expected to be sensitive to the coefficient of restitution as well as
static friction. It is customary in DEM simulations to explore a range of values for these
parameters in order to assess which combination thereof yields the most accurate results
when compared with a physical experiment. Since this application is of sieving particles in
zero gravity the vertical tube experiment described in Section 2.3.1 will be used to calibrate
these parameters, even though they could be measured experimentally as previously
described. In this case the coefficients of restitution and static friction were each varied
between 0.1 and 0.9 during simulations of the plastic and steel spheres, and iron ore particles.
The number of particles passing through the sieve in the vertical tube experiment will be
compared with that of the DEM simulation with these parameters varied in order to determine
the combination of restitution and static friction coefficients which give the most accurate

results.

Appendix D shows the tabulated results of the physical experiment and all the combinations
of the DEM simulations with the most accurate combinations of parameters highlighted.
Table 10 below shows a summary of the results while Section 4.5 contains the discussion of
the results.
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Table 10: Best calculated combinations of the coefficients of restitution and static friction.

Yellow | White Steel Iron ore

pellets | pellets | pellets | particles
Coefficient of Restitution 0.7 0.6 0.6 0.2
Coefficient of Static Friction 0.1 0.6 0.3 0.7
Maximum Deviation % 16.1 18.9 16.1 16.7

The results in Table 10 show that the coefficients of restitution are consistently high for the

spherical pellets while the unsymmetrical iron ore particles are low. This may suggest that the

shape of the particle affects the coefficient of restitution. The static friction coefficients do

not display any particular pattern that could be commented on. The simulations were

extremely sensitive to both parameters with a 0.1 change in either parameter sometimes

meant a 10% change in efficiency.

2.4.1.7 Summary of LIGGGHTS Parameters

Table 11 below summarises the values which were physically tested through experimentation

and used in the initial simulation of the physical experiment.

Table 11: Values of LIGGGHTS parameters used in the physical experiment

Yellow
Pellets

White
Pellets

Steel
pellets

lron-ore

Particles

LIGGGHTS Parameter

Value (Units of measurement)

1. Coefficient of restitution* 0.9—0.7 | 0.74—0.6 | 0.67—0.6 | 0.56—0.2
2. Particle shape (discussed in 2.4.2) _ Multi-
Single sphere

bodies
3. Particle density (p) (kg/m?) 1017 2211 3183 3280
4. Young’s modulus (E) (Pa) 5x10°
5. Cohesion energy density No cohesion
6. Coefficient of static friction* 0.43—0.1 | 0.42—0.6 | 0.46—0.3 | 0.71—0.7
7. Poisson’s ratio (v) 0.3** 0.283
8. Particle size (mm) 6 -6
9. Time step (s) 1.95 x 10®
10. Gravity (m/s?) 9.81
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*The coefficients of restitution and coefficients of static friction are shown first as their initial
experimented value and then as their best-combination value. The best-combination value
will be used in further simulations.

**Estimated based on the value of the iron ore’s Poisson’s ratio. As mentioned previously
this value does not significantly affect the behavior of bulk material flow in DEM

simulations.
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2.4.2 Iron ore particles used in the LIGGGHTS simulation of the physical

experiment

The particles used in the LIGGGHTS simulation of the physical experiment were made up of
spherical multi-bodies. Three particles below in Figure 38 to Figure 43 illustrate how the
particles have been modeled with different sizes of spheres to replicate the shape of the 3
actual particles. Each of the three particles were scaled by multiplying the particles by the
following scales: 1.0, 1.25, 1.5 and 2.0. The factor-multiplied particles resulted in 12 different

particles which were used in the DEM simulation of the physical experiment.
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Figure 39: Iron ore multi-body particle #1 with reference dimensions
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Figure 40: Iron ore multi-body particle #2

Figure 41: Iron ore multi-body particle #2 with reference dimensions

Figure 42: Iron ore multi-body particle #3
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Figure 43: Iron ore multi-body particle #3 with reference dimensions

,

2.4.3 Other LIGGGHTS simulation details

The follow additional simulation details were used in conjunction with the parameters
provided in Table 11 in order to run the simulation of the vertical tube test:

«» Contact model used — Hertzian without cohesion

0,

% Runtime — 0.39 s (real simulated time), 10 minutes (computation time)

RS

% Number of simulations — 16 in total (4 particle types and 4 sieve geometries)

RS

% Geometry — The geometry modeled for the simulation of the vertical tube experiment are

referenced as follows:
e Figure 27: Concept of physical experimental setup.
e Appendix A — Design of Experiment Rig

e Appendix B — Experiment Sieves
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2.5 Final LIGGGHTS DEM Simulation - Zero-g Case

2.5.1 Space mine concept

Screw conveyors, crushing stations and screening chambers will all form part of the space
mining process. Figure 44 shows a concept of a 3-dimensional layout of a space mining
process that could potentially be used. Due to the lack of gravity in space the current Earth-
bound screen designs would not work and therefore the technique of the tested one-time
sieving is proposed as the preferred form of screening to be used in zero gravity
environments. The concept of the one-time passing process is backed-up by the preliminary
simulation results whereby more than 30% of the particles (on average) were screened in the
first particle-sieve interaction than during any of the other seven strokes of the sieve box.
This solution not only transports the oversize or unscreened particles to a crushing station for
further down-sizing but it also transports the screened particles into a tunnel which enters the
screw conveyor and is then pushed outwards due to centrifugal forces into a separate tunnel.

The blue arrows represent the oversize and unscreened particles and the orange arrows
represent the screened particles. The use of a hydraulically actuated flapper gate at the top of
the screen chamber divides the material into either a crushing station or the screw conveyor
and which is further guided into a separate undersize particle tunnel. The desired mine
process will indicate whether the undersize material would need to be re-circulated for further
processing. Depending on the desired sizes of the particles, the oversize particles or the
unscreened undersize particles would be fed back into the screening process or would be

transported to the crushing station to be crushed further.

The screw conveyor is one of the only machines that could transport particles from one place
to another in a zero gravity environment as it does not rely on gravity to transport particles. It
works by producing linear particle movement from a screw-type rotary motion. It will also
reduce the speed of the particles which were impacted by the sieving plates and feed them in

a controlled manner into the side of the next sieving chamber.

The screening concept is to screen particles in the screening chamber by guiding sieve plates
in these “tubes” which would hit an inserted stream of particles (see Figure 44). The particles
are inserted from the side of the sieve chamber at a relatively low velocity so that the high

velocity sieve (moving perpendicularly to the inserted particles) would hit larger particles and
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allow smaller particles to pass through. This action represents the one-time passing process

which was tested in Sections 2.2.5 and 2.4.

The sieving mechanism would most likely work on a belt or chain drive system and would be
positioned above each screening chamber (this is not shown). Every second plate on the drive
system would be a sieving plate and every other plate would be a blank plate. The first
sieving plate would perform the sieving function, which will be tested in the simulation of the
space case, and would guide the oversize and unscreened particles to the right of the flapper
gate into one of the crushing stations. Once they have been crushed they would be transported
into the end portion of the screw conveyor and fed into the next screening chamber at a
controlled rate. The second blank plate would guide the screened particles to the left of the
flapper gate into the screw conveyor section where they will be given a centrifugal force
which would push them into the undersize tunnel and escorted to a different location where
they would be needed. Once both the sieve plate and the blank plate have performed their
function they would be transported back, via the belt or chain drive system, to the beginning

of the same screening chamber to perform the process again.

When the particles have made a full rotation through the space mining process they will have

undergone 4 one-time screening opportunities.
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Figure 44: 3-Dimensional schematic of a potential space mining plant.
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2.5.2 LIGGGHTS simulation setup - zero-g case

The final simulation would simulate how particles could be screened in the actual space
scenario. As mentioned before a typical space mine would consist of asteroids being broken
up, crushed and screened to obtain the particle sizes which could be used in 3D steel printers.
Therefore the simulation only represents the screening process of the space mine concept.

The sieve chamber is designed as a 200 x 200 mm square tube with a side entry for the
insertion of the stream of screenable particles (see Figure 45). The curved compartment at the
end of the sieve chamber geometry is modeled in such a way as to trap the oversize particles
so that they do not flow back into the screening area for counting purposes. As mentioned
before the space application would not have this compartment but would allow the oversize

particles to be guided to a crushing station for further downsizing.

All the sieves in their respective simulations are set to move at a velocity of 1.0 m/s in the x-
direction as this ensured that at the time of sieve-on-particle impact the particles were spread
out over the entire surface of the sieve. The concept of the sieve is completed when the
“sweeping” solid flat plate component follows the sieve plate and pushes all the undersize
particles (which are now separated from the oversize particles) into an undersize
compartment or ‘“stockpile” (this portion of the concept has been omitted from the

simulation).

One limiting factor with this concept will be that the number of particles being screened will
need to be kept as low as possible to optimize the efficiency but still promote throughput to
conserve the amount of energy introduced into the system. The disadvantage of screening
many particles at the same time in a zero gravity environment was observed in the results of
the preliminary simulation where the sieve boxes performed more efficiently when only 200
particles were being screened compared to the case where 600 and 1800 particles were being
screened. Therefore only 100 particles were inserted into each of the simulations.
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Figure 45: LIGGGHTS DEM simulation setup

The DEM parameters, which were previously calibrated, were used for the simulation of the
zero-g space case (see Table 11). The particles are all inserted randomly across the insertion
plane from the side of the sieve chamber at a velocity of 0.15 m/s in the z-direction while the

moving sieve plate approached the particles at 1 m/s (in the x-direction).

2.5.3 Sieves used in the final zero-g space case simulation

As previously mentioned the flat sieve geometries performed the best with the least amount
of issues and therefore they were used for the final zero-g space case simulation. Aside from
the difference in screening performance with regards to efficiency, the extruded sieve
geometries also showed cases of pegging which blocked apertures from screening particles

further (as discussed in the preliminary results).

Due to the flat sieve configurations being used the results obtained in the final zero-g space
case simulation could be compared to the physical experiment as well as the LIGGGHTS
simulation of the physical experiment.

Table 12 below shows the open area as well as the percentage open area of the four sieve
geometries. The manufacturing drawings of the four sieve geometries which were used in the

simulations can be found in Appendix C — DEM Space Case Sieves

65



Table 12: Open area and percentages of the four shaped sieve geometries used in the final

simulation.
Open Area (m?) | Open Area (%)
Square 0.02067 33.08
Rectangular 0.02016 32.26
Circular 0.02006 32.09
Oval 0.02006 32.09

2.5.4 Particles used in the LIGGGHTS simulation - zero-g space case

The particles used in the final zero-g space case simulation are of the same shape and size of
the DEM simulation of the physical experiment as this is the size of particle which has been
calibrated for the zero-g space case simulation. All the particles are analysed as a compilation
of spheres which forms multibody particles with LIGGGHTS analysing them as such. This
gives the particles more realistic movement characteristics when contacting each other as
well as the boundary walls. A quantity of 100 of 12 differently shaped and scaled particles

are inserted via a stream through the side of the sieve chamber.
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Chapter 3 Results

3.1 Summary of Chapter 3

This chapter will address the results obtained for the physical experiments, simulations of the
physical experiments and the final zero gravity simulations. The various sieves aperture
shapes experimented and simulated will be compared to one another. The particle behaviour
and the visual inspections of each experiment and simulation will also be discussed.

3.2 Vertical tube experiment results

A vertical tube drop test was performed to test the probability of a particle passing through
different sieve apertures in a single impact. The experiment was first performed by dropping
50 single particles. These results have been summarized in Table 13. These values will be
compared to the values which were theoretically calculated for each sieve shape in Section
2.3.5.

Table 13: Efficiency of particles passing through types of sieves

Square Rectangular Circular Oval
Yellow Pellets 16% 34% 12% 22%
White Pellets 14% 42% 12% 24%
Steel Pellets 14% 36% 12% 26%
Iron Ore Particles 13% 39% 10% 23%

The next physical experiment performed was conducted by dropping each set of particles all
at once down the vertical pipe. This experiment was repeated three times for each particle
type. The results for the four material types (yellow and white plastic spherical pellets, steel
spherical pellets and iron ore) used in the experiment with the four sieve shapes are shown
below in Table 14 to Table 17.

Table 14: Average efficiency for square sieve with pellets and iron ore particles.

Square Sieve
Material Type Yellow Pellets White Pellets Steel Pellets Iron QOre Particles
# of particles dropped | 50 50 50 50 50 50 50 50 50 200 | 200 | 200
# of particles passed 11 7 6 11 8 7 12 9 ] 21 25 27
% Success 22% | 14% | 12% | 22% | 16% | 14% | 24% | 18% | 16% | 11% | 13% | 14%
Average % Success 16% 17% 19% 12%
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Table 15: Average efficiency for rectangular sieve with pellets and iron ore particles.

Rectangular Sieve

Material Type Yellow Pellets White Pellets Steel Pellets Iron Ore Particles

# of particles dropped 50 50 50 50 50 50 50 50 50 200 | 200 | 200

# of particles passed 16 15 15 23 19 14 16 17 13 43 54 80

% Success 32% | 30% | 30% | 46% | 38% | 28% | 32% | 34% | 26% | 22% | 27% | 40%

Average % Success 31% 37% 31% 30%

Table 16: Average efficiency for circular sieve with pellets and iron ore particles.

Circular Sieve
Material Type Yellow Pellets White Pellets Steel Pellets Iron Ore Particles
# of particles dropped 50 50 50 50 50 50 50 50 50 200 | 200 200
# of particles passed 2 7 8 5 2 6 8 9 ] 13 24 18
% Success 4% 14% | 16% | 10% | 4% 12% | 16% | 18% | 12% 7% 12% 9%
Average % Success 11% 8% 15% 9%

Table 17: Average efficiency for oval sieve with pellets and iron ore particles.

Oval Sieve
Material Type Yellow Pellets White Pellets Steel Pellets Iron Ore Particles
# of particles dropped 50 50 50 50 50 50 50 50 50 200 | 200 200
# of particles passed 9 12 15 10 13 12 12 7 9 50 51 50
% Success 18% | 24% | 30% | 20% | 26% | 24% | 24% | 14% | 18% | 25% | 26% | 25%
Average % Succeks 24% 23% 19% 25%

It can be seen that when each set of particles were dropped all at once the performance of the
sieves were generally worse compared to when the particles were dropped individually. This
is due to the congestion of particles obstructing other particles from passing through the
apertures once they have deflected off the sieve plate. It should also be noted that some

aperture shapes performed better in the congested case than in the uncongested case.

3.2.1 Deflection angle

The deflection angled was observed using a Hero 4 Silver GoPro camera. The best setting at
which to see the deflection angle in slow-motion was using the WVGA mode while recording
at 240 frames per second with the wide angle option. The camera was set up approximately
200 mm away from the initial impact point. The images were clear enough to see the particles
impacting against the deflector plate and bounce off in the direction of the sieve and impact

against the sieve or penetrate the sieve apertures. The camera frames were, however, not clear
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enough to see the interaction of the particle shape with the deflector plate. This seemed to be
the determining factor for whether the particle rebounded off the deflector plate as was
expected or not. A large percentage of particles, approximately 80%, rebounded off the plate

as expected and some did not rebound at all.

3.2.2 Impact position

Figure 46 below indicates the trajectory angles of the typical yellow, white, and steel pellets
and the iron ore particles (represented with yellow, white, black and orange lines) during the
experiment. The angle of trajectory, from the horizontal, was seen to be increasing as the
coefficient of restitution decreased through the particle types. It was noted that the trajectory
was such that the particles hit the sieve plate in the middle. Some particles would not deflect
off the deflector plate as expected and would slide along its surface until they collided with
the bottom of the sieve plate. The behaviour of these particles suggests that the orientation in
which the particle impacts the deflector plate is important to correctly determine the
deflection angle. The deflection angle is important as it determines at what angle the particles

will interact with the sieve plate (90° being the optimum particle-to-sieve interaction angle).

Yellow plastic sphere

White plastic sphere

Steel sphere

Iron ore particle

Figure 46: Deflection trajectory of each particle type.
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3.3 DEM simulation of the physical experiment results

The simulation was run using the parameters which were discussed in Section 2.4.1.7. Each
particle interacted with the sieve only once, after bouncing off the inclined plate. The reason
for this is discussed later in Section 3.3.1. These simulations were used to calibrate the
coefficient of restitution and the coefficient of static friction. As mentioned before these
results were within an accuracy of 18.9 % of the physical experiment. A summary of the
results of the physical experiment are tabulated in Table 18 below. The calculated
probabilities have also been added for easy comparison and it is clear that the results obtained
were as expected.

Table 18: Results of the DEM simulation of the physical experiments.

Percentage of particles passing through types of mesh
Square Rectangular Circular Oval
Yellow Pellets 14% 26% 10% 26%
White Pellets 14% 30% 10% 20%
Steel Pellets 16% 26% 16% 22%
Iron Ore Particles 14% 28% 10% 24%
Calculated Probabilities 14,1% 28,6% 11,1% 22,4%

3.3.1 Impact point

The following figures (Figure 47 and Figure 48) show where the first particle of each particle
type impacts the sieves. The vertical pipe was positioned such that it would allow the
particles to deflect off the deflector plate and move towards the sieve at point blank range to
ensure allow all the particles a chance to interact with the sieve apertures. After the iron ore
particles collide with the deflector plate the particles are seen to have an angular velocity
which cause the particles to spin while moving towards the sieve plates. This is further

discussed in Section 3.3.2.

Figure 47: Impact point of iron ore particles
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Figure 48 below shows the simulations of the physical experiments for the yellow, white and
the steel particles at frame 13. The initial contact point between each of the particles and the
sieves differs between the three. It should be noted that only difference between the
parameters of these spherical particles are the densities, the coefficients of restitution and the

coefficients of static friction.

Figure 48: Impact point of yellow (left), white (middle) and steel pellets (right) simulated.

It can be seen in the figures above that the impact point varies between the four different
particle types. Figure 47 also shows some particles sliding along the deflector plate. This was
also noted on the video footage of the physical experiment with the iron ore particles.

The simulations, when compared to the video footage, showed similar particle-on-sieve
impact positions which provided an additional verification process. The yellow pellets
performed equally well in the simulation of the rectangular sieves as with the oval sieve. The
same could be said about the steel pellets in the simulations for the square and circular sieves.
The results of the physical experiment were within a 10% variance of the theoretical

predictions, for the different types of sieves.

3.3.2 Particle movement - maximum bounding sphere

As mentioned before, once the particle (moving at approximately 6.26 m/s) impacts the
deflection plate, the particles are given an angular velocity. This rotational velocity does not
affect the spherical pellet’s interaction with the sieves — especially in terms of the probability
of the particles passing through the apertures. But when the iron ore particles are considered
the rotation causes each particle to gain a theoretical maximum bounding sphere. This sphere
is hypothetically drawn around the entire particle to ensure all the small spheres which make
up the complete body are encapsulated. This means that the particle would rotate around its
centre of mass with a larger spherical presence (as seen in Figure 49) due to its fast spinning
nature relative to its lateral movement towards the sieve. As a result the probabilities of the

fast spinning particles passing through the various sieve apertures are reduced.
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Figure 49: Max bounding spheres around simulated particles (Podlozhnyuk, Pirker and Kloss,
2016)

The following figure (Figure 50) shows the simulation for the square sieve configuration with
iron ore particles. It shows the movement of iron ore particles through the sieve as well as
through the counting plane. The figure depicts the spinning particles interacting with the

sieve apertures.

Figure 50: Iron ore particle movement through square sieve.

The following table (Table 19) shows the minimum and maximum bounding spheres of the
12 scaled multibody iron ore particles simulated which were calculated by LIGGGHTS. The
minimum bounding sphere diameter would be measured at the smallest cross sectional area
of the particle with its long axis positioned perpendicular to the sieve and the maximum
bounding sphere diameter would be measured at the largest cross sectional area of the particle
with its long axis positioned parallel to the sieve. The minimum and maximum probabilities
may be calculated for each individually scaled particle (shown in Table 20) by using the

minimum and maximum bounding sphere diameters respectively. The minimum to maximum
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probability range is also summarised in Table 20. This range essentially provides the

probability of a particle to pass through a particular sieve in any orientation.

Table 19: Minimum and maximum bounding sphere diameters for each of the scaled iron ore
particles

Minimum and Maximum Bounding Spheres Diameters (mm)
Scale

1 1,25 | 1,5 2
Mini Sph
Particle #1 |n|.mum phere
Maximum Sphere
. Minimum Sphere
Particle #2
Maximum Sphere
. Minimum Sphere
Particle #3 -
Maximum Sphere

Table 20: Probabilities of each scaled iron ore particle passing through each sieve

Probabilities (%) Range (%)
. Minimum Prob.
o | Particle #1 -
2 Maximum Prob.
n . Minimum Prob.
@ | Particle #2 -
S Maximum Prob.
U . .
Minimum Prob.
| Particle #3 )
Maximum Prob.
o . Minimum Prob.
2 | Particle #1 X
& Maximum Prob.
s . Minimum Prob.
S | Particle #2 -
& Maximum Prob.
‘3 . Minimum Prob.
@ | Particle #3 X
e Maximum Prob.
i Minimum Prob.
o | Particle #1 -
2 Maximum Prob.
* i Minimum Prob.
c | Particle #2 X
§ Maximum Prob.
S . Minimum Prob.
Particle #3 -
Maximum Prob.
. Minimum Prob.
Particle #1 -
v Maximum Prob.
2 . Minimum Prob.
¥ | Particle #2 -
S Maximum Prob.
© . Minimum Prob.
Particle #3 -
Maximum Prob.
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3.4 Final LIGGGHTS DEM simulation results - space case

Each flat sieve type was used in the different simulations for all four particles; yellow & and
white plastic pellets, steel pellets as well as the iron ore particles. 100 of each type of particle
were inserted in their respective simulation therefore the efficiency of the sieve type was
determined simply by counting the number of particles which were screened. The simulations
below only cover the screening process that could occur in space. For simplification of the
simulation, the concept of transporting the screened and unscreened particles to other mining

processes for further processing is omitted.

The results obtained for the final DEM simulations of the space case are tabulated below in
Table 21. Each sieve shape was simulated with each particle type so that all the results could

be compared.

Table 21: Results obtained for the LIGGGHTS simulation for the space case.

Efficiency of DEM Simulation of Space Case
Square | Rectangular| Circular Oval
Yellow Pellets 9% 22% 10% 17%
White Pellets 7% 20% 9% 16%
Steel Pellets 10% 22% 10% 18%
Iron ore Particles 21% 35% 16% 31%
Calculated Probabilities 14.1% 28.6% 11.1% 22.4%

3.4.1 Space case simulation
Figure 51 below shows the initial setup of the space case simulation where the moving sieve
was changed and simulated with each type of particle until each of the four particle types

were simulated with each sieve configurations. This resulted in 16 simulations being run.

Figure 52 and Figure 53 show the simulation for the square sieve configuration. The figures
show the movement of particles into the screening chamber and thereafter they collide with
the moving sieve while allowing the undersize particles to pass through the apertures. All the
oversize particles as well as the particles which impact the sieve between apertures are forced
towards the counting plane. Once the sieve plate touches the counting plane the counting
plane counts all the particles which passed through it during the simulation and because it is
known that 100 particles are inserted into the system, the difference between these two values

is the amount of screened particles. The particles which are not sieved are transported to the
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left (where a crushing station may be) while the screened particles left in the chamber would

be collected and used in a 3-D printer.

Radius scale
radius / M OVI ng
5.0e-06 0.0005 0.001 0.0015 0.002 2.5e-03 S I eve
1 —

Counting plane _, N Random particle insertion

Figure 51: Initial setup of the space case simulation

radius
0.('!01 0.“{15 0002 25e-03

Figure 53: Space case simulation with oversize particles moving through counting plane

A high percentage of iron ore particles passed through the sieve while the spherical particles
all displayed results which were below the theoretical efficiency values. Table 21 shows that
the rectangular apertures consisted of the highest efficiencies while the next best was the oval
apertures. The square and the circular apertures performed, on average, similarly.
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Chapter 4 Discussion

4.1 Summary of Chapter 4

This chapter will discuss the results obtained for the preliminary simulations, physical
experiments and final simulations. Each experiment and simulation will initially be analysed
in isolation and thereafter a comparative exercise will be conducted in order to draw

conclusions about all of the influencing factors as well as the relevant parameters.

4.2 Preliminary LIGGGHTS simulation

The preliminary simulations were set up to compare the efficiencies of four aperture shapes
(square, rectangular, circular and oval) as well as the extruded aperture concept of the shapes.
The simulations also varied the amount of particles which were inserted in the sieve box to
analyse the effect of the number of particles have on the performance of the sieves. The
extruded concept was based on the idea that the slanted sides may guide the particles through
the apertures at the specified cut-size. A sieve box was created with the sieve plane dividing
the box in two. Particles of four sizes (2, 3, 5 and 6 mm) were inserted in the top chamber
while the entire sieve box would stroke eight times at a specified stroking angle. The sieve
box impacted the particles and transferred Kinetic energy into the particles. The particles
which passed through the sieve plate would be counted and the efficiency of each sieve
would be calculated while excluding the oversize particles which could not pass through the
sieve. This process was repeated for stroking angles of the sieve box from 0° to 90° while the

angle varied in increments of 15°.

As expected the sieve which produced the best results was the sieve with rectangular
apertures. Efficiencies of approximately 90% were achieved with the 200 particle simulations
and with the rectangular extruded sieve at strokes of 75° and 90°. The high efficiency can be
attributed to the eight strokes of the sieve box compared to the 20% - 25% efficiency which

was obtained during the first of the eight strokes in the simulation.

The flat sieves performed the better when compared to the extruded sieve configuration when
there was more interference from other particles as was the case when the particle count was
600 and 1800.
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It may be seen from the results in Figure 23 to Figure 26 that all the sieves performed worse
as more particles were introduced to the screening box. This is due to the many interactions
with the other particles instead of interactions with the sieve surface. The collisions with
other particles also meant that in the vertical strokes some particles would deflect off other
particles and transfer the vertical kinetic energy into horizontal kinetic energy which is not
beneficial for screening purposes. As mentioned in the observations that the particles formed
a bed of particle 3 — 5 particles high which only allowed the bottom layer to have an
opportunity to be screened. Another contributing factor to the poor performance is the lack of
stratification — the term previously used to describe the phenomenon of smaller particles
moving to the bottom of a pile of particles when vibrated (where gravity plays an important

role).

The highest proportion of particles which were screened was the smallest particle size where
between 55% and 70% of the total particles screened were @2 mm particles while the

remainders were the @3 mm particles.

As expected, the sieve types performed the best as the stroke angle was gradually changed to
the vertical direction (90°). This allowed the particles to initially move towards the sieve

without the effect of foreshortening.

It may be noted that on almost every occasion of simulations of the extruded sieve types that
the efficiencies were low at stroking angles between 0° - 30°. The efficiencies then increased
from strokes of 45° and above. The extruded sieve designs made it extremely difficult for
particles to pass back through the sieve once they had passed into the bottom screening
chamber. The extruded sieve type retained up to 90% of the particles which had passed
through the sieve during the eight strokes, whereas the flat sieve types, on some occasions,
lost up to 40% of the particles which had been screened due to them passing back through the

sieve.

One unexplained result was observed for the 600 and 1800 particle simulations (as shown in
Figure 23 to 26). The efficiency decreased from the stroke angles 30° to 60° after which it
increased again. It is first seen subtly in the 600 particle simulations of the rectangular,
circular and oval sieves but is then amplified by the 1800 particles simulations of all the sieve
types. The reason for this is still unknown.
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On average, the sieves which performed from the best to worst were as follows: rectangular,

oval, circular and square sieves types.

The results in the preliminary simulations showed the following important aspects which

affected the subsequent research in this report:

The flat sieve performed better between the two sieve configurations (flat vs
extruded) for stroking angles less than 60°, and with the 600 and 1800 number of
particles. Therefore due to the complexity of manufacturing the extruded sieve
configuration, the flat sieve would be used in the future experiments and simulations.
The efficiency of the sieves increased as the stroking angle varied towards the 90°
angle. Therefore the vertical tube experiment, the simulation thereof and the space
case simulation would all have the particles interacting with the sieves at 90°, or
angles close to 90°.

Approximately 20% - 25% of screened particles were screened in the first stroke of
the sieve box. With the extruded sieve configuration screening, on average, 5% more
than the flat sieve during the first stroke. This promoted the idea of the one-time
sieving technique.

Attempting to screen too many particles at the same time is not beneficial for the
efficiency. Efficiency came down to ensuring each particle comes into contact with
the sieve as this increased the opportunities for particles to pass through apertures. It
was shown that having additional particles in the simulations had obstructed other
particles from having an opportunity to interact with the sieve. This meant that the
vertical tube experiment, the simulation thereof as well as the space case simulation
would have minimal particles in it to ensure every particle would have an opportunity

to be screened in the single impact.

4.3 Probability of particles passing through sieves

The probabilities calculated in Section 2.3.5 from first principles provide a solid basis against

which the experiment and the simulation results may be compared. The calculation is based

on the spherical size of particle passing through the aperture and the area of the aperture

itself, allowing for an oblique impact up to 45° with the edge of the apertures. The results of

the calculations show that the rectangular aperture shape (28.6% probability) should perform

the best followed by the oval apertures (22.4%), then the square apertures (14.1%) and lastly
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the circular apertures (11.1% probability). Unfortunately the calculations only apply a rough
estimate for the probabilities of the complex multibodies such as the iron ore particles. The
probability calculations for the multibody particles would depend on the cross sectional area
and the orientation of the particles at the time of the particle-on-sieve interaction.

4.4 Vertical tube experiment

A vertical drop test rig was constructed where a particle was allowed to fall under the action
of gravity. It then impacted a surface inclined at 45° and rebounded towards a sieve oriented
at nominally 90° to the direction of motion of the particles. Two types of plastic (yellow and
white) spheres, steel spheres, as well as iron ore particles were dropped. Four types of
different sieves were changed out; square, rectangular, circular and oval, where the
rectangular and oval apertures were oriented vertically. 50 particles of each type of particle
were first dropped individually to ensure no particles were obstructed allowing each particle
to have an opportunity to interact with the sieve. After this experiment the same 50 particles
of each type were dropped simultaneously and the efficiency of each particle type and each

sieve type were recorded.

It may be seen in Figure 46 that the particles were not projected exactly perpendicular to the
sieves and some were deflected at much smaller angles such as 30° - 45° to the horizontal
especially in the case of the iron ore particles. The preliminary simulations showed that the
elongated apertures of the rectangular and oval sieve types performed better in general due to

counteraction of foreshortening.

The rectangular sieve type produced the highest efficiency (42%) for all particles and is
tabulated in Table 13 in the 50-single particle drop test. The test whereby all the particles
were dropped at the same time (Table 14 to Table 17) also yielded the same result indicating
that the particles rebounding off the sieve plate do not obstruct other particles moving
towards the sieve. It should be noted that the rectangular sieve apertures may allow for
oversize particles to pass through should the longest side of a multibody particle be orientated
in the same direction as the longest side of the aperture. This may also be said about the oval
sieve aperture, but then what was the fundamental difference between these two sieve types?
The rectangular sieve open area, as previously mentioned in Figure 16, is greater than any of
the other sieve types therefore it will, statistically, allow more particles to pass through each

aperture with less sieve interference. The stacking density of the rectangular sieve is also
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greater in the area where the particles impacted therefore particles had a greater probability of
passing through the rectangular sieve type as shown in Section 2.3.5. Though, it should be
noted that the corners of the square and rectangular apertures do not play a role when the
particles are spherical.

The next best performing sieve was the oval sieve type with a highest efficiency of 26%. The
longitudinal opening of the apertures aided in allowing more particles to pass through the

sieve.

The square sieve performed the third best out of the four with it achieving an average
efficiency of 16%. This was unusual to see as the preliminary simulation suggested that it
would perform the worst. The densely stacked apertures were as densely packed as the
preliminary simulation and therefore cannot be the only contributing factor to the success of
the sieve.

The circular sieve performed the worst while achieving an average passing efficiency of only
12%. As mentioned in the previous section and referring to Figure 30 it makes sense that the
areas between the apertures would repel many of the approaching particles. It was thought
that the fact that only spherical particles were used in the preliminary simulations may have
contributed to the success of the circular sieve type but the physical experiments showed that

even with the spherical particles the circular sieve performed badly.

The probabilities calculated theoretically directly relate to the efficiency of the particles
passing through the different types of apertures in the vertical tube experiment. On average,
the particles performed as expected as they compare closely to the calculated probabilities
with the following results: rectangular (27.5%), oval (23.0%), square (14.5%) and circular
(11.5%). The only variance that can be seen may be contributed to the number of particles
used in the experiment. More accurate results could have been obtained had more particles

been used in the experiment.

It should be noted that Table 13 suggested that regardless of the parameters the best
performing particle type between the yellow, white and steel pellets as well as the iron ore
particles could not be distinguished. The results showed that the particle interaction point on
the sieves did not entirely determine the probability of the particles passing through the

apertures as the efficiencies remained consistent.
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4.5 Calibration of DEM parameters

The DEM simulation of the physical experiment was set up initially with the experimented
parameters as previously discussed in Section 2.4.1. The simulations yielded results which
were very different to the vertical tube experiment. It is customary in DEM simulation to
calibrate the DEM parameters by modifying the most influential parameters to replicate the
physical experiment. The most influential parameters in the case of the vertical tube
experiment were the coefficients of restitution and static friction. These two parameters were

varied from 0.1 to 0.9 in increments of 0.1.

The simulations proved to be very sensitive to the values of these two parameters and yielded
results which varied approximately 10% - 15% in some cases. It was interesting to note that
the iron particles resulted in having the lowest coefficient of restitution (0.2) and highest
coefficient of static friction (0.7) and this is what the originally determined parameters
displayed. The rest of the particles also showed the best coefficient of restitution parameter to
be consistent with the originally determined parameters, despite a lower coefficient of
restitution being expected for the thin sieve plate that was used in the experiments.

4.6 DEM Simulation of the vertical tube experiment

The DEM simulation was set up to replicate the vertical tube experiment with all the same
dimensions of the actual experiment. In the simulation of the physical experiment 50 particles
of each type of pellet were tested and 200 iron ore particles tested. These were inserted into
the vertical tube and collided with the deflector plate and bounced in the direction of the sieve
plates. The sieves were modelled and positioned as they were on the physical experiment. As
mentioned previously the calibrated DEM parameters for the coefficients of restitution and

static friction were used for each type of particle.

The results obtained in the simulations (after calibration) when compared to the physical
experiment are within a maximum deviation of 7% as shown in Table 22, with the majority
of the DEM simulation results being slightly lower than the experiment. This is due to the
calibration of the coefficients of restitution and the coefficients of static friction of all the

particles.
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Due to the high efficiencies obtained during the experiment for the rectangular and the oval

sieves the coefficients were selected to represent similar efficiencies for the simulations. The

coefficients selected were the combinations of the two parameters which best suited each

particle type in the physical experiment.

One point to consider is that only 3 particles were modelled as multibodies and scaled for the

LIGGGHTS simulations for the iron ore case. Had more particles been modelled this could

have produced different results for the iron ore particle case.

Table 22: Comparison of the physical experiment and the DEM simulation of the physical
experiment results

Material | Square | Rectangular | Circular Oval

Sieve Type ) ) ] )
Type Sieve Sieve Sieve Sieve

o Physical experiment (%) 16 31 11 24

K (7]

T 'S | DEM simulation of

= < _ _ 14 26 10 26

% S physical experiment (%)

> % | Deviation (%) 2 5 1 2
Physical experiment (%) 17 37 9 23

% % DEM simulation of

Q c _ _ 14 30 10 20

JER physical experiment (%)

< £

= © | Deviation (%) 3 7 1 3
Physical experiment (%) 19 31 15 19

© B . .

T © DEM simulation of

a S _ _ 16 26 16 22

T © physical experiment (%)

? | Deviation (%) 3 5 1 3

2 Physical experiment (%) 12 30 9 25

8 'S | DEM simulation of

o & 14 28 10 24

<D I—-— - . 0

= E physical experiment (%)

c

= ® Deviation (%) 2 2 1 1
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4.7 LIGGGHTS Simulation of the space case

The screening chamber described in Section 2.5.1 was simulated in the final space case
simulation. The sieve plate was given a velocity and moved down the stationary tunnel (at 1
m/s) where it met the inserted stream of particles moving, perpendicularly to the tunnel, at a
relatively small velocity (0.15 m/s). The undersize particles which were in a position to be
screened passed through the sieve while other particles were hit and moved with the sieve to
the end of the tunnel where they would theoretically be conveyed to a crushing chamber for
further processing. The calibrated parameters were used in these simulations while 100 of
each particle type were tested in separate simulations. The four sieves were changed and
experimented with each of the four particle types therefore a total of 16 simulations were run

for the space case scenario.

The screenshots of the simulations of the various sieves show that the sieves met the particles
in the middle of the sieving area, as shown in Figure 52. The screened particles either passed
through the sieve untouched or touched part of the sieve and passed through. Some of the
screened particles which touched the sieve either deflected off the edges of apertures or
continued to roll on the sieve face for a while until they rolled into an aperture and were
screened. The sieves performed as expected and the timestep which was selected was
sufficiently small so as to ensure particles did not pass through the sieve where they
physically should not have.

Table 21 compares the LIGGGHTS simulation of the simulated space case for the various
sieves and particle types. The simulation of the space case for the yellow, white and steel
pellets resulted in lower efficiencies than the calculated probabilities when compared to the
theoretical probability that was calculated for all the sieve types. All of the results differed by
more than 24% except for the circular sieve which only differed by approximately 15%. This
was the case despite the particles interacting with the sieve close to the optimal 90°. The
results motivate that the process of screening almost entirely relies upon chance. If the
particle was in the right place at the right time in the right position it was screened, otherwise

it was not.

As mentioned before one of the reasons why the physical experiment and the simulation of
the physical experiment did not perform as well as expected is due to the particles interacting

with the sieve at an angle other than the optimum 90°. This was because the deflection angle
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of the particles off the deflector plate was not exactly 90°. In the simulation of the space case
the particles are allowed to interact with the sieves at approximately 81.5° due to the moving
sieve plate and the moving particles. This meant that the simulation of the space case could
therefore produce the best results (as proven in the preliminary simulation - the 90° stroke

produced the best results).

As it can be seen the simulation of the LIGGGHTS space case for iron ore particles
outperformed all the physical experiments and the simulations thereof. One contributing
factor is that due to the zero gravity environment the effect of gravity on the particle’s
movement does not have to be considered. That being said the efficiencies were extremely
high, approximately 1.5 times higher than what was expected. The particles were inserted in
random orientations so that they could interact with the sieve in different positions. It was
later found that the reason for the increased efficiency is due to the perceived “smaller
particle” which was being screened due to the smaller cross sectional area of the particle in
the specific orientation as the particle was interacting with the sieve apertures (see Table 19
for probabilities of the minimum and maximum bounding sphere diameters). In the physical
experiment and the simulation thereof the multibody particles impacted with a deflector plate
which gave the particles a large angular velocity which meant that each of the rotating
particles had a maximum bounding sphere as discussed in Section 3.3.2. The maximum
bounding spheres would be used to determine the probabilities in those two cases (physical
experiment and the simulation thereof) but would not directly apply to the space case
simulation because an angular velocity was not given to the particles. Therefore the range of
probabilities, shown in Table 20, would apply to the space case simulation as these cover all
the possible orientations which the particle may have interacted with the various sieves. As
expected, the ranges of probabilities of the sieves show that the orders of performance were
as expected as the results obtained during the simulation were within these ranges. It can also
be seen that the iron ore particles were sensitive to orientation, particularly when they had

large aspect ratios.

It may be noted that for the space case simulations for the iron ore particles the sieves
performed the best to the worst in the following order: rectangular sieve, oval sieve, square
sieve and the circular sieve. This is the same order as the simulation of the physical

experiment.
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4.8 Summary of the research

The research first conducted preliminary simulations with flat and extruded sieves to assess
the effects of zero gravity on particle behaviour. This gave valuable insights which were used
in the subsequent research. The theoretical probabilities for @6 mm particles were then
calculated for square, rectangular, circular and oval sieves. This was followed by experiments
to measure the parameters required for the LIGGGHTS simulations. A vertical tube
experiment was then conducted and replicated using DEM simulation which was used to
calibrate and validate the LIGGGHTS parameters. This then led to the simulation of the

space case or zero gravity case.

The preliminary simulations showed that particles approaching the sieve plate at 90° far
outperform any other approaching angle and that the extruded sieve aperture obtained results
which were 5% - 10% higher than the flat sieve configurations for the simulations run with
200 particles. For the simulations with 600 and 1800 particles the extruded aperture sieves
performed worse. The one major disadvantage was that near-size particles would block some
apertures at times. Screening fewer particles was shown to increase the particle-to-sieve
interactions which increased the efficiency whereas screens on Earth, instead, use the
principal of stratification to their advantage by vibrating smaller particles to the surface of the
sieve. The preliminary simulation also showed that in zero gravity the concept of one-time
sieving was very effective. All the research and experiments conducted showed that the
sieves were most effective in the following order (from best to worst): rectangular, oval,
square and circular — this was proven by theoretical probability calculations, physical
experiments and through simulations. The rectangular and oval apertures contain a larger
unobstructed area for screening to take place therefore they showed superior efficiencies.
LIGGGHTS proved to be a useful DEM simulation tool after the input parameters were
calibrated and validated. It showed that the minimum and maximum bounding spheres are
important parameters that need to be considered especially when screening non-spherical

multibody particles in zero gravity.
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Chapter S Conclusions and

Recommendations

5.1 Conclusions

This report demonstrates that it is possible to predict how particles would behave in a zero
gravity environment and sets out the screening mechanisms which play important roles in this

determination.

The starting point for this report was carrying out preliminary simulations which indicated
that more particles were screened in the first particle and sieve interaction than at any other
interaction. The simulations were run with four particles and four sieve types. The best
efficiencies were obtained when the stroking angle was at 90° to the particles. The
rectangular sieve performed the best, followed by the oval, square and circular sieve, in that
order. The simulations demonstrated that more particle-sieve interaction resulted in higher
efficiencies.

The next step in the research was carrying out a vertical tube experiment. This experiment
resulted in the following efficiencies for the sieves: rectangular (42%), oval (26%), square
(16%) and circular (12%). The results from this experiment were then used to calibrate the
coefficients of restitution and static friction for the four types of particles used in this report.
The change of these parameters, although small, caused significant differences in the results,

with some results changing approximately 10% with only a 0.1 change of either parameter.

The space case simulation was run with the same four particles and four sieves, and the
results were directly comparable to the calculated probabilities and the physical experiment,
with the exception of the iron ore particles. These were approximately 1.5 times higher,
which was as a result of non-rotating particles appearing smaller from the perspective of the
sieve due to the maximum bounding sphere phenomenon. Notably, these results still fell

within the range of probabilities for the multibody particles.

One of the central conclusions of this report is that the main characteristics which govern the
behaviour of particles during the screening process in a zero gravity environment are the

coefficient of restitution, coefficient of static friction and the shape of the particle.
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5.2 Recommendations for discrete element method (DEM) in a zero

gravity environment

e An investigation into the impact angle of the particles onto the deflector plate would
be informative and beneficial in similar lines of research. It will be important to
investigate whether the approaching orientation of the particle towards the deflector
plate has an effect on the deflection angle after impact. It would be beneficial to insert
the stream of particles into the simulation with random orientations and an angular
velocity but the angular velocity operation is not yet functioning in LIGGGHTS.
More development work needs to go into the code to allow multibody particles to be
given angular velocities. This could be done by having the particles hit a deflector
plate before entering the sieving tube but the particles would need to be given a high
initial velocity as in the case of the vertical tube experiment where the velocity
impacted the deflector plate at 6.26 m/s. The high impact velocity would mean that
the particles would spin extremely fast while interacting with the sieve thereby taking
full advantage of the maximum bounding sphere theorem.

e The multibody particles used in the simulations should be modelled as accurately as
possible to the actual particles which will be predicted. Should the simulation consist
of only one impact point, such as in a space case, then the orientation of the moving
particles at the point of screening may have a significant effect on the outcome of the
results.

e The superior configuration based on efficiency, of sieve type during the preliminary
simulation was the extruded sieve where the approaching angles of the particles were
more than 60°. The limitations of the design were that the particles would be blocked
in the apertures but if this could be solved the design has far more pros than cons.
Some of the pros are that the extruded shapes add significant structural rigidity to the
sieve, the efficiencies increased by at least 10% when compared to the flat sieve at
stroking angles of 75° and 90°. The design of the extruded apertures discouraged
particles from passing back through the apertures thus improving the particle retention
rate. The difficulty in manufacturing the sieve types could be circumvented if some
thought is applied to it. Therefore it would be useful to investigate this type of sieve
design further.

e Multiple impact sieving should also be investigated. The preliminary simulation

illustrated that it was possible to obtain up to 91% efficiency in only eight strokes of a
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sieve box moving at 16 Hz which means it only took 0.5 seconds to do this therefore
this avenue should be investigated further.

Although this research proposed the one-time sieving technique as the preferred form
of sieving it will need to be expanded on to include more particles so that the tonnages
put through the screening process may increase. It is important to note that the
tonnages put through the screening process are just as important as the efficiency of
the process.

Experiments on the probabilities of irregular shaped particles passing through sieve
apertures should be investigated with a more rigorous statistical approach.

Different materials should be analysed and investigated. This research only covered
the sieving of plastic and steel pellets as well as iron ore but there will be many other
types of minerals which would be mined in space.

Section 4.2 mentions that the efficiency reduces between 30° and 60° stroking angles
in the simulations with 600 and 1800 particles. These unexplained results should be
investigated as this research a general trend of improved efficiencies as the stroking

angles increased to the optimum 90°.stroking angle.
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Appendix B — Experiment Sieves
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Appendix C — DEM Space Case Sieves
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0.1

0.7 and Coefficient of Static Friction

Yellow Plastic Pellet: Coefficient of Restitution

Red — Nowhere near the correct result
3. The yellow plastic pellets were tested on the next sieve (the circular sieve in this instance) on only the cells that were previously

a. Blue — Near the physical experiment result or theoretical result (within approximately 10%)
b. Orange — Within approximately 20% of the physical experiment result or theoretical result

C.

leaving only the most correct answers.
5. A calculation was then performed regarding the closest correct combinations and this produced the coefficients which were selected.

identified as blue or orange.
4. This procedure continued for the last two sieves while removing the coefficients which were nowhere near the correct results thereby

recorded.

1. The particle (yellow plastic pellet in this case) calibration started with running all the simulations with the oval sieve and the results
2. The cells were highlighted with the following colour coding:

Appendix D — DEM Parameter Calibration

Procedure for DEM parameter calibration:
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Friction = 0.6

IC

t of Stat

Icien

0.6 and Coeffi

itution

t of Rest

icien

Coeff

White Pellet
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Appendix E — Preliminary Simulation

Result Tables

Results of each of the sieve configurations and each of the aperture shapes were simulated
with 200, 600 and 1800 particles and were vibrated at the different angles of stroke. The
following four tables represent the results of all the particles which passed through the sieve

and counting plane.

Square sieve configurations:

Percentage (%) of particles passing through the counting plane
200 Particles 600 Particles 1800 Particles
Angle of Square Square Ext Square Square Ext Square Square Ext
Stroke Sieve Sieve Sieve Sieve Sieve Sieve
0° 7,0 4,0 8,7 4,0 5,3 4,0
15° 19,0 7,0 14,7 7,7 84 4,9
30° 26,0 20,0 25,7 21,0 18,9 14,4
45° 49,0 39,0 36,0 32,3 19,0 14,1
60° 66,0 71,0 49,0 44,7 28,2 22,1
75° 70,0 76,0 59,0 64,7 48,8 37,2
90° 71,0 81,0 73,7 69,3 56,9 45,8

Rectangular sieve configurations:

Percentage (%) of particles passing through the counting plane
200 Particles 600 Particles 1800 Particles
Angle of . Rect Ext . Rect Ext . Rect Ext
Stroke Rect Sieve Sieve Rect Sieve Sieve Rect Sieve Sieve
0° 23,0 13,0 23,3 21,3 13,2 11,0
15° 35,0 30,0 27,3 23,3 17,6 16,1
30° 45,0 44,0 41,3 44,3 30,0 25,0
45° 70,0 69,0 47,3 52,0 25,8 27,7
60° 77,0 86,0 57,7 68,0 34,2 33,6
75° 82,0 91,0 70,0 80,0 56,6 45,2
90° 81,0 90,0 76,7 84,0 58,0 50,8
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Circular sieve configurations:

Percentage (%) of particles passing through the counting plane
200 Particles 600 Particles 1800 Particles
Angle of | Circular |Circular Ext Circular |Circular Ext Circular |Circular Ext
Stroke Sieve Sieve Sieve Sieve Sieve Sieve
0° 7,0 2,0 7,3 3,0 4,9 2,5
15° 14,0 3,0 13,0 3,3 9,2 4,5
30° 31,0 16,0 27,7 16,0 20,3 12,2
45° 42,0 37,0 31,3 19,3 17,6 9,6
60° 64,0 60,0 46,7 37,3 31,3 22,0
75° 75,0 74,0 64,3 62,0 53,4 40,4
90° 71,0 84,0 74,3 71,0 56,6 45,0

Oval sieve configurations:

Percentage (%) of particles passing through the counting plane
200 Particles 600 Particles 1800 Particles
Angle of . Oval Ext . Oval Ext . Oval Ext
Oval Sieve ) Oval Sieve ) Oval Sieve )
Stroke Sieve Sieve Sieve
0° 15,0 5,0 20,0 12,7 13,1 5,6
15° 32,0 15,0 25,0 12,3 16,7 8,6
30° 39,0 26,0 38,7 27,0 27,8 19,1
45° 63,0 52,0 45,3 36,0 26,3 20,0
60° 71,0 84,0 62,3 54,3 31,8 28,1
75° 78,0 83,0 71,3 69,0 48,3 42,3
90° 79,0 85,0 74,3 72,0 57,8 46,9
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Results of each of the sieve configurations and each of the aperture shapes were simulated
with 200, 600 and 1800 particles and were vibrated at the different angles of stroke. The
following four tables represent the results of all the particles which passed through the sieve
and counting plane excluding the particles which passed back though the sieve. This shows

the amount of particles which were sieved and that were retained in the sieve chamber.

Square sieve configurations:

Percentage (%) of particles passing counting plane excluding particles which passed back
through the Sieve
200 Particles 600 Particles 1800 Particles
Angle of Square Square Ext Square Square Ext Square Square Ext
Stroke Sieve Sieve Sieve Sieve Sieve Sieve
0° 7,0 4,0 11,0 4,3 5,6 4,7
15° 19,0 8,0 15,0 7,3 8,4 4,7
30° 21,0 20,0 22,0 20,0 17,6 13,1
45° 38,0 38,0 25,7 29,0 12,9 11,0
60° 50,0 52,0 36,0 34,3 14,7 16,7
75° 44,0 62,0 44,0 53,0 31,2 28,0
90° 49,0 72,0 49,7 57,7 42,8 38,3

Rectangular sieve configurations:

Percentage (%) of particles passing counting plane excluding particles which passed back
through the Sieve
200 Particles 600 Particles 1800 Particles
Angle of | Rect Sieve Rer:t Ext Rect Sieve Ref:t Ext Rect Sieve Re.ct Ext
Stroke Sieve Sieve Sieve
0° 24,0 16,0 24,3 22,7 12,8 11,5
15° 33,0 29,0 27,7 23,7 16,1 14,8
30° 34,0 38,0 31,7 36,3 25,6 21,6
45° 59,0 47,0 31,0 38,7 17,8 19,9
60° 51,0 66,0 38,0 48,3 17,6 21,8
75° 50,0 68,0 47,0 59,0 34,7 33,9
90° 52,0 70,0 50,3 68,0 40,1 41,9
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Circular sieve configurations:

Percentage (%) of particles passing counting plane excluding particles which passed back
through the Sieve
200 Particles 600 Particles 1800 Particles
Angle of | Circular |Circular Ext Circular |Circular Ext Circular |Circular Ext
Stroke Sieve Sieve Sieve Sieve Sieve Sieve
0° 8,0 2,0 8,0 4,0 5,1 2,8
15° 13,0 3,0 12,0 5,0 9,3 4,5
30° 29,0 18,0 26,0 14,3 19,3 11,9
45° 34,0 33,0 21,0 17,0 10,7 8,0
60° 46,0 49,0 32,0 30,3 19,3 10,1
75° 55,0 58,0 46,3 46,3 37,4 30,1
90° 59,0 68,0 52,7 59,7 42,8 36,9

Oval sieve configurations:

Percentage (%) of particles passing counting plane excluding particles which passed back
through the Sieve
200 Particles 600 Particles 1800 Particles
Angle of . Oval Ext . Oval Ext . Oval Ext
Oval Sieve . Oval Sieve . Oval Sieve .
Stroke Sieve Sieve Sieve
0° 14,0 8,0 20,7 15,0 13,6 59
15° 30,0 14,0 22,0 12,3 15,9 8,0
30° 31,0 23,0 33,0 25,0 23,8 17,6
45° 49,0 43,0 28,0 31,7 18,7 15,6
60° 49,0 63,0 39,0 39,0 17,4 18,4
75° 58,0 60,0 49,7 51,0 32,4 32,1
90° 56,0 76,0 53,7 61,3 41,9 35,9
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Appendix F — Preliminary Simulation Best

and Worst Results

The preliminary simulation consisted of a series of tests. Different strokes ranging between 0°
and 90° in increments of 15° were analysed. These strokes were tested on 4 different sieve
shapes with 2 different sieve geometries for each shape. Furthermore, 200, 600 and 1800
particles were inserted into the simulation box configurations in different simulations.

Therefore the total number of simulations run was: 7x4x2x3 = 168.

The results below show only the best and the worst performing sieve configurations (flat and
extruded) for a specific shape which allowed the most first time passes at each stroke. For
each 200, 600 and 1800 particles inserted these the images of the results will be shown

below.
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Square Sieve
1. For the Square Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 7% passing rate.

b. The best performing simulation was the 90° stroke with a 71% passing rate.
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2. For the Square Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with an 8.7% passing rate.

b. The best performing simulation was the 90° stroke with a 73.7% passing rate.
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3. For the Square Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 5.3% passing rate.

b. The best performing simulation was the 90° stroke with a 56.9% passing rate.
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Square Extruded Sieve
1. For the Square Extruded Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 4% passing rate.

b. The best performing simulation was the 90° stroke with a 81% passing rate.

120



2. For the Square Extruded Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 4% passing rate.

b. The best performing simulation was the 90° stroke with a 69.3% passing rate.
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3. For the Square Extruded Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 4% passing rate.

b. The best performing simulation was the 90° stroke with a 45.8% passing rate.
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Rectangular Sieve
1. For the Rectangular Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 23% passing rate.

b. The best performing simulation was the 75° stroke with a 82% passing rate.
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2. For the Rectangular Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 23.3% passing rate.

b. The best performing simulation was the 90° stroke with a 76.7% passing rate.
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3. For the Rectangular Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 13.2% passing rate.

b. The best performing simulation was the 90° stroke with a 58% passing rate.
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Rectangular Extruded Sieve
1. For the Rectangular Extruded Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 13% passing rate.

0.0025

b. The best performing simulation was the 75° stroke with a 91% passing rate.
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2. For the Rectangular Extruded Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 21.3% passing rate.

b. The best performing simulation was the 90° stroke with a 84% passing rate.
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3. For the Rectangular Extruded Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 11% passing rate.

b. The best performing simulation was the 90° stroke with a 50.8% passing rate.
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Circular Sieve

1. For the Circular Sieve with 200 Particles
a. The worst performing simulation was the 0° stroke with a 7% passing rate.

b. The best performing simulation was the 75° stroke with a 75% passing rate.

—3.0e-03
0.0025
0.002 -
0.0015

— 1.0e-03
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2. For the Circular Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 7.3% passing rate.

b. The best performing simulation was the 90° stroke with a 74.3% passing rate.
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3. For the Circular Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 4.9% passing rate.

b. The best performing simulation was the 90° stroke with 56.6% passing rate.
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Circular Extruded Sieve
1. For the Circular Extruded Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 2% passing rate.

b. The best performing simulation was the 90° stroke with an 84% passing rate.
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2. For the Circular Extruded Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 3% passing rate.

b. The best performing simulation was the 90° stroke with a 71% passing rate.
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3. For the Circular Extruded Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 2.5% passing rate.

b. The best performing simulation was the 90° stroke with a 45% passing rate.
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Oval Sieve
1. For the Oval Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 15% passing rate.

b. The best performing simulation was the 90° stroke with a 79% passing rate.
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2. For the Oval Sieve with 600 Particles

a. The worst performing simulation was the 0° stroke with a 20% passing rate.

b. The best performing simulation was the 90° stroke with a 74.3% passing rate.
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3. For the Oval Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 13.1% passing rate.

b. The best performing simulation was the 90° stroke with a 57.8% passing rate.
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Oval Extruded Sieve
1. For the Oval Extruded Sieve with 200 Particles

a. The worst performing simulation was the 0° stroke with a 5% passing rate.

b. The best performing simulation was the 90° stroke with an 85% passing rate.
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2. For the Oval Extruded Sieve with 600 Particles

a. The worst performing simulation was the 15° stroke with a 12.3% passing
rate.

b. The best performing simulation was the 90° stroke with a 72% passing rate.
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3. For the Oval Extruded Sieve with 1800 Particles

a. The worst performing simulation was the 0° stroke with a 5.6% passing rate.

b. The best performing simulation was the 90° stroke with a 46.9% passing rate.
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