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ABSTRACT

In Sweden, about 10fillion tonsof aggregate is used for road, railway, and concrete every year. Crushing

is the main process for producing aggregate materidffereht sizefractions. The productioprocess is

divided into two sukprocessescomminutionor size reduction and classificatiofihe vibratory screen is

one of the separation machines used to make a final separation to produce the products based on a grade or
a si2 range. In an industry where logistics plays an important role, the transport of unnecessary materials
can be costly and is therefore critical to screen these materials before transporting them. Industrial
vibratory screens are costly and also havetstantial effect on the quality of the final product. Therefore,
selecting the correct vibratory screen for the crushing @anhe outsetesults in a better return on
investment and better quality products.

The mainaimof this research is to understand the screening process in different conditions such as different
particle size distribution (PSD) and different feed rates. The first step towards achieving the screening
model is to understand the influence of differerdciine parameters and material propertieshim
screening performance. Some of these parameters have been studied in this, sesgraecthe motion

type, the material of the screen medand the aperture shapkéhe Discrete Element Method (DEM) has

been used to studydbe parameters with the idea that by using DEM simulation the padiplgrticle and
particleto-geometryinteractioncan be sidied in a way that is impossikie achieveby real experiments.

The study results shotkatsome of tie factors have greaer influence on screeninguch agheeffect of

the motion type for the different slope of the de&Kiptical motion is more efficient compared to linear
motion. Also, the aperture shape in different parts of the screen declkdtiesent effectwhen using a
singlelayer or multilayer material in the feeding point. The result of this research needs further
investigation to study the effect tifeinteraction between different factors before achieving the complete
screen modelAnother achievement of this research work is to investigate the validation of DEMlimpde

in screening performance by using a laborasmgle vibratoryscreen.

Keywords:DEM simulation, Scren efficiency, Modelling, Validatian
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1.INTRODUCTION

The aim of this chapter is to:

1 Introduce the general usage of rock processing
1 Describe different stagen thecrushing plant
1 Definethecomminution and classificatigoroces.

1.1. GENERAL

Construction aggregater aggregatds a granular material used in consttion. The most common
aggregates of mineral origin are sand, grawel crushed rock. Aggregates are used as baseiahander
foundations, roadsand railroads.Today, significant growth in housing construction and infrastructure
meangthat moreconstruction aggregatese requiredin Sweden, construction aggregates thie largest

raw material extracted, as it constitutes the main component of asphalt and concrete, and is alsb used as
filling material and railwayballast A total of 8.5 tonnes of construction aggregates per citizas
consumed in Sweden in 20(8GU, 2019)

Three are two sourcesf construction aggregate, dbe produced from natural sources extracted from
guarries and gravel pitandrecycled aggregates derd/&om thereprocessingf materials previously used
in construction.Because the transportation of material is costly and not environmentally fridardig
guarry and gravel operatismftenexist near to population cegtr.

The aggregate is divided into coarand fine categories. The type of aggregate varishape and size

base ontheapplicationwhereit will beusal. The aggregate quality is measureduring production based

on product characteristics. The most important characteristics are the shape, size, and strength of the
product.

One example itheaggregateypesusedin the cement industryyherefine and coarse aggregates generally
occupy 60%t o 75% of the concrete volume and strongly
mixture proportions, and economy. Fine aggregates generally consist of natural sand or crusheithstone

most particles smaller than 5 n{®oon and Bm, 2008)

Anotherexampleis asphalt aggregatspmeresearch and development/kdeenundertakennto creating

the right mix of asphalt aggregates for a given application. Aggregates are sorted and classified by size, and
the amounts and sizes used in an asphalt mix can vary. The shaheafticles affect the asphalt

mi xt ur e 6s o vdeworkability, as well as thedertsity achieved during compadiutilis -Beale

and You, 201Q)



1.2.CRUSHING PLANT

A crushing plant is used wrush different types of rocksom large size to small in many quarriesatr

construetion sites. Crushing plants be made of diffem@atchines that can be configuradcording to the

purpose of the site. For example, the plant might be used for rock crushing for construction or mining, or

for recycling. It is often classifieds é&her amobile or stationary type and mainly includageeder, jaw

crusher, cone crusher, impact crusher, vibrating scoegveyors and bingigurel shows an example of

two stagecrushing plantA cr us hi ng pl ant fohpaireary,dsecongarye antd tergatyat i o n
crushing where selection and transport cycles are done to achieveediffegairticlesizes A crushing plant

is based on thimllowing main elements:

1. Feedersused to feed the material to crushers, mainly the primary crusher.

Crushersthe first stage in most operations is size transformation by crushing.

Conveyor beltsused to transport the material between different machines.

Vibratory screensone d the common separation devices, suitable for particle size over 2 mm.
Control systemto control the operath of the equipment.

Storagestockpiles and bingjsedto accumulatamaterial in ordeto syppressvariations

oakwn

Figurel. Two stagecrushing plant(Swerock,Vandle Bergtakt



The cushing performance froiie start to the final product is divided into two main proesssiamely
comminution and classificatiofrigure2 shows aypical layout ofa crushing plant whiclcomprises three
crushing and screening stages.

Primary | Secondry | Tertiary

Jaw crusher

|
|C0ne crusher l
B @ | Screen Cone crusher
/ \ (2 decky | / \
' — '

|

|

|

|

|

|

|

|

|

|

|

|

| l Screen | | Screen

| (1deck (2 decks

| % | b l | e
: | | " Product ™
: | Bin (ProdL‘;Et‘., ,«""I'Drodu‘ |

| | |
I e S,
|

| | |

' |

Bin

" Product™

Bin | Product ™

Figure2. Example layout of threstage crushing plant, including crushers and screens.

1.2.1. COMMINUTION

The comminution process redgcghe particle size by using differertypes of crushers or grinding
machines Dependingon the average size of the partieliethe start and the expected final product size
different machinewill be used. The first step is to reduce large fragments of rock to a size that can be
transferredo the secondary stage crusher on conveyoysat@y crushers and jaw crushers are mostly
used forthis primary crushingThe working principle of thegyratory crusher anghw crusher can be seen

in Figure3. The secondary stage is used to reclaim the primary crusher praddidb produce coarser
types of productsln the tertiary crushingtage, the rock material is further crushed to a range of final
products.
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Figure3. Working principle of theyyratory crusher (right) and thaw crusher (left).

The most common crushesedin the secondary and temyacrushing stageis a cone crusherAs the
mechanisms of crushing the @ne crusher are similar to gyratory crushémeir designs are similar, but

the spindle is supported at the bottom of the gyrating cone instead of being suspended as in larger gyratory
crushers.

The aushing procesin the cone crushestars when rock is fed into a large opening at the top of the
crusherwhere it isconmpressed between the mantle and the cone. As the size of the rock decreases, pieces
fall into lower levels of the crushewhere they continue to be broken down furfld@pendhg on the

chamber geometry, crusher dynamiasd material characteristi¢Evertsson, 2000Figure4 presentsa
schematic diagram of a cone crusher.
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Figure4. Schematic diagramnd working principlef a cone crusher.

1.2.2. CLASSIFICATION

Classification igheprocess ofheseparation of péicles based on their size and shapiee most common
classification process the aggregate and mining industiy the coarse comminutiois screening or
passing the particles to be sized through a screardeck wih anumber of screen3.here are different
types of vibratory screemwhich val according to theidifferentconfigurationsuch as size andenumber
of decls. The selectiorof vibratory screesiusedalso depenslonthefraction of particles andnwhether
it is a wet or dry screening proceségure5 shows the schematic diagram of differdasigns ofibratory
screes.

One example of high capacity vibratory screentise banana screemamedbecause othe shapef the
screenThe mnana screen Bmulti-slope screemandis popularwhen the capacity anefficiency ofthe
screening proceswe in focus. The size of the screen andstbpe of the first deck cause the feed material
to flow rapidly alongthe screen deck and the sizeth& screen causehe formation of a singldayer of
particles which gives the particle more chancef passing througlthe screen deckthusincreasingthe
efficiency.

Other examplesfovibratory screens al@clined and brizontal vibratoryscrees, the difference between
these machineseingthatin thehorizontal or neahorizontal screen dedke vibration othescreen is the
only external forcesupporing the material transportation alomige screen deckwhich means thathe
screen has lower capacitythanthe inclined screenwheregravity also assistthe material flow to the
discharge point. The normal slopetb&inclinedscreen is betweelb and 25.



A multi-deck vibratory screen is also used for classifying several frachiased on having different
numbers ofayers of screen deck The number of deckis usually between 4nd6. The screen capacity is
not asgreatas the banana andnclined screesbased on the size of the scre@ere arealso other

classificatiormaching, such asheGrizzly and Trommelbut thes@re nolascommon as vibratory screen

in themining and aggregate industry.
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Figure5. Schematic diagram &bur different typs of vibratory screesa) inclined vibratory screen, b) horizontal vibratory
screens, ¢) mukileck vibratory screen, d) banana screen.



2.0BJECTIVES

The aim of this chapter is to:

9 Describe the aim of this research
1 Formulate the research questions.
9 Define the delimitation dhis research.

2.1. RESEARCH SUMMARY

The reening process mplexbecause athenumbers of parametetisataffectit. The highet possible
quality of the final product and efficiency tife screening performance is always the main goal for both
machinemanufacturers and user

The aim of this work is to studye influence oflifferent parameters dhescreening performance atw
investigae how these parameteaffect thescreening efficiency. The goal of this study isitmlerstand the
screening pdormancefor each process and adjust the parameters to achieve the best product quality
while also maxinsing efficiency.In order to simulate the screening performance, the Discrete Element
Method (DEM) has been usefbr different screening conditionand analge the performance of the
screening proces3o determire whether the outputs dhesimulation model are acceptajgdaboratory

scale vibrtory screen has been designed and build in order to validate the simulations

2.2. RESEARCH QUESTIONS

Considering the aim of this reseayehset of research questions has been formulated.
RQ1.How do selected screening parameters influence the screening efficiency?

Studying the effect of different parameters is a first step to understand the screenaxs pthis
would makeboth process inmpvement and machine development less complicated.

RQ2. How shouldEM simulation be used to modehd simulatescreening with adequadecuracy?

The DEM simulation used to study thehaviour of the particleand tracking partidesmowement.

The simulation conditionseed to b calibrated to haveicceptable accuracyThe calibration
includesparticle size and shape, feed rate and also material properties for both particles and
geometry.

RQ3. How carDEM simultion be used for industrial purposes?
The most important output frosimulatiors and he experiments are the improvementtiod

screening process in theeal scale industry screeriJsing a DEMsimulations platform is a
sustainable wayat analye the screen process behaviour.



RQ4 How should a vibratory screen besigned based on tparaneters and process requirements?

Based on numbers of different machine parameters the design of the vibratory screen is
challenging, de to feed rate and expecdigroduct quality for the final produthe desigris very
critical.

RQ5 What are the limitations of usirggmulations compaietto realexperiments?

It is important to consider the limitatioria order to place research findings in perspective, to
interpret the significance of scientific work and to attribute a degreelidity to the results of
published research.

2.3.DELIMITATION

In this research the design principle of one factor at a tirfRA{Q has been considered, maganthatthe
interactions between factors cannotdoenpletelyestimated and also requig more simulations for the

same precision. The most important advantage of using OFAT is that the simulation error is not large
comparedothefactor effects. Another delimitation of this researdhéexclusion oivet screeningvhich

is complex to achieve with DEM simulations. Bile simulations and studies hatreereforebeen done for

a dry screeningorocess. DEM simulation can besry time-consuminggiven all the data fromthe
interactionsboth between all particles and also betwelaparticles and geometrand for that reasen
someof thesimulatiors have beendone on a laboratorgcale screeto save simulation time.



3.BACKGROUND

The aim of this chapter is to:

1 Present théackground of the vibratory screen.
1 Definedifferentelements of screening performance
1 Describe the numbers of different screensimgulationmodelsbased on the literature review

3.1.VIBRATORY SCREEN

In the aggregate and mining indystthe screening process takglace both betweecrushingstagesand
also as the final stage of the procefslassifying the final product. This makes the process vapprtant
for the quality of thdinal product and alstor the effciercy of the entireperation

The main componesbf the vibratory screearethe screen deck, the frame, the vibratory motor, or drive
assembly and springs. Theeding distributois also part othe screening process whidtas an important
effect onthe efficiency, andthe most common feeding machine for screeniracisnveyor belt. Based on
all these componenttheworking principle of thevibratory screen is a frame that is mounted on springs
with the vibrationtransfered to the framgenerated fromanunbalaned mass or vibrator motors.

Several different parameters afféoescreening performanadficiency andhese are divided into machine
and process parameters. Process parametersariblgaroduct chaamderistics and materideed. Figure6
shows the overall view of the main elenseoft screening.

MAIN ELEMENTS OF SCREENING

Density Numbersof screen deck

Aperture size
MACHINE
PARAMETERS

PRODUCT
CHARACTERISTICS

Apertureshape
Sizé

Shape Screen media material .
Motion type

Moisture

MATERIAL FEED }-Feed rate

PSD

Figure6. The main elements of screening.



Type of motion

The vibratory screens have different motion g/pased ortheinclination ofthe screen decka circular

motion along with the incline of the screen tends to tumble the madsriainoves over the screen deck
Tumbling helps to keep material from hanging in the openings and makes it possible for smaller material
to move fromtheupper layer othematerial bed téhedeck surface. The stratificatiovorks betterif there

is an hclination inthescreerso that thenaterialis assisedby gravity along the screen deck.

In the horizontal vibratory scregtiere is little or nanclination A linear motion imparts a back and forth
action with some amplideat some positive angle tbe vertical. Therefore, the screen deck boosts the
material and then drops away fromahdthis action carries the material down the screen.

Anocther type of motion is elliptical motigrwhich isa combination of both circulaand linear motion.
Elliptical motion can be used in both horizontal sceeand screenwith a higher degree of inclination.
Different types of screen motio@reillustrated inFigure?.

The feed ratef the materiahnd size of the vibratory screen are two other parameters thatchiféoe of

the screen motion type. The combination of these two parameteesthaknaterial bed thicknesghis
meanghatifit isamonol ayer bed t hen the ma deoevemVibratonysecseendt nee
with a higher degreef inclination can have Bnear motion.

fO Elliptical
motion

TN NN

Linear
motion

Figure7. Schematic view of diffrentmotion types.

Screen deck

The number of screen dexcin a vibratory screen depends on the requieaetsfor the final products.A
vibratory screen with twscreen deckhas three different final products as an outthe discharge of the
product from the upper deck atitelower deck, and the product passing through the lower deck.

10



The size and shape of the aperture and the material of the pareds thaform thedeck vary in different
screensand applicationslt is evenpossible forthe same screeto use different types of screen deck.
Selecting the right screen deck for each screening performance is one of the key factors isingdkani
screeningefficiency. There arenainly two types of screen deckone is a panel which is manufactuied
rubber or polyurethane material and the other is wire mdsich iscommonlymadeof steel.

For screening performance with high feed rates, panel screen aleckery popular. Both rubber and
polyurethane materials offer excellent abrasion resistatit@ughrubber is usedostlyfor dry screening
applications angbolyurethane is generally preferred for wet applications. For thalai®on, the panels
will be assembled to the sédame in each screen deakhich makes it possible to use different panels in
the same screen dedkiere are variations iheaperture shape in tipanel deck,iie most common shape
beingrectangulaand squarewhile otheis arecircles, octagons, and hexagons.

Wire mesh ighe cheapedype ofscreening deckwith the advantagef havinga highproportion ofopen

areag andit is relatively light conpared to the panel decklhe largeopen area generally allowise screen

to be smaller than a screen with modular panels for the same expected capacity. Increasing the wire
thickness increases the strength, but decsdheepen area and henttee capacity.Figure8 andFigure9

shows different categories of screen deck.

o N nnnnn-n-n-n5
] ] ] |
] = =
. - .
- = =
_ o )
- : )
L ) ) O O i .
- J

Figure9. lllustration of rubbepanel screen (left) and wire mesh (right).
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The vibratory motor or drive assembly provides the vibration for the screen. Based on the stifthess of
spring mass of the screen frame and decks the frequency is typically betw2@mt2A typicalamplitude
is between 10 mrand14 mm in vibratory screens.

3.2VIBRATORY SCREEN MODELLING

Several studies hawevestigatedhe modding of screening perfmance, airnmg to predict the screening
model to provide a better understanding of the screening process and drtipgogfficiency ofthe
screening.

There are different definitions of screening efficiency singplest definition beinghow effectivelysteady

state screening produces variation in the mass of particles falling through the screen deck along its length.
According toWills and Finch (2016)the most common methofdr calculating the efficiencis to define

the recovery othefinished product to fine strearhis meanghat thescreening efficiency is the ratio of
undersizd material in the feed thaictuallypasses from the screening media touhdersizé material that

should pass from the screening mediae efficiency is definety Equation(1) present the efficiency for

fine particles wheree is the undersizd percentagén the feed and is the undersizet percentage ithe

overflow. If the coarse particle is moocencernthen the recovery of oversize to overflow will be calcudate

as shown irequation(2) whereO is themass flow rate of the coarse product streaaiF is themass flow

rate of feed material to trsereen.

e-v

= )
" e1- v)
O(1- v)

= )
"o F(- e)

3.2.1. EMPIRICAL MODELLING

There are severaktreening calculation methods availatigoredict screening performance. Many studies

in the past have led the development of empiricatreeningnodels to predict the classification functions
corresponding to size fractions. One of these methods is the Karra mettickl is only valid for cut
aperturs largerthan 1mm (Karra, 1979). The Karra model describes how a screen may be expected to
perform during operation with different conditions. The model is based on the capacity of thewbieln

is affected by th@roportion ofundersizd material in the feed. The factatsataffect the capacity of the

screen are the standard conditions of the screen and the feed material. According to Karra (1979), the
theoretical amount of undersizeaterial that can be transmitted by the screen can be calculated by:

K = ABCDEFG 2 screen are 3

In theEquation(3), the factors AB, andC are the capacityvhich is defined athe amount ofindersize,
oversize, and hasize in the feed;espectively, an® is the locatiorof the screen deck. Factéris the wet

12



screening factor an# is thematerial density. The factor S a neafsize capacity factor which has a
significant effect onthe screening performanceéf the value ofK is almost equal to the quity of
undersizd materialin the feedthis means that the screen is good or well designed.

One of thestudies in which the Karra modehs adpted as a screen modehspresented by Cotabarren
et al. (2009)whoshowedthat the output of the Karra model as an empirical approachdraat simplicity
and high efficiencysince it manages to predict all the experimental data. This siliedthe Karra
model to a largescale doublaleck vibrating screen.

3.2.2. ANALYTICAL MO DELLING

According to Soldinger (2000), two main processes occur during scre@niags the stratification process
by which fine particles pass through spsbetween other particlend come ito contact with the screen
deck. The other ithepassagewhich is the process of particles passing through the apeituttee screen
deck.

The stratification process is dependent on the proportion of fine particles and the thickness of the material
layer. The stratification rate is low when the proportion o faarticles is high and also a thicker material
layer reduces the stratification rate becaugereagsthe distance particlewre transportethrough other
particles. On the other hand, increasing the thicknedsescreen bed materiatreaseshetransportation
velocity over the screen deakhich means more time for particles to pass through the ape{@aidinger,

2000)

According to Davoodi (2016), the proportion of different sizes of particles is the same in different layers at
the beginningf the screenbut alongthe screen length, due to the stratification process, this proportion
will change which meanghatthe smaller particles move to the bottom layer and larger particles move to
the layes above. This process continues untilth#fine materialhas movedo the bottom layer and in
contactwith the screemediasurface.

In work presented by Djokovic et al. (201#)eeffect of some key factors suchthslength and inclination
of the screen deck othe screening, efficiencyasanalysed by using an analytical model, as a restilt
which one can see that the screening efficiency increaseshaittibration amplitude anihcrease ofhe
screen length.

3.2.3. NUMERICAL MODELLING

DISCRETE ELEMENT METHOD (DEM)

Initially, the tleory ofthediscrete element methaehs introduced fostudies of molecular dynamicEhe
principles of the discrete element method, also called the distinct element method, were then developed by
Cundall and Strack (1979)EM simulationhasrelatively recently beeincreasinglyapplied tahemineral

and aggregate industriromthe simulation ofthe conveyer belt tahe crushing processuch ador cone
crusherand screen size classification. The reason that DE&W&imedpopulaity is that itrequires less
resources thareal test experiment3.he disadvantagef full-scale experimestis thatthey require the
processto be stoppedwhich costsproduction time andnoney andis also not as energgfficient as
simulation.
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The DEM itself is an analytical tool that saves a lot of timeompared ta full-scale experiment. One
example which is common in anallyg the output of the experimeist whensieving the materialThe
DEM makes it possible to track each fraction of the parside distributiorin the simulation.

In contrast to the continuum approach, discrete approaches model every single particle as a distinct entity
and represent granular material as an idedlassembly of particles. The overall (macroscopic) system
behaviar results from individual particle interactions. This makes the discrete approach very good for
investigating phenomena occurring at the length scathegparticle diameter and simulatiritge bulk

behaviar of particles.

There are some calibratichallengeshat arisdn using DEM compaigtto real test experimegtone of
thesebeing theparticle shape and the effect titatasin the stratification and passage procesd he most
popular methodor modeling the particle shape is the use of mips (clusters or mul§pheres)and no
convincing evidence that other shape representations outperform clumps iningooiural materials
such as crushed rock, soil, and seed gnais foundn the work by Aghlmandi Harzanagh et al. (20,18
wherea simple procedureas developed to generate clumps wiietierresemble real aggreggiarticles
than spheres. The influence thie clump shape on the heterogeneous stresses within an aggrmegate
investigated, and ivas found that morangular clumpsdad to a highedegree of homogeneity.

The effect of using spherical partictenstead of the real shape of particleas investigated in different
research by Plassiard et al. (2008hoshowedthat,whenusing spherical particles in simulation, the bulk
friction or shear strength of the assembly is usually too low compared to real granular material.

The advantage of using clumps is that efficient algoritioans still be usedor contact detection and
determining the contact point used for spherical particles. However, to accuratelybotbddarp edges
and smooth surfaces, a large number of spheres would be reguhied will increasehe computation
effort. It is also paosible that multiple contacts can occur between clynmwhich are not necessarily true
for the same natural particles

NUMERICAL MODELLING FOR SCREENING MODEL

Due to several different féars that affect screening, it a complex processvhich makes it ifficult to

have an effectivand simple calculation procedushen designing the machine or choosinscreen for a

crushing plant. One of the models that have been used recently to make it easier to understand the process
is a numerical model using thadbrete Element Method (DEM) (Li et al., 2015). The advamtafgthis

kind of method is the possibility of starting thember of simulatioawith different process conditions

which are truly timeeffective.

Several studies have been done to validataguSiIEM simulation to simulate scréeg behaviar.
According to Jahani et al. (2015), the industrial and laboratory banana screen shows differentirbehavio
when the design parameten®e changedOne important parameterhich has been studied to validate the
DEM simulation istheparticle shapeandDelaney et al. (2012) carried out experiments and simulations to
test the validity of the spherical particles initHeEM model simulating real granular screening processes.
The spherical particles in the lower feed rate for simulations are more rdhbstieal experiments with
nonspherical particles. On the other hand, with a higher feed rata ticker particle layer, there are
significant deviations between realpeximents and simulations (Delaney et al., 2012)

Some screen factors and design parameters have been studied in previous works. Dong et al. (2009) show
that when the inclination of the discharge end is too small or too big the screening efficienageakecre
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because dfheparticle velocity. This meartbatthere is an optimum inclination whichtigically around

5°. The vibration amplitudevas also studied by Dong et al. (20Q9vho found that ¥ decreasing the
vibration amplitude and frequency the sammg performance can be improved. The increased passing
percentage of small undersized partiches mainlyat the feeding poinon the first deck (Dong et al.,
2009). Some other studies arsdyg the frequencywhich shows the same result, ththe screeing
efficiency does not increase with an increase in vibration frequency (Chen and Tong, 2009).

There are some other screening condit@pgliedin real experiments such as airflow and wet screening
which are not covered by DEM. Li et al. (2012) studied the effettteddirflow velocity in terms of grains
and short straws by linking Computational Fluid Dynamics (CFD) to DEM. Similar wask doneby
Fernandez et al. (2011) to arsdythe effect of water flow ia wet screening process.
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4.RESEARCH APPROACH

The aim of this chapter is to:
9 Introduce the research methodology used in this thesis
1 Describe the Discrete Element Method
9 Discussresearch validation

4.1. RESEARCH METHODOLOGY

This workwas carried out at Chalmers RdelocessingSystem (CRPBIn the Machine Elemeatgroup.

The focus of the group is on machines and systems for the production of crushed rock riratsstals
aggregée production and minerals processiiigge research methodology which has been followed in this
thesis is based on the methodology describevgytsson (2000ndillustrated inFigure10.

Phenomena
Problem Breakdowns
Lack of knowedg

y

Quantitative
approach

Y Y Y :
—» Observationsl«—— Modelling («——® Verification p{ Implementatiofj Design consideratiﬂ

—
™
Literature Physical Simulations v
Guiding principles Experiments ~
Experiment: Assumption Solutions New or redesigned prod
_/ ~—

Figure10. Problemoriented research methodology.

The process of applying a quantitative study begins with a researcher selecting a topic. Quantitative
researchers typically start with a general area of studpnissue of professional importandehis mustbe
narroned down to a specific research question that can be addressed in theastlithe final step ithe
collection and analgis ofnumerical datgChoy, 2@4).

Observation is a technique that involves systematically selecting, watching, listening, reading, touching,
and recordinghebehaviar and characteristics of objects or phenomena. Observation is used as a method
for collecting data about peopleogesses, and cultur@sawulich, 2012)
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The first step is to define the system that is to be hetl@and the goals for the model, so defining the
system generallinvolves drawing the boundaries around what you want to model, and then determining
the key variables and the relationships between those variables based on assumptions and physical
principles.

Validation of the research methodology and its results imdafmental element of the process of research.
This can be done by using tools such as a simulation platform or experimental dafaloliieg two
sectiors describe the methodolotyathas been used for verification of the research in this thesis.

4.2.DISCRETE ELEMENTMETHOD (DEM)

The development process of engineering products and systems often includes testing to evaluate their
reliability. In many cases, products and systems may be designed for long service lives and high reliability,
and the experients might be expensive for complicated systems. One stridi&pan be pursueis to
accelerate the development process and reduce product developmestloesise of computer simulation
models.

The Discrete Element Method (DEM) is a special cldssimerical schemes for simulating the behavio
of particles and interacting bodies. The analysis process consists of three main computational steps: internal
force evaluation, in which contact forces are calculated; integration of equations of motidniclin

el ement displacements are comput ed; and contact d
contacts are removed. In a DEM analysis, the interaction of the elements is treated as a dynamic process
that alternates between the applicatibtnoNe wt on6s second | awidiaplacementh e e v a'!

law at the contactflavarez and Plesha, 2007)

The main principle of DEM is based on contact detection algorithms and applying a suitable contact model
based orthe requirements. Three different elements are consitier the contact detection algorithm
acceleration, velogit and position. For the contact modelrce and contact are the main elements. The
relation between these elemeistshown in Figurell.

Newton laws

\

> Acceleration Velocity »  Position

A

Force Contacts |

Contact model
Figurell The main principle of DEM.
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Particles can have a variety of shapes, although most often theyraidered asircular or spherical due
to the simplicity and speed of the contact detection algoritnmimportant part of DEM simulation is to
define the particlesywhich can be done in two different way®ne optionis to define the particles by
importing the modefrom theDEM library, where he particles are grouped by the rhars of spheres and
shapes. Asecond way to define the particles is by cussimgitheir shape and size by usiagoordinate
system.

Atfter defining the particles, the next step is to chobsecbntact model for particte-particle and particle
to-geometry inkrection. The necessary steps in DEM for defining the particlessébr simulationare
shown inFigurel2.

3. Define material

properties
2. Define Particle 4.m%k&cé(|)?§r%oorlthact
Size Distribution particleto- particle
(PSD);;}glggape of and particleo-
P geometry
1. Add the geometry 5. Data extraction

Figurel2. Five steps to generate the parsdt@ simulation.

There are two types of basic contact models in DEM simulation: the linear elastic model and the nonlinear
elastic model. Linear elastic models can jussimplified as a spring, while the ndinear normal elastic

model usually refers to the Hertz modehich is more complicated. The disadvantafjthe linear contact

model is that the shape thfe particles is not accurate enough in the calculations.

The simple linear contact model contains force and displacembkeatetheincrease of the contact force
linearly connects with the increment of the displacenmEm. contact force can lwalculated by Buation

(4).
EN= k" ()
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where0 " is the normal stiffnessY" is the normal overlap displacemeand$; is the unit vector whose
direction is the same as the overlap displacement. The linear elastic contact model is a simple, effective
contact model with fairly high efficiency, and it is more commonly used than thei Nendin model.

This is because in n®b simulations the elastic property is the main factor that should be considered. But in

a simulationwherethe shape of the particles has a big impact on the validityegimulation the Hertz

Mindlin model is a better option.

The Hertz Mindlin contactmodel is a nosslip model that uses a linear spring dashpot m@hleit et al.,
2013) Figure13 shows the interaction between two particles with a frictional element between the normal
force and the tangential force.

ZB local
Ftangenti ’

XB,IocaI

K C 1 G Particle B

XA,Iocal YB,Iocal
ZA,IocaI Kn

Particle A

I:normal
YA,IocaI

Figure13. Graphic illustration of the Heft#lindlin contact model.

The Herta Mindlin contact force model is basedh the normal force and the tangential force between
particles. The normal force is based on Hirtbntact theory anthetangential force is based on Mindlin
DeresiewicZKeer et al., 1991)

The normal forcd=, has two terms: a spring force and a damping force. The tangentiaFaats® has
two terms: a shear force and a damping f@dast et al., 2013; Maw et al., 1976he normal and tangential
force can be calculated IBguations(5) and(6).

Fn= Kp © CGpVj ()

wherekK, is the dastic constant fonormal ontact,qx is the dstance between the two particl€s, is the
viscoelastic danmipg constant for normal contact, aviglis the rormal velocity ofthe particles.

R = K¢ 0 Gy 6)

whereK; is the dasticcongant for tangential contaaix is the angential displacement vector between the
two spherial particlesC; is the viscoelastic dampg constant for normal contact, avids the tangential
particle velocity.

20



In the HertZ Mindlin contact model the elastic constant&, and K; are calculated based on material
properties and are given IBguationg7) and(8).

K, =2E R U, "
Ky =8G R U, ®)

whereYoung snoduls E', the equivalent radiusk’, normal overlapU,, equivalent shear modul@’,
equivalent massY, the \iscoelastic damping constant for normal con@gparticle radius; andR; and
my. andny, as aparticle massesre given by

1 _i 1-v2 ©
E §

to .t (10)
R R R

t_t.1 (1)
m m m
In“(e) +p
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Defining particles is an important step EM simulation due tehe effect of properties such as a particle
shape and density on screening efficiency. Based on the objective of each giptes pvith usedefined
diameters were employ&d matchthe planned simulations. All of the particles were-spherical irshape,

as very diferent results arebtained using one spherical particle in the simulati@isus multisphere
particles.Multi-sphere particles produce more realistic results because thdske [sdudpes are closer to
thoseof real particlesFigure14 shows theexample of somparticle shape that wasagsin the simulations
where allspheres had the same material properties

The characteristic ofgsticles varies in different simulatiorss long as particles used tbe classification
processandnot for breakages not critical to have the breakable particles, this saves calculation time.

() (b) (©)

h -

L \'v

Figure14. Example of (ajhree spherggb) four sphereand(c) five spheres modelling particle shape.

|
A

Regarding the particle characteristics, sqpaeametersieed to be modified for each simulation, these
parameteraffecting the frictions between the particles and also theacbmodé parametersTable 1
shows the summary of theparametersvhich have been used for all simulatioi$ie coefficient of
restitution between pacle-particle is 0.2 and between particle and screen is 0,6 and the auaethicent

of gatic Friction is 0,6 fothe particle-particle collision.(Atkins, 2013)

The shear modulus for a particle is 24 Mpa and for the screen iP& T ke Poisson's Ratio is 0.3 and
0.2 for particles andcreen(Oxford, 2020)

Tablel. Summary of simulation parameters.

Material Properties Poisson's Ratio Shear Modulus Density
Particles 0.3 24 MPa 2500 kg/mi
Screen (Steel) 0.2 79 GPa 7800 kg/mi
. . Coefficient of ~ Coefficient of Static ~ Coefficient of Rolling
Collision Properties o - L
Restitution Friction Friction
Particleparticle 0.2 0.6 0.01
Particlescreen (Steel) 0.6 0.45 0.01
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4.3.EXPERIMENTS

Model validation is the process of quantifying the agreement betwlemmodel prediction and
experimental datan orderto guarantee that the prediction model can represent the actual physical system
well. To achieve acceptable validignumber of expements need to be done.

Laboratory experiments provide caxffective means of quantifying processes and evaluating the
boundaries of the validity of the theory. Studying differesmtaneters in fulscaleexperiments isisually
costly and mogy difficult to achieve because of the radjustability of industriafull-scalemachines.
Therefore, a specially designed laboratscglevibrating screen was designed and buallowing for
observation of the motion of particles during the screening processregidepcontrbof the screening
parametersFigure15 shows the laboratorgcale screen model used in the experiment and schematics of
the model used in the simulationsddfigure16 shows gphoto of the laboratorgcale screen model used

in experiments.

Figurel6. A photo of the laboratorgcale screen model used in experiments.
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The screen has two decladlowing particles to beeparated into an oversize proddisicharged from the
end ofthe upper and lower deck and an undersized prquhsding through the aperéuby the upper and
lower deck.Figure17 shows the screen deck aperture shape and scale size fohdogper and lower
decls.
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Figurel?. The aperturshapdor the upper deck (right) and lower deift).

A summary of the operational and geometrical paramistet®wn in Table2. The type of motion is linear
and the amplitude of the screen can be adjusted by changing the angle between the twousdzdatroed
blocks inthevibratory motor oy changing the frequency tife motorsby usinga frequency converter
Other parametrs that can be adjusted &ne screen aperture size and ghady changing the screen deck.
Thefeed can be adjusted ltye bed thickness and velocity of tieedconveyor.

Table2. Geometrical and operational parameterddbioratory screen

Parameters Value

Screen length 1500mm
Screerwidth 300mm
Aperturesize 10 x 101 25 x 25mm
Wire diameter 2.5mm

Deck material Steel

Inclination 15°

Amplitude 1.5to 95 mm
Vibration motion Linear
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5.RESULTS ANDDISCUSSION

The aim of this chapter is to:

9 Discuss the general ide&rom all papers.
9 Discuss the result of the papers basediifierentscreening elements.
1 Definetheverification and validation process

5.1. GENERAL

During this research work, different screening parameters have been si#edie@stigaion by using
DEM to analysethe screening behawin For the material characteristicthe particle density has been
studied to understand the effect of density toatication andhe passage rate.

Some machine parameters suclh@&smotion type othescreen deck have been investigated to understand
how theway that theparticle moves along the screen deckfected by changing the motion typdlso,
threedifferent screen deck materials have been studidzber, polyurethane, and wire me3lhe main
purpose of this study is to examine the effect of the open area on the passage and thefrtiadadaten
mediaon particle movement.

One problenthat ariesduring the screening process is wear on the screen Heekvear will change the
aperture size and geometrigjstwill reducethe product quality and alsaften decreasehe utilisation of
the screencausng a loss of production becausetbé need tastop the whole process replacethe screen
deck Different calculatios have beenmadeby using the various models for wear on the surface.

For validating the DEM model for the screening proceskaboratoryscale vibratoryscreenhas been
constructed. The main purpose iglaierminehow accurate the simulatioasecompare to real tests. The
same condition has been setinghe simulations and experiments. DEMtiwe simulation platform with
the main purpose of tracking the pelgs and their interactionand makes the platform suitable for
simulating the screening behamidn different conditions.

5.2.MODELLING OF SCREENING KEYFACTORS
5.2.1. DIFFERENT MOTION TYPES

PaperA, DEM is used to anadg different types of motions by focusing on the factathefamplitude in
elliptical motion. By reducing the amplitude tife elliptical motion, the sections in the banana screen are
differently affected depending on the process of screening. The mygpieras less effect in the sections
that have passage aifreefall process ashe main effect. In the sections withlargerthickness of bed
material, stratification benes an important effectandin these sections elliptdd motion hasa stronger
impact onthestratification process.

Three different motionare simulated in this paper. The first simulatias elliptical motion withe 6mm
amplitude The secongimulationuse elliptical motion with a 3nm amplitude andthe third simulation
useda 1mm amplitudeAll three motions have the same amplitude indtthogonaldirection which is 14
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mm. The purpose of minirsing the amplitude is to approach linear motion, while simultaneously studying
the amplitude effect othe screeing efficiency. Figurel8 shows the amplitudaised in the simulations.

14 mm 14 mm 14 mm

6 mm 3mm 1mm

Figurel8. Images of different amplitudsused in simulatioewith elliptical motion. From left to righté mm, 3mm and Imm.

Three simulation®f a banana screemere performed in this work. In these simulations, the efficiency of
the screen was anad by changing thmotion type as one of the conditions of the simulation. Geometric
bins were generated for the simulations to make it possibleportethe data. Each section hade
geometric bin. A schematic illustratiafi thescreen decks arns is shown irFigure19.

Deck1 N
AN
AN
AN
8, N
AN
X -~
Deck2 N ~
~ = —
AN BI}]Q ~
5 -~ T g ==
AN Bin3
AN
~
=~
~
= ~
BfIIS =

Figure19. Schematic illustration of the geometric hins

The particles are storedtimesimulation until the process reaches stestdye (Cleary, Sinnott et 22009).
This meansthatthe number of particles in the simulation is stable. In this work, stsatiyconditions
werereached in all three simulations after 10 s.

The total numbeof particles was studied by comparing the number of particles that passed through each
bin for all three simulations. The results show that the number of particles is very similar in Bin 1 in all
simulations. Bin 1 and Bin 4 are located under the feepligt of the screen deckence, gravityvasan
important factor that affected the passage of particles, which meant that the effect of wasgagater

than the effect of stratification in Section 1.

The number of particles that passed Section 2 in all simulatiasigreater than that in Section 1 because
the stratification became a more important effect in Section 2 of Deck 1. The results show thadimginimi
the amplitude of the elliptical motion tia negative effect on the screening efficiency. Bin 5 in Section 2
had the same effect as Bin 1 and Bin 4; the effect of passaggreaterthan the effect of stratification
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because of free fall. Because of the smaller angle of the deckd® Bimd 6the material accumulated, and
the process of stratification became more important.

The results from Bin 3 and 6 show tlaan elliptical motion with a & m amplitude is more efficiethana

3 mm and Imm amplitudeFigure20 shows the images of the simulation after 12 s, illustrating that the
material bed thickness in Section 3 increased by mémmithe transverseamplitude of the elliptical
motion.

ey CHALMERS
Veloeity (m/s) UNIVERSITY OF TECHNOLOGY
0.00e+000 1.50e+000 3.00c+000

fEDEMAcademic’

Figure20. lllustration of simulation after 12a) dliptical motion with 6mm amplitudeb) dliptical motion with 3mm
amplitude c) dliptical motion with Imm amplitude.
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The total mmber of particles and the particle size distribuggenerated in alhreesimulations were the
same. Better passage efficiency was achieved by using elliptical motion with atragiseersemplitude.

In this case, the first simulation had anén ampitude, and the second and third simulations hadrar8

and a Imm anplitude, respectivelyfigure21 shows the percentage of particles that passed through each
section in relation to the total number of particles.

The results of the simulations show that the movement velocity in two co@slimas$ a positive effect on
theparticle passage, which causes the material bed to be thin because the particles have a higher chance of
contacting the screen deck, causing the singesfficiency to increase. Different deck slopes affected

the effidency of the banana screen.

Figure21 The ratio of particles that passed through each section.

28
































































































