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Abstract

As supplies of valuable minerals become scarcer and demand increases, the mining industry must
develop more efficient and effective methods to recover these minerals from ore. Various gravity
separation methods are extensively used in the industry foewwaton of goldplatinum group

metak (PGMs), mineral sands, chromite, tin, tantalum, tungsten, iron ore, catdthany other

metals and minerals with sufficient differences in density. The Falisbancedjravity separator

is one example of a serhatch enhanced gravity separation device that uses centrifugal force to
enable liberated precious metatoverywithin grinding circuits and from placer deposits. During

run cycle, concentrator accepts feed continuously, heavy particles are retainedfiedhsection

ofthe uni®b s  bandacbncentrate is produced during periodic rinse shglevater jets. Limited
reearch has attempted to understand particle behaviour in the riffled section of the Falcon
enhancedjravity separator, and little is known about the effect of design and operating parameters
on the wunitds concentr at i o wmying pafticlecoehawiogryn.the Thi s
riffled sectionof the Falcon gravity separafors  hboor@cover the highest fraction of heavy
particles. An open thin channel setup was built to emulate a-seatisn of Falcon gravity
separator 6s r idwa$ eoaducted antthe effects oflrégfle tesigns, inclination
angles, and flow rates on particle behaviour. This study shows the need and value of improving
the gravity separators’ bowl geometry, which would significantly benefit heavy retention

capabilites of this equipment.

Two experimental setups using a centrifugal pump and a peristaltic pump were developed to test
9 riffle designs over 4 flow rates and 3 inclination angles resulting in 99 distinct experimental
casesSemielliptical designs coupled ith lower inclination angles and flow rates lead to higher
heavy particle retention in riffles. Thi®nsiderably improved particle recovery rates of the system
possibly due to its ability to expel light particles from the riffles while pushing the heatigles

downward.

Observations of particle behavioin this study canserveas a foundation for study on Falcon

enhancedjravity separatoand any gravity separation devices using engineered riffles.



Lay Summary
Falconenhancedravity separatorareused taseparate fine particles béavy mineralfromwaste

particlesbased orthe density differences betwekaavy mineralend unwanted material.

This studyfocuses on developingab-scalemodelthatenables a deeper undersiagof particle
behaviouiin theriffle d sectiors of theenhancedjravity separatoand aims t@rovidesuggestions

on enhancingjiffle design

The study analyzes results from various riffle designs, inclination angles, and flovpratding
recommendations othese parameteithat areeffective at retairing the highest heawvto-light

fractionin the riffles.
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Chapter 1: Introduction

Gravity concentration has been employfed millennia to capitaliz on the varying density and
hydraulic propertiesof minerals inviscous media[l]i[3]. Gravity separation and gravity
concentration are interchangeable terimsthe literature.There are severalypes of gravity
separatorsintended for different conditions. Heavy media separation, jiggingyulti-gravity
separators (MGS)and flowingwater streamen horizontal or inclined pfees arecommonly used
gravity sepaaton methodsGravity separation using flowing streams of water on horizontal or
inclined planessmploy specificmethodssuch as panning, pinched sluices and cones, shaking
tables, spiral concentrators, amchancedravity separatorsuch aghe Falconenhanced gravity
separator of Sepro Mineral Systems Corporattarhanced gavity separatorare thefocusof this

thesis.

Falconenhancedjravity separators rely on centrifugaienomenao separate valuable minerals
from gangueThereforeit is important to understanthese mechanics to optimize thegavity
separatordn theory, solutions to simultaneously coupled partial differential equatiom®tion

in a steady rotational field for slurrgoupled with appropriate flux ithe centrifugal force ld

and appropriate boundary conditiateould be sufficient to descrilaél thecentrifugal phenomena

in an enhancedyravity separatoHowever,in reality, these solutions cannot be obtained even in
ideal conditions, thus necessitatiegperimental work to supplemetite analysisof centrifugal

phenomen§].

1.1 Research Motivation

To date,very little research haattempted taunderstand the bidensity particle laden flow in a
riffled thin channellet alonewithin an enhancedyravity separator. Variougravity separators
have useddifferentriffled surface design®r heavy recoveryThere is little knowrexperimental
work that hasanalyzed the potential to maximize the performandereeriffled section of gravity
separation devicdsy manipulatingheir desigrs and operating conditionSpecifically,the riffle
shapes antheinclination angle of the edgeof thegravity separatobowl have the potentigbr

further improvements



A lab-scaleopenthin channel setup allows for easier modification of riffle geomatrybetter
control of flow rate inclination angleand turbulencavithin the systemlt also enableseasier
recoveryof heavy particlesnd the ability to visuallgaugeheavy recoveryHence the openthin
channel setufs interded to representportion ofthe fulkscaleenhancedjravity separator at@,
using amathenatical correlation established fBection2.2 As mentioned, theory alone is
insufficient b understand particle behavidara riffled section of a enhancedravity separator

Thereforethis researctwill provide further experimental data to support theoretical conclusions.

This thesis focuses on studying potential new improvements inffllieedesigns flow rates,and
inclination angle of an open thin channel setup and how this affects heavy mineral redewery.
experimental purposesieavy minerals such agold are substituted witlsteel shotsdue to
accessibilityand ease of separatidrom gangue materials using a gmet The gangues
represented bglass bead®espite the difference in density betweteel shots and gold particles,
the relative density differensbetween steel shot®rsis glass beads and gold particlessisits
gangueare comparablallowing experimental results to betrapolatedThis studyalso act asa
platform for future work on improving the functionality ehhancedyravity separatorand thin

channel setups (skes) usingxperimental work or computation simulations.

1.2 Objectives
The purpose of this thesis is to study fltev behaviour and separatiafficiency of heavy
particles at the riffld section of a enhancedravity separatousing the thin channekperimental
setup This will be achieved by varying riffle designs, inclination angles, and flow rates in the
experimers. The specific suobjectives of this thesis are:
a. Investigatethe effect of riffle design on separation effivoy of heavy particles in open
thin channel with riffles
b. Investigate the effect of slurry flow rate and inclination angle on separation efficiency of
heavy particles in open thin channel with riffles
c. Understand how separation behaviour at different flaestanclination angles, and riffle
shapes affects heavy particle retention in the riffled section
This thesis willevaluatethe rationale anddevelopment of the experimenthin channeketup,

experimentamatrix, results, and recommendations fioe future work.



1.3 Thesis Structure

Chapter 1 presents a general introduction édthbsis the motivation and objectivs.

Chapter 2 reviews the relevant literatoregravity separatiorthe analyticalcorrelation of 1G to
200G centrifugal forgegranular segregation, hydraulic transpoidensity particle laden floand
the science behind the thin channel setup

Chapter 3 presents tlexperimentalmethodology the thin channel segmerthe manipulated
variables such as flow rate, inclination angle, and riffle desligsign of experimentperformance

indices; and an assessment of experimental errors

Chapter4 presents experimental resuitith analysis ofgrade recoverymass yieldenrichment

factor,separation efficiengyand the impact of manipulated variables on heavy particle retention.

Chapter5 summarizes and concludes the thesis.

Chapter @liscusses future recommendations for research and the industry.



Chapter 2: Background

One of the most important applications of enhanced gravity separators is within the process of
concentration of gold, PGMs, mineral sands, chromite, tin, tantalum, tungsten, iron ore, cobalt as
well as many other metals and minerals with sufficient diffees in density. Various extraction
methods have been employed to extract gold from their ores, and selection of the processing
approach is based on the quantity and quality of the gold particle within the d&posior
instance, in opepit mines, the ores are excavated from hard rasksg dynamite and processed
further using chemicals like cyaniderecover gold6]. It has been shown that gravity recovery

of coarsegold before any chemical processing helps in maximizing overall gold recfkiery
Enhanced gavity separators can recover fine gold particles, increasing their importance in the gold
production industry. As the demand for gold increases, the need to further understand and improve
the design otonventionakenhancedyravity separator devicegkke the Falcorenhancedyravity
concentratarincreased8], [9]. Improvements inenhancedgravity separators would lead to
increased efficiency by means of lower wated anergy consumption and higher valuables

recovery.

There are several types of gravity separators intended for different applications and conditions.
Commonly used gravity separators are jigs, shaking tables, spiral concentrators, and enhanced
gravity se@rators to name a fej&]. In jigging, the jig screen is constantly pulsating, separating
minerals based on the differeningheir density. In this setup, the heavier particles penetrate down
through the jig screen while lighter particles exit as tailohggs to particle density and siZégging

is not suitable for separating finer particlg]. Another commonly used gravity sa@tion
techniqueis shaking tableswherea motor driventable withan engineered rifflecsloped deck
surfaceshakes at a slow forward stoke followed by a rapid return along the riffle pattern. The
riffles convey heavy minerals parallel to the oscillation motion. The intermediate section on the
sloped deck allows recovery ofiddlings.Shaking tables are not a viable separator for minerals
that are ultrdine or flatshaped1], [11]. Similarly, a spiral concentrator is law-costgravity
separator that hashegh-capacity system for the concentration of igrade mineral ore in slurry

form. Separation in this system is achieved through ftetion of minerad due to centrifugal

force, differential settling, and heavy particle migration as the minerals in slurry form travel



through helical sluices wrapped around a central collection collijnfil]. Spiral concentrators

are notideal for recovering minerals below 150n though they are effective faeparatiorof

larger particlesCompared to previous gravity separation techniquésareced gravitgeparators

are a relatively new technology in flowing film concentration that uslize effects of centrifugal
force[1]. This technology is better in recovering particles of size up to 1um in diameter, which

would otherwisdlow into the tailings[1].

One of the earliest enhanced grawgparatorsvas developed bBenjamin Virgil Knelsonwho

started working on industry scale gravity separators in thel®i@s. Latr, Falcon developed

their enhancedgravity separators in the 198(%2]i [14]. There are several types of gravity
separators intended for separation based on mass pull, bowl geometries, particle size, modes of
operation, and concentrate collection and retention alEgdmnced avity separators utie an
elevatedgravitational force fieldof a spinning bowl with fluidized riffles along the walls. The
minerals enter the bowl at the center in slurry form and are pushed up along the riffled edges of
the bowl, where the heavier minerals are retained infttes. The lighter particles are carried out

of the bowl as tailing$12]. As seen irFigure2.1, the Falconenhancedyravity separatorhave
specialized riffles allog the top edge of the spinning bowl meant for the recovery of heavy particles
[4], [15], [16].

Feed

i Rinse Water

Tailings

Concentrate

e

Process Water

Figure2.1: Falcon enhanced gravity separator. Reprinted f{ddh



Anciaet al [15] compared the Knelson and Falaamhancedravity separat@ mineral recovery

in lab-scale modelsThey foundthat at lower flow ratesfine heavy mineralparticlescan be
separated by infiltrating theorous fixed bedformed at the riffled a@and large particle heavy
mineralsparticlescan be separated by staying atop the bed. When flow rates are liigher,
contents of the separators are fluidized and heavy parsietds on the bed, causing gangue to be
ejected once sufficient heavy particles have setdédhe highest flow ratesgangue is ejected
regardless of heavy mineral retentidimis observation was recorded by Zhou et al as (€|l
This suggests aange of particle behaviowhich leads to increasedoncentrationof heavy
particles fieavy recovery including particle size, fldization, and light particle ejectidd2],
[15]. Comparison ofthe Falcon enhancedgravity separator and Knelsagnhancedgravity
separatoshowed that th€alcon was less sensitive to particle size effantiflow ratesthan the
Knelson enhancedgravity separatof15]. An important onclusion to be drawn from these
previous studies is thahere is limited knowledge on the€fundamental understanding and

performance ofheseenhancedravity separers especiallyat lower and higher flow rates.

Analysis of the past literatufd], [8], [9], [15] showed that limited studies have been conducted
on the impact of inclination angle on segregation performance of heatiofran enhanced
gravity separator riffles. Additionally, there has been little scientific analysis of riffle designs
adopted in the Knelson and Falcemhancedyravity separatorswhich are the leading enhanced
gravity separators in the indus{dj. Since little research has attempted to understand thectmp

of riffle design variationand inclination anglen the gravity separator, this study aims to improve
theseaspectsof the separator. This would be crucial in enhancing the performance saf the

equipmentandgravity separators that employ engineei#ited sections

Understanding of the complex fluhrticle interactiorof the dense slurry flowvithin the gravity
concentrator is crucial toomprehend theffects of different parameters such as the inclination
angle,inlet flow rate and riffle desig This fluid-solid particle interactio is influenced byorces
such aghe gravitational force, centrifugal force, viscalrag,and flow turbulence, where the
centrifugal force is the dominafdrce in enhanced gravity separatd@ven thedifficulty in
experimentabnalysis ofa closed systerauchas the gravity separataninclined thin channel

riffled setupwith transparent wallss used for the experimental investigation of tiuél paricle



interaction of the dense slurry flowse of such a setugan be justifiedy correlating the effect
of force on theslurry flow, normal to the rifflan boththin channendenhanced gravity separator
asanalytically explained itheSection2.2 Prior to describinghe experimental setup and analysis,
it is paramount to comprehend the partigigticle interactionn dry mixture (Section2.3Granular
Segregatio)y particlefluid interaction(Section2.4 Hydraulic Transpoijtand bidensity particle
laden flow (Section2.5 Bidensity Particle Laden Flowin the slurryflowing through the thin
channel setupAs separation withirenhancedyravity concentrators involgea comlination of
these phenomenit is important to evaluate thesgeractionsBefore proceeding further, it &@so
imperativeto analyze the basic principlier gravity concentratioby addressing theoncentration

criterion

2.1 Gravity Concentration Criteri on
Several mineral combinations are unresponsive to gravity separation, so mineral combinations,
including mixtures, need to satisfy the concentration criterion (CC) as shown in eqdafion

separation using gravity.

b1 A AT Gedaic] EAADAOOE BINAGI OF A
A O e E RO OE BITAE OF A (D)

where SG denotes specific grgviCommonly used CC ratios for minerasncentrated using
gravity separation from a gangue (density of 26&n°) are shown ifTable2.1. Table2.2 shows

the guidelines for this separation technique.

Table2.1: CC of common minerals separated by gravity separgkin

Minerals Fluid CC

Gold Air 6.8

Gold Water 10.3

Cassiterite| Water 3.5

Coal Water 3.4

Hematite Water 2.5




Table2.2: Guide for gravity separation €8]

Concentration Criterion Suitable to gravity separation
CC>25 Simple down to 7m
1.75<CC«<25 Possible down to 150m
1.5<CC<1.75 Possible down to 1./hm
1.25<CC«<15 Possible down to 6.3Hm
CC<1.25 Impossible at any size
4.0
3.5
| =
g 30
...E‘ Separation possible
5 25 »
.E‘ 2.0 \t‘:-
© e
T 15 e L R
0 TTT— Tl {e
| =
8 1.0 Separation impossible
0.5
0.0
10 100 1000 10000

Size, microns

Graph2l: CC based on particl e[l9workalong Biththeddtal i ne &
from Table2.2 Reprinted fron{11]

Since goldfalls well within the range otorcertration criterion, gold can be separateging
gravity, especiallywith enhanced gravity separatomheslurry mixture used in thighesiscan be
separated using gravitgs its heavymineral component, steel shot particles (derivative of

hematie), can also be separated using gravity concentrasashown imrable2.1.



2.2 Mathematical Correlation of 1G and 200G

The enhanced gravity separators employ centrifugal force for concentration, which is an artificially
generated gravitational field higher than M&ereG is gravitational force field)where particle
settling is elevatefft]. It is paramount to understand the theoretical settling velocities of spherical
particles under a gravitational field of 1G and a centrifugal force field of 20Pp®ased on this,

a mathematical correlation between a 1G system and a @1&n allows a study conducted on

a 1G system to be extrapolated to a 200G Fatodrancedyravity separatoas Majumder and
Barnwal determinedh their work[4].

Consider the mass of a single spherical particle in a mixture as denated\lhen a particlevith

a massanrevolves at a radiuswithanang | ar v el o c i teyperiences & ¢emtrifugah r t i c |
force& @b Qn the radial directionAssuming that the centrifugal acceleration is much greater

than the gravitational acceleration, segdtling velocity of the particlét) can be considered to be

in the radial directionThesameparticleunder the influence of onlyravitational forc&& & C ,

whereC is acceleration due to gravityould experience a particle settling velocity. The

relative centrifugal forceGceg, is the ratio of centrifugal to gravitational forceenoted by
& O
g€ C @
In a centrifugal field, the sedimentation of a spherical particle immersed in an incompressible fluid
is governed by4], [20]
A puUt 50

KCA)N\$ o M mem ©)

In equation(3), m is the particle density$ is the particle diametet, is the viscosity of the
suspending mediurand m is the density of the fluidAs the acceleration term in equati(3)
reaches zero, the terminal settling velocity of a small particle settling in the Stokes regfrae (10
Re < 0.4)can be written agl]

m m$ 5O
o Ut )




2A$MHI ©)

where Re is the Reynolds number defined in equgBpnBy incorporating equatiof?) into

equation(4), the equation for terminal settling velocity becorjfds

g ' 4 (6)
whered represents the settling velocity of a particle uraidy gravitational force.

For a particle settling outside the Stokes regime, the system is modeled by applying particle
movement mechanics through an incompressible fluid. Under these conditiorji20Hderived

the following correlations for terminal velocity under gravitational and centrifugal forces:
g ' Tu 0.4 < Re < 5000 @)

u ' T 500 <Re <2 10F )
The settling velocity under gravitational force ) is defined byequation(9) and (10) using

Stokesd6 Law for f(9)ne rpeaprrteiscelnetsi n(ge guu astcioouns r e s i

(equation(10)) for coarseparticles, representing turbulent resistajidg.

Cm m$
X ®)

TOwWw m$
o e (10

where# isthe dragcoefficient Equation(10)i s val i d for Re > 1900 whi

applies for Re < 1The settling velocities empirical relations aependenbn dragcoefficients
which areexpressed as

©
S

Qlo

(13

N
To
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where2 Ai s t he Rey n apadidesThendragdoefficienis developed as a solution

from the coefficients A and B.able2.3 depicts the empirical Waes of A and B that were obtained
by Jiménez and Madséhl], [21] for different shaped particles witho€y shape factor (CSBJf

0.7.

Table2.3: Empirical values for coefficients A and B in equat{d@d) [21]

Roundness Factor A B

2.5 (crushed) 0.995 5.211
3.5 (natural) 0.954 5.121
6.0 (well rounded) 0.890 4.974
Spheres 0.794 4.606

By analyzing equationé) to (8), it is evident that as centrifugal force increases, the particle

settling velocity increases with the rate of increase dependent on the Reynolds number of the flow

[22]. Figure2.2 shows the theoretical settling velocities of pure coal, shale and pyrite wstbfSG

1.3, 2.5, and 4.8, respectively, as described by Luf@28]l From this plot it is evident that as

particle size reduces, centrifugal force Basore dominant effect on the particle settling velocity.

60

50

40

30

20

Settling Velocity (cm/sec)

10

0.01

0.1 1
Particle Diameter (mm)

Figure2.2: Effect of centrifugal force on particle settling velocitiBeprinted fron{23], [24]
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Since a correlation for settling velocity for particlexder gravitationdlorce (1G) and centrifugal
force (200G) has beaxtendeda thin channel setup that employs 1G can be used as a baseline to
further extend enhancedgravity separators that operate at higher Tsis setupwould be

equivalent to a centrifugal concentrator with acceleration 1G

2.3 Granular Segregation

Segregation of a granular material mixture with dissimilar densities, sizes or other physical
material properties when they are flowif&5]i [28] or vibrating[29]i [31] was first reported in

1939 by Brown32] and extensively studied by the engineering commyB&yi [36]. In 1987,

this phenomenon was brought to the attention
(BNP) [37]. Interestingly, the results of this problem deysd into the benchmark for granular
segregation[31]. This kind of segregafiois a common occurrence in industrial processes
encompassing geophysical transport like debris {88y, mineral transpof39], pyroclastic flow

[40] and handling of bulk solidgl1], [42].

Particle sizg43] and densityf44] are the critial factors that enable segregation in free surface
flows along an inclined chann@d5]i [49]. These factors lead topward movemenof larger
particles in free surface flow of granular mixtuf@8s]. Most studies have investited particle
granular segregation in dry flow based on continuum mixture tB6fy[52]. However, in 2013

and 2015, Larcher and Jenkins proposed granular segregation in téet obrkinetic theory for

dry, granular mixtures where all parameters are dependent on measured particle properties:
material density, size and coefficient of restituj68], [54]. Later in 2017, Larcher and Jenkins
further enhanced the approach to partfteléed flows that relies on measured particle properties
[55].

Segregation of bidensity granular mixture on a slope is a factortdlpgroperties with minor
variance in radii and rheology of the flow. The differences in radii and masses creates differences
in flow depth and particle flux. Larcher and Jenkins also found that size differences play a greater
role in segregation thanass differences as the particle flux is enhanced when the particles have

similar volumeg55].
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2.4 Hydraulic Transport

Industries such as food, fuel and mingnadcessing industry require trans@dian of mixtures of
disperse@atrticles in a fluid over large distandé§], [57]. Classic examplesf@uch conveyance

of solid materials suspended in a liquid medium include slurry transportation of sand and mineral
ores in the mining, china clay production, and pigment and paint prodys@n[58]. Non

settling slurries and settling suspensions are the two types of hydrausiparaof particulate

solids.

In the case of nosettling slurry, a homogenous mixture of a fluid with relatively faeticles

(O o 1ti ) in high concentrations experiencesmall amount of particle deposition due to
strong particldluid and particleparticle interactions. In an adequate medium, transportation is
often carried out in laminar or transitional flow even though they showN®sovtonian flow
behaviour. In 1984, Ayazi charadid the norNewtonian behaviour as factors of solid
concentration, operating conditions, partifiled and particleparticle interactions, and fluid and

particle propertiefs8].

For a settling suspension, a mixdwf lowviscosity fluid and large siz€D Tttt ) or heavy
particles, particles tend to settle to the bottom of the conveying system in the absence of sufficient
turbulence in the fluid or low fluid velocityThe behaviour of suspensions depends onipheilt

things such as head losses, particle concentration and fluid flow condkignse2.3). In cases

of disproportionately large and heavy particles, a solid concentration gradient will develop across
the crosssection of the heterogeneous suspension in the pipe or channel. Afllod/eelocity

above a critical value, the larger and heavy particles settle at the bottom and move along the floor

of the system as a sliding bgs8].
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Figure2.3: General pressure drop vs. fluid velocity curves for hydraulic transport of settling
suspensions. Reprinted frds8]. Line 1: Frictional loss through the pipe of carrier fluid without
particles. Lines P4: Trends in pessure drop for suspensions with increasing percentage of solids

for a range of fluid velocities.

2.5 Bidensity Particle Laden Flow

Bidensity particle laden flow is gype of twephase fluid flow, where one phase is constantly
connected (carrier phase) and tither phase is diluted particles (dispersed or particle pla@3e)

In this flow, the dluted particle phase has particles with two distinguished density profiles.
Previous studies on bidensity flow include the sediment#iofi[63] as well as resuspension of

bidensity mixture in a constant shear fl{Gu4].

Inclination angle of the flow has been shown to influence the mixing of the bidensity particle laden
flow. Lower inclination angles lead to less mixed flow as observed by Lee et al., where they
observed stratification of the bidensity mixture into sepdagt's at lower inclination anglgs5].

Lee et al. experimentally and numerically deduced that parégiegation is greater in the settled

regime than the ridged regime, with better mixing occurring in the ridged r¢g@hé\pplied to
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mineral processing, bidensity particle laden flows at lower inclinatigheanvould, in theory,
result in better segregation into heavy minerals and gangue, leading to rnigkeal recovery

rates.

The competing effects of shear induced migration and gravitational settling within the case of
bidensity mixtures were studied petimentally by Wong et d66] where varying fractios of

solids and iglination anglewere used to analyze the interparticle interaction between the particles
with different densities. Lee at al. further sgutle bifurcation behaviour of the settled and ridged
regime within bidensity suspension flgé5]. However, this bifurcation behaviour is limited to

low Reynolds numbeand highly viscous flows[65], [66]. There are very limited studies
conducted on bidensity particle laden flow for high Reynolds number turbulent flow despite its
potential implications in the industryhis studyfocuses on bidentsi particle laden flow on an

inclined plane, referredto as open thin channel flomsdescribed in the next section

2.6 Thin Channel Setup

The thin channel setup a derivative oh commonlyused equipmertalled asluice Sluices are
one of the mossimplified forms of gravity separatorgonsistingof an inclined trough with
openings at both endis]. A slurry consisting of solidsal wateiis fed from the top while minerals
separatiorcan occuralong thesloped surface. The separation that can be se#ris setup is
dependenbn the inclination angle, surface roughnesszgand density of the partidethe solid
liquid ratio, length of the trougtthickness of the slurry flowfluid velocity and fluid densit{11],
[43]. The fluid-particle interactiorcan be further dmancedusingrough texture or crossection
riffles [67]. The thin channel flovean be considered as a flowing film under laminar or turbulent
flow condition. Within the laminar flow, the fluid velocity gradient i&rying in a parabolic
manneralong the thickness of the slurry flow. In turbulent f|dhis velocity gradient is flattdout
the velocity decreases closer to the sllmegd[11]. Figure2.4 shows thampactof particle size
and particle density on tleegregation ithechannefor asmooth surface when the flow is within
the laminar regimgl1]. In a sluice, after period oftime, some heavies maove with the light

particles into the tailingas shownn Figure2.5.
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Figure2.4: Impact of density, particle size and velocity of the fluid on particle segregétion;
heavy particle & 1 light particles. Image A depicts different settling rates of the particles.
Image BL & B2 shows the different forces being applied on the pagiblased on its size. Image

C shows the final segregation irthén channel

Figure2.5: Impact of a riffle on segregation of lights and heavies in a thin channel flow
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2.7 Summary

Slurry transportation characistics and fluid flow behaviour in open and rectangular channels
have been researched for many y¢§22$. Over the yea many researchers have concentrated on
gravity-driven clear liquid flowg68]i [73] and pure granular flowig4]i [76] but very few have
worked on particldaden thirfilm flows [77]i [80]. The work on sedimentation in suspensions and
settling of particles in quiescent liquids hagenednoteworthy consideratiof®3], [81]i [85] but

as previously stated, limited research have been focuskdemsity particle laden flow for high

Reynolds number turbulent flow

In other applications, lower inclination angles and lower flow rates have been suggested to increase
heavy particle retern [45]. Altering these operating parameters does not appear to have been
studied in an open thin channel or in enhanced gravity separators. This thesis extends findings
from past literature by manipulating operating parameters to observe pgagheleiour in the thin

channel setup.

As established from past literature, there has ienited work on bidensitparticle laderflows
down horizontal channeVhich includes the turbulent characteristics of thedfland that can be
applied to dense sy flow, further stating the importance of this studyeTneed for such an

experimentastudyhasalsobeenadvocated foby other researchefSs5], [66].
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Chapter 3: ResearchMethodology

3.1 Experimental SetupOverview

This section discusses thechnical details ofwo experimental setigusedin this study.Both
setugs consist of thethin channel segmenf mixing tank an agitator(mixer), a pump,and
connecting ping. The manipulated variables aiiffle design, inclination angle, and flow rate

each experimental trial.

In experimental setup hjgh slurryflow rates of 22, 23and24 L/min weredrivenby a centrifugal
pump. While keeping the pump rate constant, the feed rate to the thin chagmetrst was
adjusted by controlling the flow rate of the slurry in the recirculation.lbopxperimental setup

2, alow flow rateof 8 L/min wasachievediy usinga peristaltic pump. Both systems are designed
to be robust and to ensure reproducibilityredf resultsThepiping and tubing used experimental
setup2 are designed to be shertomparedo setup o minimize particle settling in these parts

of the system

3.1.1 Overall Experimental Setup

Recirculation
; 5 min I
Mixing Tank L} 3-Way Valve puafp| 110 Channel Tailings

H 25% Solids 95% Glass Beads
Slurry |

= 75% Water 5% Steel Shots

Figure3.1: General proceduref the experimensetups

Both experimental setups followgeneral proceduras shown irFigure3.1. A tank containing
the slurry mixture is constantly stirred agitaed. This solution is pumped through piping or
tubing using a pump to aBay valve which is connected to the thin channel segment as well as a

recirculationtube that brings the slurryabk to the tank. The slurry is recirculated Sominutes

18



prior tothe experimental trial. After this timasingthe 3way valve connected to the thin channel

the slurryentes the system as a homogeneous mixtttach trial in experimental setup 1 is 10
seconds long anglach trial in experimental setup Sisecond$ong. These timings are based on

the time required for the riffleso be compact with particles aedtablisha statistically stationary

flow over the riffles.Once the experimental trial @mplete, lhe particle mixtures from each of
thethree riffles and outlet (tailings) are meticulously removed and collected in separate trays. The
samples in trays are dewatered using a vacuum filter and an oven. The light and heavy particles
are separatefrom each dry sample usirggneodymium magnet and then weighed. This data is

tabulated for further analysis.

Figure3.2 provides a pictorial overview of setupThecentrifugal pump useith this setugs the
SeproiPumpwith 25 L tank capacity The slurryis pumped to the system through tubing 1 (orange
arrow) and exis through tubing 2 (blue arrow) while valve 1 is closed and valve 2 is completely
open. This setup allows thieump to work as @ agitatorand a pump simultaneously. After the
mixture has become homogenous, valve 1 is opened to allow the mixpasst through the flow
meter and renter the pump through tubing 3 (green arrow). This allows the experimenter to
achieve the desired flow by adjusting valve 1 and vallkef@reallowing any slurry to enter the

thin channelOnce the desired flow rate achieved and the system has reached equilibrium, the
3-way valve is opened to allow the slurry to pass to the thin channel through tubing 4, which
represents the start of the experiment. After 10 seconds;\lag Salve is closed, and slurry is
divertedback to the pump through tubing 3 at the end of the experifmiatsamples from the
riffles are collected as previously stated for further analysis.

An overview of experimental setup 2 is showrFigure3.3. A slurry mixture is prepared in the

mixing tank and particles are kept in the suspension using a Caframo RZR1 overhead stirrer
running at 1900 RPM. A ball valve at the bottom of the miximd ia opened to allow the mixture

to enter Seprobs C15 peristaltic pump from wh
via a 3way valve until the system reaches equilibrium. Then, the slurry is diverted to the thin
channel via a 3vay valve, reresenting the start of the experiment. After 5 seconds,-tinay3

valve is turned back to the slurry recirculation position, representing the end of the experiment.

The samples from the riffles are collected as previously stated for further analysis.
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3-way valve H Tubing 3 H Valve 1 H Valve 2 H Thin Channel Segment H Tubing 2 H Inlet/tubing 1

Computer | | Tubing 4 ll Flow meter H High speed cameras H Outlet collection tray ] I Pump & mixer

Figure3.2: Experimental setup 1

| C15 Pump || Recirculation line | | Mixing tank || Mixer

S o

Outlet collection tray H Thin channel segment I | 3-way valve ” System feed line | I Pump feed line

Figure3.3: Experimental setup 2
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3.1.2 Thin Channel Segment
The thin channel portion of the experimental setup consistpart&the sluice witha flat segment

followed by a riffled segmenand the stand to adjust the inclination ar{§ligure3.4).

Stand —
» Sluice with
./ riffles

Figure3.4: Isometric view of theftin channel segment

The sluice is attached to the stand using a threaded rod that is nested within two mounted ball
bearingsthatare secured on railings attached to the base of the stand using locking pivots. The
locking pivots allow finetuning of the roll, pitch, yaw, and inclination angle of the thin channel.

By sliding the ball bearings along the vertical aluminenx t r usi on r ai | s, t he

inclination angle is adjusted. The base of the stand is secured to a workbench-cisimp£

Thethin channekegments 120.65cm long, 2.54cm wide, and15.24 cm tall (Figure3.5). The

walls of thechannelare made of transparent acrylic sheets for monitoring particle behaviour and
fluid flow. The first section of théhin channelallows the slurry flow to fully develop before
entering the second section,edaborated furthein Section3.2.1 The second section consists of
three rifflesnamedR1, R2,andR3. One of the side panels in the second sedaifdhe channeis
removable, thus allowing diffent riffle designs to be tested. The aluminum base in the second
section has 8.05 cmdeep cutout that is intended for placing the riffles in such a way that a fully

developed flow in the first section enters the second section smobifly€3.5). The distance
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from the inlet of the thin channel to the first riffledi8.86 cmwith thecenterto-center gafpetween

eachriffle being15cm.

120.65cm
5588cm () ) 45 cm

® ® L) ®) ® ® ® ®|5 &

| Flow p <

~N

#O |7

7] (2] (=] & ] @ @ '
5.1cm y 15 em 1.91cm

Figure3.5: Front view of thefiin channel segment

3.2 Operating Conditions
3.2.1 Flow Stabilization
The flow that enters the riffled section needs to be fully developed to ensure minimization of the

flow fluctuations caused by the turbulence leading to increased reproducibility of the experiments.

This also ensures that trials are conducted as consisestpossible, so each riffle design
experiences similar flow behaviofo achieve this, the length of the flow developing zgne (
shown inFigure3.5) has been designed based on the correlation between Reynolds (Rejber
and Froude numbgF)t hat was devel oped K8p|arflisgikegd&z and

, 2 A
g X TEI T T (12)

where, s length of theflow developing zonand$ s the depth of the flowThe calculated
valueof the flow developing zone 83.10 cm for a slurry velocityof 24 L/min. Theactuallength

of the flow developing zone 85.88cm in the experimental setup to account for any margin of
errorandto allow testing using a wider range of flow velociti&é.e averageheight of thdiquid

film is 7 mm andwith anaverage height fluctuation & 1 mm. The calculation is provided in

detailin Appendix A

3.2.2 Inclination Angle
The inclination anglg’ ) is acritical parameteinvestigated in this studgs it plays a significant

role in segregation of bidensity particle laden floj85]. To better understanthe impact of
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segregation at various slopes, inclination angle®,df®, and 18 on heavy particleecoveryare
analyzed for various riffle designs and flow rafEsese angles are selected based on the current

bowl geometry of conventional enhanced\wgty separators.

3.2.3 Flow Rates

The slurry flow rates for the experiments were chosen based on the best efficiency point (BEP) of
the pumps in the experiment setups. The flow rates were adjusted using the -hatpldacy

drive (VFD) of the pump. For exparental setup 1, the slurry flow rates chosen were 22, 23, and
24 L/min by setting the VFD of the iPump at 55, 57.5, and 60 Hz, respectiiedge flows were

in turbulence regimeA.1). For experimental setup dnaverage volumetric flow rate 8fL/min

was achieved at 60 Hz on the VFD for the C15 peristaltic pdins. flow was in transitional
regime A.1). Analysis of riffles design on heavy particle recovery at various flow rates furthers
the understanding of the impact of both bowl design and slurry flow regime on separation

efficiency in emanced gravity separation units.

3.3 Material and Slurry Properties
Theslurry mixtureconstituents arevater, glass beads, and steel shots; steel shots with density of
7800 kg/m are used as heaparticleand glass beads with density of 2600 kgas lightparticle

These material substitutions are selected due to their uniform skg@eand ease of recovery.

A slurry mixture with 25% of solids consisting of a bidensity blend of glass beads (95% mass
fraction), steel shots (5% mass fractipahd water is prepared in the respective mixing tanks for
experimental setups 1 and &s shown in equatiolfl3), the CC of the mixture is 4.2hence

gravity separation is easily possible as describefkirtion2.1

XYmmpnmnTm
COMIP MM
The particle size distribution of glass beads is showiralsle3.1 and their morphology is shown

8 v (13

in Figure 3.6. The particle size distribution of steel shots is showrTable 3.2 and their
morphologyis shownin Figure3.7. The overall particle size range for the solids used in this study
goes between 212 um and 300 pum (narrow distributibhg particle size distribution curve of

both glass beads and steel shate shown iGraph3.1.
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Table3.1: Particle size distribution glass beads
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Figure3.6: Morphology ofglassbeads

Table3.2: Particle size distribution steel shots
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Graph3.1: Particle sizalistribution curve of glass beads and steelshot

When preparing the mixture for setup 1, 15 kg of water is added to the tank aeshtitiieigal
pumpis turned onNext,a mixture of 5 kg of solids consisting of 4.75 kg glass beads and 0.25 kg
steel shots is added to the tank. For setup 2, 7.5 kg of waigded to the mixing tank. The stirrer

and pump are turned on. Th2® kg of solids consisting of 2.375 kg of glésesads and 0.125 kg
of steel shots are added to the mixing tank.
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3.4 Riffle Designs

The riffles are3D printed using an Ultimaker S5 with tough blgakylactic acid (PLA)Various
riffle designs were considergahd the followingninedesigns were extensiyetested Each design
was developed consecutively based on experimental observationgfle design V1 6 s
performancend bidensity particle laden flow behaviolihe geometry of the riffle sectidastock

is illustrated inFigure3.8 and allriffle contoursunder consideration is depictedrigure3.9. All

riffles are asigned with a volume df7.37 cm? as described iffable3.3.

150 mm

38.10 mm

30.48 mm
25.40 mm

Figure3.8: Riffle sectionblock of the thin channel segment

As illustrated inFigure3.9, design V1 is a senglliptical shaped riffle, based on simple geometry
and used as a baselifte the heavy particleecovery Riffle design V1.1 is a derivative of design

V1. The elliptical shape from design 1 is rotated @0ckwise from its center line. Comparable

to design V1.1, the elliptical shape from design 1.2 is rotatedd@terclockvise from its center

line to form this shapéesign V2 is a trapezoidal design with the opening narrower than the base
of the riffle. This design was derived from the results of experiments conducted on riffle design
V1. Design V3 is octagonal and deriviedm the combined geometric features of designs V1 and
V2. The riffle is more circular shaped than design B2sign V4 was developed to smooth out
the corners of design V30s octagonal Sshape.
points ofthe riffle are curved into the center of the riffle. Design V5 is based on the current riffle
design used in the Falcagmavity separataras shown irFigure3.10. This is a trapezoidal shape

with the opening wider than the base and smoothed edges inside the riffle.
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Figure3.9: Riffle designscontours ReferAppendix C for more details.

Table3.3: Riffle design parameters

Riffle volume Central depth Riffle opening width ~ Area of opening

P o) (mm) (mm) (mm?)
V1 22.86 38.10 967.74
V1.1 21.70 39.64 1006.86
V1.2 21.70 39.64 1006.86
V2 18.80 29.50 749.30
V3 1737 21.34 20.07 509.78
V4 23.80 31.75 806.45
V5 22.10 38.10 967.74
V6 19.81 38.10 967.74
V7 22.86 35.10 891.54
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Figure3.10: Riffleson the Falcornhanced gravity separat®eprinted fronj16].

Riffle designV6 is derived from desigW5 and incorporates attributes of all the previous designs.
This design gauges the performance of desi§rwhen a restriction is implemented the exit

edge of the riffleDesgn V7 is a byproduct of desigvil with a lip at the exit edge of the riffle.

3.5 Design of Experiments
A full factorial design of experiment®QE) provides an irdepth analysis of all 3 factors (riffle
design, flow rate, and inclination angle) under investigatidrese responses are analyzed

assess each key effect and interaction effetttesemanipulated variables.

Table3.4: Design of experiments for experimental setup 1

Number offlow rates considered 3
Number of riffle designs considered 9
Number of inclination angles considered 3
Total number of trial cases 81
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