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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 for concentration of gold, platinum group 

metals (PGMs), mineral sands, chromite, tin, tantalum, tungsten, iron ore, cobalt and many other 

metals and minerals with sufficient differences in density. The Falcon enhanced gravity separator 

is one example of a semi-batch enhanced gravity separation device that uses centrifugal force to 

enable liberated precious metal recovery within grinding circuits and from placer deposits. During 

run cycle, concentrator accepts feed continuously, heavy particles are retained in the riffled section 

of the unitôs bowl, and concentrate is produced during periodic rinse cycles by water jets. Limited 

research has attempted to understand particle behaviour in the riffled section of the Falcon 

enhanced gravity separator, and little is known about the effect of design and operating parameters 

on the unitôs concentration efficiency. This thesis focuses on studying particle behaviour in the 

riffled section of the Falcon gravity separatorôs bowl to recover the highest fraction of heavy 

particles. An open thin channel setup was built to emulate a cross-section of Falcon gravity 

separatorôs riffled section. Testing was conducted on the effects of riffle designs, 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 

capabilities 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 

cases. Semi-elliptical designs coupled with lower inclination angles and flow rates lead to higher 

heavy particle retention in riffles. This considerably improved particle recovery rates of the system 

possibly due to its ability to expel light particles from the riffles while pushing the heavy particles 

downward.  

 

Observations of particle behaviour in this study can serve as a foundation for study on Falcon 

enhanced gravity separator and any gravity separation devices using engineered riffles. 
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Lay Summary 

Falcon enhanced gravity separators are used to separate fine particles of heavy minerals from waste 

particles based on the density differences between heavy minerals and unwanted material.  

 

This study focuses on developing a lab-scale model that enables a deeper understanding of particle 

behaviour in the riffled sections of the enhanced gravity separator and aims to provide suggestions 

on enhancing riffle design. 

 

The study analyzes results from various riffle designs, inclination angles, and flow rates, providing 

recommendations on these parameters that are effective at retaining the highest heavy-to-light 

fraction in the riffles. 
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Chapter 1: Introduction  

 

Gravity concentration has been employed for millennia to capitalize on the varying density and 

hydraulic properties of minerals in viscous media [1]ï[3]. Gravity separation and gravity 

concentration are interchangeable terms in the literature. There are several types of gravity 

separators intended for different conditions. Heavy media separation, jigging, multi-gravity 

separators (MGS), and flowing water streams on horizontal or inclined planes are commonly used 

gravity separation methods. Gravity separation using flowing streams of water on horizontal or 

inclined planes employ specific methods such as panning, pinched sluices and cones, shaking 

tables, spiral concentrators, and enhanced gravity separators such as the Falcon enhanced gravity 

separator of Sepro Mineral Systems Corporation. Enhanced gravity separators are the focus of this 

thesis. 

 

Falcon enhanced gravity separators rely on centrifugal phenomena to separate valuable minerals 

from gangue. Therefore, it is important to understand these mechanics to optimize these gravity 

separators. In theory, solutions to simultaneously coupled partial differential equations of motion 

in a steady rotational field for slurry coupled with appropriate flux in the centrifugal force field 

and appropriate boundary conditions should be sufficient to describe all the centrifugal phenomena 

in an enhanced gravity separator. However, in reality, these solutions cannot be obtained even in 

ideal conditions, thus necessitating experimental work to supplement the analysis of centrifugal 

phenomena [4]. 

 

1.1 Research Motivation 

To date, very little research has attempted to understand the bidensity particle laden flow in a 

rif fled thin channel, let alone within an enhanced gravity separator. Various gravity separators 

have used different riffled surface designs for heavy recovery. There is little known experimental 

work that has analyzed the potential to maximize the performance of the riffled section of gravity 

separation devices by manipulating their designs and operating conditions. Specifically, the riffle 

shapes and the inclination angle of the edges of the gravity separator bowl have the potential for 

further improvements.  
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A lab-scale open thin channel setup allows for easier modification of riffle geometry and better 

control of flow rate, inclination angle, and turbulence within the system. It also enables easier 

recovery of heavy particles and the ability to visually gauge heavy recovery. Hence, the open thin 

channel setup is intended to represent a portion of the full-scale enhanced gravity separator at 1G, 

using a mathematical correlation established in Section 2.2. As mentioned, theory alone is 

insufficient to understand particle behaviour in a riffled section of an enhanced gravity separator. 

Therefore, this research will provide further experimental data to support theoretical conclusions. 

 

This thesis focuses on studying potential new improvements in the riffle designs, flow rates, and 

inclination angles of an open thin channel setup and how this affects heavy mineral recovery. For 

experimental purposes, heavy minerals such as gold are substituted with steel shots due to 

accessibility and ease of separation from gangue materials using a magnet. The gangue is 

represented by glass beads. Despite the difference in density between steel shots and gold particles, 

the relative density differences between steel shots versus glass beads and gold particles versus its 

gangue are comparable, allowing experimental results to be extrapolated. This study also acts as a 

platform for future work on improving the functionality of enhanced gravity separators and thin 

channel setups (sluices) using experimental work or computation simulations. 

 

1.2 Objectives 

The purpose of this thesis is to study the flow behaviour and separation efficiency of heavy 

particles at the riffled section of an enhanced gravity separator using the thin channel experimental 

setup. This will be achieved by varying riffle designs, inclination angles, and flow rates in the 

experiments. The specific sub-objectives of this thesis are: 

a. Investigate the effect of riffle design on separation efficiency 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 flow rates, inclination angles, and riffle 

shapes affects heavy particle retention in the riffled section 

This thesis will evaluate the rationale and development of the experimental thin channel setup, 

experimental matrix, results, and recommendations for the future work. 
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1.3 Thesis Structure 

Chapter 1 presents a general introduction to the thesis, the motivation, and objectives. 

 

Chapter 2 reviews the relevant literature on gravity separation, the analytical correlation of 1G to 

200G centrifugal force, granular segregation, hydraulic transport, bidensity particle laden flow and 

the science behind the thin channel setup. 

 

Chapter 3 presents the experimental methodology; the thin channel segment; the manipulated 

variables such as flow rate, inclination angle, and riffle design; design of experiments; performance 

indices; and an assessment of experimental errors. 

 

Chapter 4 presents experimental results with analysis of grade recovery, mass yield, enrichment 

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

 

Chapter 5 summarizes and concludes the thesis. 

 

Chapter 6 discusses future recommendations for research and the industry. 
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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 differences 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 deposit [5]. For 

instance, in open-pit mines, the ores are excavated from hard rocks using dynamite and processed 

further using chemicals like cyanide to recover gold [6]. It has been shown that gravity recovery 

of coarse gold before any chemical processing helps in maximizing overall gold recovery [7]. 

Enhanced gravity 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 of conventional enhanced gravity separator devices, like the Falcon enhanced gravity 

concentrator, increases [8], [9]. Improvements in enhanced gravity separators would lead to 

increased efficiency by means of lower water and energy 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 separators to name a few [2]. In jigging, the jig screen is constantly pulsating, separating 

minerals based on the difference in their density. In this setup, the heavier particles penetrate down 

through the jig screen while lighter particles exit as tailings due to particle density and size. Jigging 

is not suitable for separating finer particles [10]. Another commonly used gravity separation 

technique is shaking tables, where a motor driven table with an engineered riffled sloped deck 

surface shakes 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 of middlings. Shaking tables are not a viable separator for minerals 

that are ultra-fine or flat-shaped [1], [11]. Similarly, a spiral concentrator is a low-cost gravity 

separator that has a high-capacity system for the concentration of low-grade mineral ore in slurry 

form. Separation in this system is achieved through stratification of minerals due to centrifugal 

force, differential settling, and heavy particle migration as the minerals in slurry form travel 
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through helical sluices wrapped around a central collection column [1], [11]. Spiral concentrators 

are not ideal for recovering minerals below 150 µm though they are effective for separation of 

larger particles. Compared to previous gravity separation techniques, enhanced gravity separators 

are a relatively new technology in flowing film concentration that utilizes the effects of centrifugal 

force [1]. This technology is better in recovering particles of size up to 1µm in diameter, which 

would otherwise flow into the tailings [1]. 

 

One of the earliest enhanced gravity separators was developed by Benjamin Virgil Knelson, who 

started working on industry scale gravity separators in the mid-1970s. Later, Falcon developed 

their enhanced gravity separators in the 1980s [12]ï[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 areas. Enhanced gravity separators utilize an 

elevated gravitational force field of 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 in the riffles. The lighter particles are carried out 

of the bowl as tailings [12]. As seen in Figure 2.1, the Falcon enhanced gravity separators have 

specialized riffles along the top edge of the spinning bowl meant for the recovery of heavy particles 

[4], [15], [16]. 

 

Figure 2.1: Falcon enhanced gravity separator. Reprinted from [16] 
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Ancia et al. [15] compared the Knelson and Falcon enhanced gravity separatorsô mineral recovery 

in lab-scale models. They found that at lower flow rates, fine heavy minerals particles can be 

separated by infiltrating the porous fixed bed formed at the riffled area and large particle heavy 

minerals particles can be separated by staying atop the bed. When flow rates are higher, the 

contents of the separators are fluidized and heavy particles settle on the bed, causing gangue to be 

ejected once sufficient heavy particles have settled. At the highest flow rates, gangue is ejected 

regardless of heavy mineral retention. This observation was recorded by Zhou et al as well [17]. 

This suggests a range of particle behaviour which leads to increased concentration of heavy 

particles (heavy recovery), including particle size, fluidization, and light particle ejection [12], 

[15]. Comparison of the Falcon enhanced gravity separator and Knelson enhanced gravity 

separator showed that the Falcon was less sensitive to particle size effects and flow rates than the 

Knelson enhanced gravity separator [15]. An important conclusion to be drawn from these 

previous studies is that there is limited knowledge on the fundamental understanding and 

performance of these enhanced gravity separators, especially at lower and higher flow rates. 

 

Analysis of the past literature [4], [8], [9], [15] showed that limited studies have been conducted 

on the impact of inclination angle on segregation performance of heavy fraction in enhanced 

gravity separator riffles. Additionally, there has been little scientific analysis of riffle designs 

adopted in the Knelson and Falcon enhanced gravity separators, which are the leading enhanced 

gravity separators in the industry [4]. Since little research has attempted to understand the impact 

of riffle design variations and inclination angle on the gravity separator, this study aims to improve 

these aspects of the separator. This would be crucial in enhancing the performance of these 

equipment and gravity separators that employ engineered riffled sections.  

 

Understanding of the complex fluid-particle interaction of the dense slurry flow within the gravity 

concentrator is crucial to comprehend the effects of different parameters such as the inclination 

angle, inlet flow rate and riffle design. This fluid-solid particle interaction is influenced by forces 

such as the gravitational force, centrifugal force, viscous drag, and flow turbulence, where the 

centrifugal force is the dominant force in enhanced gravity separators. Given the difficulty in 

experimental analysis of a closed system such as the gravity separator, an inclined thin channel 

riffled setup with transparent walls is used for the experimental investigation of the fluid particle 



 

    7 

interaction of the dense slurry flow. Use of such a setup can be justified by correlating the effect 

of force on the slurry flow, normal to the riffle in both thin channel and enhanced gravity separator, 

as analytically explained in the Section 2.2. Prior to describing the experimental setup and analysis, 

it is paramount to comprehend the particle-particle interaction in dry mixture (Section 2.3 Granular 

Segregation), particle-fluid interaction (Section 2.4 Hydraulic Transport) and bidensity particle 

laden flow (Section 2.5 Bidensity Particle Laden Flow) in the slurry flowing through the thin 

channel setup. As separation within enhanced gravity concentrators involves a combination of 

these phenomena, it is important to evaluate these interactions. Before proceeding further, it is also 

imperative to analyze the basic principle for gravity concentration by addressing the concentration 

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 equation (1) for 

separation using gravity.  

#ÏÎÃÅÎÔÒÁÔÉÏÎ #ÒÉÔÅÒÉÏÎ  
3' ÏÆ ÈÅÁÖÙ ÐÁÒÔÉÃÌÅÓ  3' ÏÆ ÆÌÕÉÄ

3' ÏÆ ÌÉÇÈÔ ÐÁÒÔÉÃÌÅÓ  3' ÏÆ ÆÌÕÉÄ
 (1) 

 

where SG denotes specific gravity. Commonly used CC ratios for minerals concentrated using 

gravity separation from a gangue (density of 2650 kg/m3) are shown in Table 2.1. Table 2.2 shows 

the guidelines for this separation technique. 

Table 2.1: CC of common minerals separated by gravity separation [11] 

Minerals Fluid  CC 

Gold Air  6.8 

Gold Water 10.3 

Cassiterite Water 3.5 

Coal Water 3.4 

Hematite Water 2.5 
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Table 2.2: Guide for gravity separation CC [18] 

Concentration Criterion  Suitable to gravity separation 

CC > 2.5 Simple down to 75 µm 

1.75 < CC < 2.5 Possible down to 150 µm 

1. 5 < CC < 1.75 Possible down to 1.7 mm 

1.25 < CC < 1.5 Possible down to 6.35 mm 

CC < 1.25 Impossible at any size 

 

 

Graph 2.1: CC based on particle size. Solid line based on Burtôs [19] work along with the data 

from Table 2.2 Reprinted from [11] 

 

Since gold falls well within the range of concentration criterion, gold can be separated using 

gravity, especially with enhanced gravity separators. The slurry mixture used in this thesis can be 

separated using gravity as its heavy mineral component, steel shot particles (derivative of 

hematite), can also be separated using gravity concentration as shown in Table 2.1. 
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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 1G (where G is gravitational force field), where particle 

settling is elevated [4]. It is paramount to understand the theoretical settling velocities of spherical 

particles under a gravitational field of 1G and a centrifugal force field of 200G [4]. Based on this, 

a mathematical correlation between a 1G system and a 200G system allows a study conducted on 

a 1G system to be extrapolated to a 200G Falcon enhanced gravity separator as Majumder and 

Barnwal determined in their work [4].  

 

Consider the mass of a single spherical particle in a mixture as denoted by m. When a particle with 

a mass m revolves at a radius r with an angular velocity ɤ, the particle experiences a centrifugal 

force & άʖÒ in the radial direction. Assuming that the centrifugal acceleration is much greater 

than the gravitational acceleration, the settling velocity of the particle (ʉ) can be considered to be 

in the radial direction. The same particle under the influence of only gravitational force & άÇ, 

where Ç is acceleration due to gravity would experience a particle settling velocity, ʉ. The 

relative centrifugal force, GCG, is the ratio of centrifugal to gravitational force, denoted by 

'  
&

&
  
ʖÒ

Ç
  (2) 

In a centrifugal field, the sedimentation of a spherical particle immersed in an incompressible fluid 

is governed by [4], [20] 

Äʉ

ÄÔ

ρψʈ

ʍ$
ʉ  

ʖÒ

ʍ
 ʍ ʍ  (3) 

In equation (3), ʍ is the particle density, $  is the particle diameter, ʈ is the viscosity of the 

suspending medium and ʍ is the density of the fluid. As the acceleration term in equation (3) 

reaches zero, the terminal settling velocity of a small particle settling in the Stokes regime (10-4 < 

Re < 0.4) can be written as [4] 

ʉ  
ʍ ʍ$ ʖÒ

ρψʈ
  (4) 
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2Å
$ʍʉ

ʈ  (5) 

where Re is the Reynolds number defined in equation (5). By incorporating equation (2) into 

equation (4), the equation for terminal settling velocity becomes [4]   

ʉ  ' ʉ (6) 

where ʉ represents the settling velocity of a particle under only 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 conditions, Hsu [20] derived 

the following correlations for terminal velocity under gravitational and centrifugal forces: 

                                                    ʉ  ' Ⱦʉ                      0.4 < Re < 5000 (7) 

                                                   ʉ  ' Ⱦʉ                      500 < Re < 2  105 
(8) 

The settling velocity under gravitational force (ʉ) is defined by equation (9) and (10) using 

Stokesô Law for fine particles (equation (9)), representing viscous resistance, and Newtonôs Law 

(equation (10)) for coarse particles, representing turbulent resistance [11].   

ʉ  
Çʍ ʍ$

ρψʈ
 (9) 

ʉ  
τÇʍ ʍ$

σ#ʍ
 (10) 

 

where #  is the drag coefficient. Equation (10) is valid for Re > 1000 while Stokesô equation (9) 

applies for Re < 1. The settling velocities empirical relations are dependent on drag coefficients, 

which are expressed as  

#
ρ

σ
! !

ρφ"

2Å
 (11) 
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where 2Å is the Reynoldôs number of a particle. The drag coefficient is developed as a solution 

from the coefficients A and B. Table 2.3 depicts the empirical values of A and B that were obtained 

by Jiménez and Madsen [11], [21] for different shaped particles with Corey shape factor (CSF) of 

0.7. 

Table 2.3: Empirical values for coefficients A and B in equation (11) [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 equations (6) 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]. Figure 2.2 shows the theoretical settling velocities of pure coal, shale and pyrite with SGs of 

1.3, 2.5, and 4.8, respectively, as described by Luttrell [23]. From this plot it is evident that as 

particle size reduces, centrifugal force has a more dominant effect on the particle settling velocity.  

 

Figure 2.2: Effect of centrifugal force on particle settling velocities. Reprinted from [23], [24] 
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Since a correlation for settling velocity for particles under gravitational force (1G) and centrifugal 

force (200G) has been extended, a thin channel setup that employs 1G can be used as a baseline to 

further extend enhanced gravity separators that operate at higher Gs. This setup would 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 flowing [25]ï[28] or vibrating [29]ï[31] was first reported in 

1939 by Brown [32] and extensively studied by the engineering community [33]ï[36]. In 1987, 

this phenomenon was brought to the attention of researchers through the ñBrazil Nut Problemò 

(BNP) [37]. Interestingly, the results of this problem developed into the benchmark for granular 

segregation [31]. This kind of segregation is a common occurrence in industrial processes 

encompassing geophysical transport like debris flow [38], mineral transport [39], pyroclastic flow 

[40] and handling of bulk solids [41], [42]. 

 

Particle size [43] and density [44] are the critical factors that enable segregation in free surface 

flows along an inclined channel [45]ï[49]. These factors lead to upward movement of larger 

particles in free surface flow of granular mixtures [25]. Most studies have investigated particle 

granular segregation in dry flow based on continuum mixture theory [50]ï[52]. However, in 2013 

and 2015, Larcher and Jenkins proposed granular segregation in the context of kinetic theory for 

dry, granular mixtures where all parameters are dependent on measured particle properties: 

material density, size and coefficient of restitution [53], [54]. Later in 2017, Larcher and Jenkins 

further enhanced the approach to particle-fluid flows that relies on measured particle properties 

[55].  

 

Segregation of bidensity granular mixture on a slope is a factor of particle properties 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 than mass differences as the particle flux is enhanced when the particles have 

similar volumes [55].  
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2.4 Hydraulic Transport  

Industries such as food, fuel and mineral processing industry require transportation of mixtures of 

dispersed particles in a fluid over large distances [56], [57]. Classic examples of such 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 production [57], [58]. Non-

settling slurries and settling suspensions are the two types of hydraulic transport of particulate 

solids.  

 

In the case of non-settling slurry, a homogenous mixture of a fluid with relatively fine particles 

(Ὀ σπ ʈÍ) in high concentrations experiences a small amount of particle deposition due to 

strong particle-fluid and particle-particle interactions. In an adequate medium, transportation is 

often carried out in laminar or transitional flow even though they show non-Newtonian flow 

behaviour. In 1984, Ayazi characterized the non-Newtonian behaviour as factors of solid 

concentration, operating conditions, particle-fluid and particle-particle interactions, and fluid and 

particle properties [58].  

 

For a settling suspension, a mixture of low-viscosity fluid and large size (Ὀ τπ ʈÍ) 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 velocity. The behaviour of suspensions depends on multiple 

things such as head losses, particle concentration and fluid flow conditions (Figure 2.3). In cases 

of disproportionately large and heavy particles, a solid concentration gradient will develop across 

the cross-section of the heterogeneous suspension in the pipe or channel. At lower fluid velocity 

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

of the system as a sliding bed [58].  
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Figure 2.3: General pressure drop vs. fluid velocity curves for hydraulic transport of settling 

suspensions. Reprinted from [58]. Line 1: Frictional loss through the pipe of carrier fluid without 

particles. Lines 2ï4: Trends in pressure 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 a type of two-phase fluid flow, where one phase is constantly 

connected (carrier phase) and the other phase is diluted particles (dispersed or particle phase) [59]. 

In this flow, the diluted particle phase has particles with two distinguished density profiles. 

Previous studies on bidensity flow include the sedimentation [60]ï[63] as well as resuspension of 

bidensity mixture in a constant shear flow [64].  

 

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 separate layers at lower inclination angles [65]. 

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

regime than the ridged regime, with better mixing occurring in the ridged regime [66]. Applied to 
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mineral processing, bidensity particle laden flows at lower inclination angles would, in theory, 

result in better segregation into heavy minerals and gangue, leading to higher mineral recovery 

rates. 

 

The competing effects of shear induced migration and gravitational settling within the case of 

bidensity mixtures were studied experimentally by Wong et al [66] where varying fractions of 

solids and inclination angles were used to analyze the interparticle interaction between the particles 

with different densities. Lee at al. further study the bifurcation behaviour of the settled and ridged 

regime within bidensity suspension flow [65]. However, this bifurcation behaviour is limited to 

low Reynolds number and 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 industry. This study focuses on bidensity particle laden flow on an 

inclined plane, referred to as open thin channel flow as described in the next section.  

 

2.6 Thin Channel Setup 

The thin channel setup is a derivative of a commonly used equipment called a sluice. Sluices are 

one of the most simplified forms of gravity separators consisting of an inclined trough with 

openings at both ends [1]. A slurry consisting of solids and water is fed from the top while minerals 

separation can occur along the sloped surface. The separation that can be seen in this setup is 

dependent on the inclination angle, surface roughness, size and density of the particles, the solid-

liquid ratio, length of the trough, thickness of the slurry flow, fluid velocity and fluid density [11], 

[43]. The fluid-particle interaction can be further enhanced using rough texture or cross-section 

riffles [67]. The thin channel flow can be considered as a flowing film under laminar or turbulent 

flow condition. Within the laminar flow, the fluid velocity gradient is varying in a parabolic 

manner along the thickness of the slurry flow. In turbulent flow, this velocity gradient is flatter but 

the velocity decreases closer to the slurry bed [11]. Figure 2.4 shows the impact of particle size 

and particle density on the segregation in the channel for a smooth surface when the flow is within 

the laminar regime [11]. In a sluice, after a period of time, some heavies may move with the light 

particles into the tailings as shown in Figure 2.5. 
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Figure 2.4: Impact of density, particle size and velocity of the fluid on particle segregation; ǒ ï 

heavy particle & O ï light particles. Image A depicts different settling rates of the particles. 

Image B1 & B2 shows the different forces being applied on the particles based on its size. Image 

C shows the final segregation in a thin channel 

 

 

Figure 2.5: Impact of a riffle on segregation of lights and heavies in a thin channel flow 
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2.7 Summary 

Slurry transportation characteristics and fluid flow behaviour in open and rectangular channels 

have been researched for many years [22]. Over the years, many researchers have concentrated on 

gravity-driven clear liquid flows [68]ï[73] and pure granular flows [74]ï[76] but very few have 

worked on particle-laden thin film flows [77]ï[80]. The work on sedimentation in suspensions and 

settling of particles in quiescent liquids have gained noteworthy consideration [63], [81]ï[85] but 

as previously stated, limited research have been focused on bidensity 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 retention [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 particle behaviour in the thin 

channel setup. 

 

As established from past literature, there has been limited work on bidensity particle laden flows 

down horizontal channel which includes the turbulent characteristics of the fluid and that can be 

applied to dense slurry flow, further stating the importance of this study. The need for such an 

experimental study has also been advocated for by other researchers [55], [66]. 
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Chapter 3: Research Methodology 

 

3.1 Experimental Setup Overview 

This section discusses the technical details of two experimental setups used in this study. Both 

setups consist of the thin channel segment, a mixing tank, an agitator (mixer), a pump, and 

connecting piping. The manipulated variables are riffle design, inclination angle, and flow rate in 

each experimental trial. 

 

In experimental setup 1, high slurry flow rates of 22, 23 and 24 L/min were driven by a centrifugal 

pump. While keeping the pump rate constant, the feed rate to the thin channel segment was 

adjusted by controlling the flow rate of the slurry in the recirculation loop. In experimental setup 

2, a low flow rate of 8 L/min was achieved by using a peristaltic pump. Both systems are designed 

to be robust and to ensure reproducibility of the results. The piping and tubing used in experimental 

setup 2 are designed to be shorter compared to setup 1 to minimize particle settling in these parts 

of the system. 

 

3.1.1 Overall Experimental Setup 

 

Figure 3.1: General procedure of the experiment setups 

 

Both experimental setups follow a general procedure as shown in Figure 3.1. A tank containing 

the slurry mixture is constantly stirred or agitated. This solution is pumped through piping or 

tubing using a pump to a 3-way valve which is connected to the thin channel segment as well as a 

recirculation tube that brings the slurry back to the tank. The slurry is recirculated for 5 minutes 
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prior to the experimental trial. After this time, using the 3-way valve connected to the thin channel, 

the slurry enters the system as a homogeneous mixture. Each trial in experimental setup 1 is 10 

seconds long and each trial in experimental setup 2 is 5 seconds long. These timings are based on 

the time required for the riffles to be compact with particles and establish a statistically stationary 

flow over the riffles. Once the experimental trial is complete, the particle mixtures from each of 

the three 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 separated from each dry sample using a neodymium magnet and then weighed. This data is 

tabulated for further analysis. 

 

Figure 3.2 provides a pictorial overview of setup 1. The centrifugal pump used in this setup is the 

Sepro iPump with 25 L tank capacity. The slurry is pumped to the system through tubing 1 (orange 

arrow) and exits through tubing 2 (blue arrow) while valve 1 is closed and valve 2 is completely 

open. This setup allows the iPump to work as an agitator and a pump simultaneously. After the 

mixture has become homogenous, valve 1 is opened to allow the mixture to pass through the flow 

meter and re-enter the pump through tubing 3 (green arrow). This allows the experimenter to 

achieve the desired flow by adjusting valve 1 and valve 2 before allowing any slurry to enter the 

thin channel. Once the desired flow rate is 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, the 3-way valve is closed, and slurry is 

diverted back to the pump through tubing 3 at the end of the experiment. The samples from the 

riffles are collected as previously stated for further analysis. 

 

An overview of experimental setup 2 is shown in Figure 3.3. 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 mixing tank is opened to allow the mixture 

to enter Seproôs C15 peristaltic pump from which the slurry is pumped back into the mixing tank 

via a 3-way valve until the system reaches equilibrium. Then, the slurry is diverted to the thin 

channel via a 3-way valve, representing the start of the experiment. After 5 seconds, the 3-way 

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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Figure 3.2: Experimental setup 1 

 

 

Figure 3.3: Experimental setup 2 
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3.1.2 Thin Channel Segment  

The thin channel portion of the experimental setup consists of 2 parts: the sluice with a flat segment 

followed by a riffled segment, and the stand to adjust the inclination angle (Figure 3.4).  

 

Figure 3.4: Isometric view of the thin channel segment 

 

The sluice is attached to the stand using a threaded rod that is nested within two mounted ball 

bearings that are secured on railings attached to the base of the stand using locking pivots. The 

locking pivots allow fine-tuning of the roll, pitch, yaw, and inclination angle of the thin channel. 

By sliding the ball bearings along the vertical aluminum extrusion rails, the thin channelôs 

inclination angle is adjusted. The base of the stand is secured to a workbench using C-clamps. 

 

The thin channel segment is 120.65 cm long, 2.54 cm wide, and 15.24 cm tall (Figure 3.5). The 

walls of the channel are made of transparent acrylic sheets for monitoring particle behaviour and 

fluid flow. The first section of the thin channel allows the slurry flow to fully develop before 

entering the second section, as elaborated further in Section 3.2.1. The second section consists of 

three riffles named R1, R2, and R3. One of the side panels in the second section of the channel is 

removable, thus allowing different riffle designs to be tested. The aluminum base in the second 

section has a 3.05 cm deep 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 smoothly (Figure 3.5). The distance 
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from the inlet of the thin channel to the first riffle is 62.86 cm with the center-to-center gap between 

each riffle  being 15 cm.  

 

Figure 3.5: Front view of the thin 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 consistently as possible, so each riffle design 

experiences similar flow behavior. To achieve this, the length of the flow developing zone (,  

shown in Figure 3.5) has been designed based on the correlation between Reynolds number (Re) 

and Froude number (F) that was developed by Kirkgºz and Ardi­lioĵlu [86] and is given as 

,

$
  χφ  πȢπππρ 

2Å

&
 (12) 

where ,  is length of the flow developing zone and $  is the depth of the flow. The calculated 

value of the flow developing zone is 53.10 cm for a slurry velocity of 24 L/min. The actual length 

of the flow developing zone is 55.88 cm in the experimental setup to account for any margin of 

error and to allow testing using a wider range of flow velocities. The average height of the liquid 

film is 7 mm and with an average height fluctuation of ± 1 mm. The calculation is provided in 

detail in Appendix A   

 

3.2.2 Inclination Angle 

The inclination angle (‎) is a critical parameter investigated in this study as it plays a significant 

role in segregation of bidensity particle laden flows [65]. To better understand the impact of 

(, ) 
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segregation at various slopes, inclination angles of 9o, 12o, and 15o on heavy particle recovery are 

analyzed for various riffle designs and flow rates. These angles are selected based on the current 

bowl geometry of conventional enhanced gravity 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 variable-frequency 

drive (VFD) of the pump. For experimental 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, respectively. These flows were 

in turbulence regime (A.1). For experimental setup 2, an average volumetric flow rate of 8 L/min 

was achieved at 60 Hz on the VFD for the C15 peristaltic pump. This 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 enhanced gravity separation units. 

 

3.3 Material and Slurry  Properties 

The slurry mixture constituents are water, glass beads, and steel shots; steel shots with density of 

7800 kg/m3 are used as heavy particle and glass beads with density of 2600 kg/m3 as light particle. 

These material substitutions are selected due to their uniform shape, size, and 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 fraction), and water is prepared in the respective mixing tanks for 

experimental setups 1 and 2. As shown in equation (13), the CC of the mixture is 4.25, hence 

gravity separation is easily possible as described in Section 2.1. 

ὅὅ  
χψππρπππ

ςφππρπππ
  τȢςυ (13) 

The particle size distribution of glass beads is shown in Table 3.1 and their morphology is shown 

in Figure 3.6. The particle size distribution of steel shots is shown in Table 3.2 and their 

morphology is shown in Figure 3.7. The overall particle size range for the solids used in this study 

goes between 212 µm and 300 µm (narrow distribution). The particle size distribution curve of 

both glass beads and steel shots are shown in Graph 3.1. 
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Table 3.1: Particle size distribution ï glass beads 

{ƛŜǾŜ hǇŜƴƛƴƎ 
ό˃Ƴύ 

aŀǘŜǊƛŀƭ wŜǘŀƛƴŜŘ        
όƎύ 

/ǳƳǳƭŀǘƛǾŜ aŀǎǎ 
wŜǘŀƛƴŜŘ όƎύ 

tŜǊŎŜƴǘŀƎŜ tŀǎǎƛƴƎ 
ό҈ύ 

слл л л млл 

пнр н н ффΦу 

олл у мл фф 

нмн уоу упу мрΦн 

мрл мон фул н 

млс мф ффф лΦм 

тр м мллл л 

 

 

  

Figure 3.6: Morphology of glass beads 

 

Table 3.2: Particle size distribution ï steel shots 

{ƛŜǾŜ hǇŜƴƛƴƎ 
ό˃Ƴύ 

aŀǘŜǊƛŀƭ wŜǘŀƛƴŜŘ        
όƎύ 

/ǳƳǳƭŀǘƛǾŜ aŀǎǎ 
wŜǘŀƛƴŜŘ όƎύ 

tŜǊŎŜƴǘŀƎŜ tŀǎǎƛƴƎ 
ό҈ύ 

слл л л млл 

пнр отф отф снΦм 

олл рфо фтн нΦу 

нмн ну мллл л 
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Figure 3.7: Morphology of steel shots 

 

 

Graph 3.1: Particle size distribution curve of glass beads and steel shots 

 

When preparing the mixture for setup 1, 15 kg of water is added to the tank and the centrifugal 

pump is turned on. Next, 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 water is added to the mixing tank. The stirrer 

and pump are turned on. Then 2.5 kg of solids consisting of 2.375 kg of glass beads and 0.125 kg 

of steel shots are added to the mixing tank. 
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3.4 Riffle Designs 

The riffles are 3D printed using an Ultimaker S5 with tough black polylactic acid (PLA). Various 

riffle designs were considered, and the following nine designs were extensively tested. Each design 

was developed consecutively based on experimental observations of riffle design V1ôs 

performance and bidensity particle laden flow behaviour. The geometry of the riffle section block 

is illustrated in Figure 3.8 and all riffle contours under consideration is depicted in Figure 3.9. All 

riffles are designed with a volume of 17.37 cm3 as described in Table 3.3. 

 

Figure 3.8: Riffle section block of the thin channel segment 

 

As illustrated in Figure 3.9, design V1 is a semi-elliptical shaped riffle, based on simple geometry 

and used as a baseline for the heavy particle recovery. Riffle design V1.1 is a derivative of design 

V1. The elliptical shape from design 1 is rotated 30o clockwise from its center line. Comparable 

to design V1.1, the elliptical shape from design 1.2 is rotated 30o counterclockwise from its center 

line to form this shape. Design 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 derived from the combined geometric features of designs V1 and 

V2. The riffle is more circular shaped than design V2. Design V4 was developed to smooth out 

the corners of design V3ôs octagonal shape. It is analogous to design V1, but the entry and exit 

points of the riffle are curved into the center of the riffle. Design V5 is based on the current riffle 

design used in the Falcon gravity separator, as shown in Figure 3.10. This is a trapezoidal shape 

with the opening wider than the base and smoothed edges inside the riffle. 
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V1 V1.1 V1.2 

   

V2 V3 V4 

   
V5 V6 V7 

Figure 3.9: Riffle designs contours. Refer Appendix C  for more details. 

Table 3.3: Riffle design parameters 

Design 
Riffle volume 

(cm3) 

Central depth 

(mm) 

Riffle opening width 

(mm) 

Area of opening 

(mm2) 

V1 

17.37 

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 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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Figure 3.10: Riffles on the Falcon enhanced gravity separator. Reprinted from [16]. 

 

Riffle design V6 is derived from design V5 and incorporates attributes of all the previous designs. 

This design gauges the performance of design V5 when a restriction is implemented on the exit 

edge of the riffle. Design V7 is a byproduct of design V1 with a lip at the exit edge of the riffle. 

 

3.5 Design of Experiments  

A full factorial design of experiments (DOE) provides an in-depth analysis of all 3 factors (riffle 

design, flow rate, and inclination angle) under investigation. These responses are analyzed to 

assess each key effect and interaction effect of these manipulated variables.  

Table 3.4: Design of experiments for experimental setup 1 

Number of flow rates considered 3 

Number of riffle designs considered 9 

Number of inclination angles considered 3 

Total number of trial cases 81 










































































































































