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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• labeled coal NGM particle trajectory in 
4in operating DMC imaged using PEPT 

• resolve axial variability of two-vortex 
model at cyclone boundary transition 

• locus of zero vertical velocity captured 
• quantified turbulence distribution of 

NGM particle trajectories 
• demonstrate axial velocity model fit  
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A B S T R A C T   

Dense media cyclones are an integral part of circuits employed for coal processing, iron ore beneficiation, and 
recovery of diamonds. Many techniques have been applied in studying the separation performance of these 
devices including the use of different density tracers to develop density partition curves. This study focusses on 
tracking of near-gravity material radioactive tracers using the positron emission particle tracking technology. 
This near-gravity phase of coal has long been thought to cause separation inefficiencies which makes coal 
processing difficult. In this work, a slurry containing magnetite-based dense medium, and coal is pumped 
through a 100 mm Multotec cyclone. By means of the PEPT camera – apparatus with spatial and temporal 
resolutions of 1 mm and 1 ms respectively – and direct-adsorption-activated coal tracer particles within the 
medium, particle trajectories are recorded in space and time. The free vortex region is captured and shown to fit 
the Rankine vortex behaviour with n = 0.60 ± 0.08 overall for the free vortex power law decay. A logarithmic 
axial velocity model which captures the observed radial gradient around the locus of zero axial velocity is 
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proposed. Radial profiles of turbulence intensity for the near gravitational material as captured by PEPT are 
presented.   

1. Introduction 

Cyclones have been used in the mining industry for the separation of 
different classes of particles according to size, density, and shape. They 
are commonly used in the minerals processing industry to control the 
classes of particles that can exit the comminution circuits and report to 
the recovery process downstream. They are preferred in the minerals 
industry because they can handle high capacities, can tolerate a wide 
range of operating conditions, and can be installed on a relatively small 
footprint. A feed mixture containing particles of different size and 
density classes is introduced in the cyclone separator at high pressure 
into an axially symmetric vessel resulting in high tangential velocities of 
the particles, or swirling flow that leads to separation of particles based 
on inertia and viscous forces. High inertia particles which comprise 
larger and heavier particles move towards the wall of the cyclone body 
while low inertia particles consisting of smaller and lighter particles 
orbit at smaller radii near the center of the vessel under the influence of 
viscous forces. The larger and heavier particles orbiting at large radii 
near the wall experience momentum loss through friction with the 
cyclone wall and gradually move axially towards the spigot orifice and 
exit as underflow stream. Many common designs, such as for instance 
hydrocyclones, dense medium cyclones, thickening cyclones, and liquid- 
liquid cyclones, have a conical section that narrows towards the spigot 
and the underflow stream crowds out the available space at the spigot, 
where a flow reversal forms into a forced vortex. Smaller and lower 
density particles that are oriented closer to the forced vortex in the 
cyclone body and are carried by the upward-moving swirling flow to-
wards the overflow discharge [1,2]. For a set up that has the overflow 
and underflow discharge orifices open to the atmosphere, a central 
vortex air column spanning from underflow to overflow exit orifices 
forms. 

Dense media cyclones (DMC) are widely used in coal preparation, 
and are also used as the primary concentration step in the recovery of 
diamonds, iron ore concentration, pre-concentration of base metals, and 
some industrial minerals [3]. DMC uses centrifugal sedimentation to 
separate particles based on density difference with respect to the dense 
media. It provides very efficient separation compared to other gravity 
processing methods, especially when the near gravity material is above 
10% [4,5]. The medium that is added allows the DMC to achieve sep-
aration at desired density cut-points. 

In coal washeries, coal particles mixed with magnetite slurry in the 
volume ratio (medium to coal) of 4:1 is injected tangentially into the 
cyclone. Like hydrocyclones, in DMC due to the centrifugal force, 
heavier/high-density ash particles are transported towards the wall and 
are discharged through the underflow by a primary free vortex motion. 
Lighter/low-density coal particles remain in the liquid near the center 
and are discharged through the overflow stream following a forced 
vortex motion. As both outlets are open to atmospheric launders/ducts, 
a low-pressure region is created at the center, generating the air-core. 
The presence of different sizes and densities of magnetite and coal 
particles along with water and the air-core in a highly turbulent Rankine 
vortex makes the DMC flow very complex. 

There have been many investigations to understand the physics of 
the swirling flow and particle dynamics through the assessment of 
particle separation by experimental techniques, by both theoretical and 
semi-empirical approaches. In due course, regression models based on 
data collected from the pilot and plant-scale DMCs became more suc-
cessful in predicting process performance for process design and opti-
mization. Notable contributions on mathematical models for coal 
partitioning [6] and for coal and mineral separations [7] are noted here. 

While the shape and construction of cyclones is relatively simple, the 

internal features of the fluid flow are more complex. Most evaluations of 
cyclone performance are more broadly empirical and leave room for 
advancement of theoretical models, based on fundamental measurement 
of particles inside the system. This form of modelling is desirable, as an 
inquiry based on an exclusively empirical approach is limited in its ca-
pacity for optimization and innovation. A reason for such a lag in 
fundamental theoretical description may be the limited measurement 
tools available for the characterisation of the flow fields within such 
systems. With ever more research covering the fields of particle tracking 
as it pertains to systems like a hydrocyclone, such as particle image 
velocimetry (PIV) [8], laser Doppler anemometry (LDA) [9,10] more 
sophisticated models have become achievable. The alternate tracking 
technique called positron emission particle tracking (PEPT) promises an 
improved technique for in-situ high precision trajectory tracking within 
an opaque slurry system. The formerly mentioned techniques represent 
Eulerian time-averaged velocity flow fields, while the PEPT approach 
can also yield Lagrangian type data of individual particle trajectories 
and their behaviour at a different timescale within the flow. This aspect 
makes PEPT a desirable tool in the study of the generalised cyclone 
system and has been used in several projects related to minerals pro-
cessing applications that range from mixing vessels [11] [12] and flui-
dised beds [13] to tumbling mills [14] [15] and floatation cells [16,17]. 
Hydrocyclones have also been successfully imaged using PEPT [18–20]. 

Limited studies are available on the flow field [21] and medium 
segregation [22,23] measurements inside the DMC using experimental 
techniques such as gamma ray tomography (GRT), X-ray tomography 
and sampling probe used for mapping the particle density/concentration 
inside the DMC. Usage of empirical [24,25] and analytical modelling 
approaches [26,27] are limited for predicting the performance charac-
teristics in DMC because of their inherent assumptions. But precise 
experimental measurements of particle & fluid velocity and air-core are 
difficult and very sparse literature is available as of today. The compu-
tational techniques, such as computational fluid dynamics (CFD) based 
on continuum mechanics principles and control volume methods for 
turbulence and multiphase flow predictions are evolved as a matured 
technology after the decades of dedicated and continuous research [28]. 

Early 2D computational models [29,30] required imposing a fixed 
air-core size to model shear-based wear rates at the vortex finder. 3D 
multiphase simulations [31] extended this modelling approach with a 
single average particle size representing the magnetite phase dispersed 
in water in a 350 mm DMC with the standard mixture model [32] 
available in ANSYS's Fluent, computing the air core by means of a 
mixture model treating air as an additional dispersed phase unlike the 
fixed air-core size approach. 

Subsequent improvements to CFD modelling [33] incorporated 
particle size distribution, slip velocity in the mixture model modified 
with shear lift forces, and slurry rheology modeled by [34] using a 
Newtonian viscosity relation into the flow medium. Furthermore, the 
effect of magnetite particle size distribution on the flow behaviour was 
studied and it was observed that fine particles were distributed 
throughout the cyclone while coarse particles clustered densely near the 
wall. [35] studied the flow characteristics in a 350 mm DMC using a 
mixture multiphase model modified with a viscosity correction factor 
and DPM for coal particle tracking. 

The particle scale modelling approach using discrete element 
modelling (DEM) of particles and coupling it with CFD model of the 
carrier fluid flow has also been attempted [36]. Several key operating 
parameters such as the effect of particle density [37], solid loading [38], 
fluctuations in mass flowrate [39] have been studied using the coupled 
CFD-DEM model. The major drawback that has limited this more 
fundamental modelling approach is the computational requirement 
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Fig. 1. (a): Schematic of cyclone body. Fig. 1 (b): Diagram of flow circuit to operate the dense medium cyclone within the PEPT camera field of view as depicted 
from above. 

Fig. 2. Images showing the laboratory and test rig used to track particles inside a dense medium cyclone and illustrating the orientation of the cyclone within 
the detector. 
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associated with tracking each particle in the dense particulate flow 
system. The above-listed studies have used DEM only to model coarser 
coal particles of the size range (0.5–5 mm), while micron-scale particle 
tracking remains computationally intractable. Another important factor 
determining computational requirements is the choice of turbulence 
models. [40] discussed the applicability of Reynolds stress model (RSM) 
for large scale cyclones where turbulence levels are small. Recently, a 3D 
GPU algebraic slip mixture (ASM) model coupled with large eddy sim-
ulations (LES) were developed [41] for modelling the medium segre-
gation of DMC and found that with parallel GPU computation one could 
achieve around 13 times simulation speed-up for the multiphase case as 
compared to the CPU computation. 

The novelty of this investigation lies in the specific study of near- 
gravity material (NGM) as it traverses a DMC treating fine coal in a 
magnetite medium and the information that can be extracted from the 
trajectories tracked using the PEPT technique. [19] [20]. The common 
definition of material as NGM is that fraction of coal present within the 
separation medium that falls within a density range of ±0.1 of the 
separation density of the DMC [42], although for coal with much higher 
concentrations of ash, motivation for a narrower range exists [43]. 
While bulk behaviour of such particles has been previously known, in-
formation from individual trajectories moving through the cyclone body 
has been largely unknown. It is hypothesised that this NGM is an 
important driver of the frequently observed misplacement of feed 
components to the wrong product stream of the DMC [44], making some 
coal particles much more difficult to refine to a viable state. Further-
more, simulations that model such complex multicomponent systems 
and their dynamics rely on CFD, which offers yet more bulk descriptions 
of behaviour and requires verification. This work aims to propose a non- 
invasive method for studying the particles with density approximately 
that of the separation density of the DMC. The effect this NGM has on 
flow fields and the resulting turbulence is unknown and more such 
studies are required to quantify and evaluate their impact. 

2. Cyclone configuration, charge specification, PEPT 

2.1. DMC flow circuit 

The dimensions of the DMC under investigation are shown in Fig. 1 
(a) and the schematic of the experimental setup is depicted in Fig. 1(b). 
The DMC was placed within the Siemens EXACT3D scanner to image the 
tracer activity in a section of the cyclone body that was within the field 
of view of the scanner. The cyclone was positioned in such a way that the 
transition of the tracer from the cylindrical body to the conical section 
was captured. Further details of the cyclone body include the diameter 
of Dc=100 mm giving inner radial size of Rc= 50 mm, inlet diameter of 
65 mm, vortex finder diameter of 42 mm, and spigot diameter of 28 mm. 
These dimensions were chosen to achieve an optimum flow split for the 
dense medium and sufficient density difference in the outflow stream 
indicating medium stability at 9 Dc inlet head [6]. The cyclone was 
suspended across the field of view of the scanner at an angle of 70

◦

raised 
from vertical. A conical sump of diameter 1 m and maximum operational 
volume of 150 L received the underflow and overflow streams from the 
cyclone product streams as well as the bypass circuit. The sump contents 
were kept in suspension by an agitator and baffles within the sump 
ensured good mixing and minimal cavitation at the sump exit stream. 
The whole system was driven by a pump run at 90–93% of its maximum 
driving frequency to maintain the required operating pressure in the 
range of 20 to 25 kPa. (See Fig. 2.) 

Three variations of dense medium were prepared, composed of 

mixtures of magnetite (Fe3O4, − 45μm, and specific gravity of 4.8 g/cm3) 
in water to achieve feed densities of 1.4, 1.5 and 1.6 g/cm3, respectively. 
To this medium, coal was added at the proportion of at least 4.5 to 1 
medium to coal ratio by volume. The coal contained an ash content of 
33.9 ± 0.7%. Density distribution of the coal is shown in Table 1. All 
coal particles larger than 6.3 mm were discarded and of the remaining 
material, 25% were smaller than 1 mm, 43% between 1 mm and 3.35 
mm and 32% between 3.35 mm and 6.3 mm. 

Each batch of dense medium (magnetite slurry) and coal mixture was 
utilised over 2 days of PEPT data acquisition, resulting in approximately 
6 h of operation/processing time per batch of slurry. The coal phase of 
these slurries was observed to have changed noticeably after this time 
and a new slurry was then prepared. The mandatory decontamination 
protocol of samples containing nuclear material contaminants made 
testing of these degraded slurries unfeasible at the time. 

Samples of the over- and underflow streams were taken before the 
coal phase was added to the medium. One additional stream sampling 
was performed before the radiolabeled tracer was injected into the 
sump, after which no further samples were collected during the tracer's 
active period to ensure the safety of the laboratory team by reducing 
physical contact with potentially contaminated samples. Once the tracer 
was added to the medium, no further adjustments to the slurry or pump 
driving frequency were made. 

2.2. PEPT technique 

The technique of PEPT is well established as a non-invasive deter-
mination of the location in 3D space and time of one or more radio- 
labeled tracers [45]. The radioactive component applied to the trace-
able particle generates positrons, the positively charged electron anti- 
particles, because of the nuclear decay of the unstable element. These 
positrons annihilate with electrons present in the surrounding matter 
very soon after coming into existence and this produces two gamma rays 
containing the mass energy of the two massive particles. Thus, each 
gamma ray (or photon) carries away 511 keV in near co-linear opposing 
directions from the point of annihilation. An event is logged by the 
system of electronics when these photons deposit their energies in de-
tectors at opposite ends of the detecting structure (in this case a ring 
formation) within the window of simultaneity. The two detectors 
involved in such a triggered event form the line of response (LoR) that is 
captured by the acquisition system. A trajectory is built from a time 
series of intersecting LoRs and consequently velocity and higher order 
derivatives can be extracted from the data. The tracking data were ac-
quired through the Siemens ECAT HR++ EXACT3D tomographic scan-
ner in operation at the PEPT facility at iThemba LABS, in Cape Town, 
South Africa. This tomograph features a ring geometry of 48 bismuth 
germanium oxide detectors, providing a cylindrical field of view of 234 
mm axial dimension and approximately 250 mm of radial dimension. 
The nature of the acquisition hardware attached to the detector allows a 
time resolution of 10− 3 seconds in the received data and spatial reso-
lution of 1 mm, depending on activity of the tracer and attenuating 
environment. Location markers were used to locate the boundary of the 
cyclone body and used as reference when the collected PEPT data was 
analysed. These location markers were radioactive sources affixed to the 
exterior of the cyclone body and located using the PEPT detector. Thus, 
the orientation of the cyclone body within the field of view was 
determined. 

Among the various tracking techniques for flow problems, PEPT has 
many beneficial aspects to exploit in experimental investigations into 
fluid and granular flow behaviour. The non-invasive nature as well as 

Table 1 
Density distribution of bituminous coal used in dense medium cyclone PEPT experiments.  

Coal Density (g/cm3) 1,30 1,35 1,40 1,45 1,50 1,55 1,60 1,65 1,70 1,75 1,80 1,85 

Cumulative Distribution (%) 0,0 3,7 8,2 16,3 25,2 34,8 44,1 50,6 56,8 61,6 69,3 100  
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reasonably high precision tracking makes it particularly useful in 
investigating fluid flow within industrial apparatuses such as industrial 
cyclones. Such Lagrangian investigations remain pivotal in under-
standing local behaviour of flow that has complex composition and 
demonstrates non-linear features. From multiple individual trajectories 
observed within the fluid flow, long term time-averaged features can be 
obtained. 

2.2.1. Representative tracer production 
Tracers produced to represent NGM coal particles within a dense 

medium separation were used in these tracking experiments. The pro-
duction process consists of adsorption of 68Ga onto carefully selected 
coal particles within the size classes of interest and coated with a pro-
tective cyanoacrylate shell to avoid tracer breakage and minimise 
radioactive leaching and contamination of the medium or lab apparatus. 
This coating approach was favoured over an uncoated tracking particle 
for the two main reasons of lab safety and quality of tracking data, to 
maximise physical integrity of the tracer particle. Minimising the chance 
of tracer degradation is important because it would lead to reduced 
exposure risk and contamination of the fluid medium which would add 
to the detected noise within the system. The porous nature of the coal 
made the acceptance of radiolabeling, even for small particle sizes, 
feasible for long duration tracking relative to the λ1 /

2 = 68 min half-life of 
the gallium isotope. The radiation intensity levels of the tracers were 
sufficient that acceptable levels of activity for tracking remained 2–3 h 
after tracer generation, as tracer intensity was as high as 2970 μCi, with 
a mean of 1680 ± 440 μCi. 

The determination of the density of the tracer particle presented its 
own challenges as a standard sink/float analysis would contaminate an 
untreated coal particle and render it unusable. As such only coated 
particles were used. At the time, a pycnometer was not available for 
density determination but will be considered in future experiments. The 
coating process furthermore introduced both an advantage of increased 
sphericity of the tracer particle aiding in resistance to breakage as well 
as an unavoidable variability in the size and density of the tracer. When 
necessary to achieve relatively high densities, the coating was doped 
with dense metal shavings, although this also introduced an increase in 
tracer size. Separate studies are currently being undertaken aimed at 
finding ways to circumvent these challenges. Table 2 documents the 
range of tracer sizes and densities as well as medium densities used 
throughout the experiments. 

3. Modelling of tangential and axial velocity 

The behaviour of fluid within the cyclone is dominated by the 
tangential velocity component and this shows its largest feature in the 
radial distribution. For the sake of reference, we shall define the over-

flow end of the cyclone as “up” and the underflow end as “down”. A 
short synopsis of the prevailing understanding is that the type of vortex 
seen inside a cyclone breaks down into two radial regions in the ideal-
ised case: a central upward moving forced vortex that has increasing 
tangential velocity with radius which is comparable to solid body 
rotation; and a free vortex in the outer radial region that has a 
decreasing tangential velocity towards the inner cyclone wall headed to 
the underflow. The central upward moving vortex behaves like a solid 
body rotation, with a linear increase in tangential velocity with 
increasing radius, described as a “forced” vortex. At the transition point, 
observed in the PEPT data around the vortex finder radius, the vortex 
becomes a “free” vortex and follows a power law decay towards the 
cyclone boundary wall [46]. This relationship can be generalised into 
the mathematical form of vθ = C

rn, where the tangential velocity drops off 
with radius r and power parameter n, for some constant C, based on the 
Alexander model [47]. This environment of large tangential velocity 
requires larger forces to curve the trajectory of heavier particles, and this 
leads to the region near the cyclone wall to be crowded out by the 
particle species with large inertial mass. This forces particles with lower 
inertia to orbit (on average) at smaller radii. When these orbits are 
squeezed by the constricting geometry of the cyclone's conical shape 
extending from the cylindrical part towards the spigot end, the outcome 
is that the high inertia particles occupy all the space available to exit at 
the spigot and the low inertia particles are forced into the upwards 
moving fluid stream towards the vortex finder exit of the cyclone and 
become the overflow stream. 

Based on the calibration experiment of the water-only medium re-
ported as case D1 in this study, the appearance of the bivariate distri-
bution of vz along the radius r shows a consistent feature. The function at 
the air core (Rs) starts out positive (pointing towards the overflow) and 
decreases passing through zero and approaches a constant negative 
value towards the cyclone wall. It seems appropriate to model this 
feature as a logistic function that blends the opposing axial flow features 
of the form: 

vz(r) =
a

1 + exp( − b(r − r0) )
+ c. (1) 

Here a represents the height of the logistic function, which corre-
sponds to the axial velocity differential between inner and outer vortex 
vz(Rs) − vz(Rc) and b the steepness of the transition. r0 represents the 
inflection point of the sigmoid. c represents the axial velocity at the 
cyclone wall, vz(Rc). Thus a is proportional to c with an offset equal to 
the axial velocity at the spigot radius Rs, such that− a = c + δ. 

In the model proposed in Eq. 1, a, b, c, and r0 are functions of z. By 
definition, a * c < 0, where we choose c < 0. Examining the model at the 
radius of zero vertical velocity gives 

vz(rzvv) =
a

1 + exp( − b(rZVV − r0) )
+ c = 0. (2) 

Rearranging Eq. 2 for the radius of zero vertical velocity gives 

⇒rZVV = r0 −
1
b

log
(
|a + |c| |

c

)

= r0 −
1
b
log

(δ
c

)
= r0 −

1
b

log
(

vz(Rs)

vz(Rc)

)

. (3) 

This model is applied to the experimental data in section 5 where the 
results are detailed. 

4. Summary of computational methods 

The raw data acquired from the PEPT system were processed in the 
following order. Firstly, the raw data were triangulated using a sliding 
window algorithm which, akin to a kernel regression method, de-
termines the region of origin of the gamma ray signal by triangulating 
multiple lines of response occurring within a range of time intervals 
determined by the width of the sampling window, and their coincidence 
is determined to be the location of the tracer particle in three- 
dimensional space. This sampling window then moves along the 

Table 2 
List of properties of tracers and dense mediums produced and tracked in PEPT 
experiments of the dense medium cyclone operation.  

Tracer 
ID 

Tracer 
density 

Tracer 
dimension 

Density of 
medium 

Initial Tracer 
activity 

(g/cm3) (mm) (g/cm3) (μCi) 

D1 1,37 2,2 1,00 1600 
D22 1,47 2,1 1,44 1800 
D3 1,72 2,0 1,45 1600 
D41 1,67 2,2 1,63 1600 
D42 1,57 2,2 1,62 1670 
D51 1,52 0,8 1,52 1580 
D52 1,52 1,6 1,52 1600 
D6 1,63 0,7 1,49 1320 
D71 1,53 2,8 1,49 2150 
D91 1,70 0,8 1,57 1360 
D10 1,43 1,0 1,39 1210 
D11 1,53 1,2 1,39 1420 
D12 1,53 2,2 1,39 2970  
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timeline of acquired LoRs in an overlapping fashion to build a set of 
trajectory points. This overlapping sampling ensures that the triangu-
lation of the signal is performed with a large enough data set to reduce 
noise within the system by making large outliers less significant, thereby 
generating smoother trajectories, and improving the determination of 
derivatives such as velocity and its variance. This is important for a PEPT 
experiment involving a tracer within the high noise environment of a 
cyclone as it trades a small increase in the error inherent in the tracer's 
location with lower variation in the higher order derivatives. Alongside 
the traditional triangulation method as detailed in [45] these processing 
algorithms will generate data of both high accuracy location as well as 
reduced noise to make determinations about separation mechanisms 
based on velocity and turbulence estimates. This feature of the sliding 
window approach will be used when referring to velocity data. 

The optimisation of the triangulation method involves the tuning of 
two parameters fopt and Nlines which set the minimum fraction of retained 
lines of response and the total number of lines of response to process 
within a given time frame, as set out in [45]. Once a set of trajectory 
coordinates are determined through triangulation for a range of the 
parameters fopt and Nlines, these are processed to find the set with lowest 
RMS error in location, yielding the optimised data set. 

This set of locations is then filtered to exclude outliers of un- 
physically large velocity values by searching for outlier time gaps 
within the data series. A Butterworth low-pass filter of 2nd order is 
applied to the trajectory data to filter out higher order frequencies, with 
a normalised cut-off frequency of 1.57 × 10− 2, determined such that the 
filtered and phase-corrected trajectory data does not deviate from the 
triangulated trajectory data by more than the error that results from the 
triangulation scheme of PEPT and minimise the variance of the trajec-
tory turbulence intensities. The RMS errors relative to the raw trajectory 

data and spectrum of turbulence excluded by this approach are detailed 
in Fig. 3 alongside. The control case of D1, the tracer in water-only 
medium, was used to determine this Butterworth cut-off frequency, 
thereby calibrating the turbulence intensity (coefficient of variation of 
velocity) for the dense medium tracer experiments. Subsequently the 
trajectory data are interpolated using the Savitzky-Golay 2nd order 
polynomials with sampling window of 5 locations) which have been 
shown to give best fit while preserving the shape of the trajectory [20] 
and from which derivatives are estimated. 

Bivariate distributions are sampled with a similar “sliding window” 
technique using kernel regression with a default localness parameter. 
This parameter determines the size of the window relative to the range 
of the sampling variable. For instance, a localness of l = 3 results in a 
sampling width fraction of Kw (l = 3) = 2l− 7 = 2− 4 = 1/16 times the 
width of the entire range of data. For instance, when a radial quantity is 
sampled between r= 0 and Rcyc=0.05 m, 25 bins with a localness of 3 (to 
represent the best-case spatial resolution of the Siemens EXACT3D), 
leads to a set of sampling bins with overlap of 50% in adjacent bins 
compared to a localness of 1.356 which has no overlap with no gaps in 
sampling (standard histogram sampling). This optimised localness en-
ables reasonable suppression of local noise within the data by sampling 
from sufficient data points and allows resolution of the underlying dis-
tribution of kinematic flow quantities without aggressively smoothing 
the data to an extent where some key features of the data are masked. 

For the axial-radial distribution visualisation in a cylindrical coor-
dinate system, the full three-dimensional data set is divided into two 
equal angular regions (half-cylinders) and each two-dimensional rect-
angle on a distribution map represents the data sampled from a semi- 
toroidal shaped volume, thus mapping the full space onto a two- 
dimensional plane [48] and giving a representation as shown in 

Fig. 3. Cut-off frequency response of turbulence intensity (blue curve) and error deviation of filtered tajectorys (orange curve), for the water-only medium tracking 
experiment. The mean squared error of the filtered trajectory was determined to be appropriate, if it fell below the triangulation error range (orange dashed lines), 
giving a normalised cut-off frequency of 2.5 × 10− 2. 
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Figs. 4(a) and (b) in the next section. This implies volumes of the outer 
voxels need to be adjusted accordingly when densities are considered. 

The estimation for the turbulence intensity [49], defined as the co-
efficient of variation, i.e., ratio of root-mean-square velocity and the 
time averaged mean velocity - is made using a normal distribution linear 
regression fit to the velocity distribution, from which mean, and varia-
tion are determined for the tracer NGM particles in a DMC. 

5. Results 

Examples of the tangential, axial, and radial velocity fields vθ, vz, vr as 
well as the turbulence intensity of a neutrally buoyant tracer to show the 
maximal coverage of the cyclone volume within the field of view of the 
PEPT scanner are given in Figs. 4(a), (b), (c), and (d), respectively. The 
tangential velocity map in Fig. 4(a) shows the power law behaviour of 
the outer free vortex as a smooth transition from red to yellow/green 
colour. The axial velocity map in Fig. 4(b) illustrates the locus of zero 
axial velocity rZVV as a white band between the upward moving central 
red zone of the forced vortex and the downward moving blue zone of the 
free vortex. 

The radial velocity map of Fig. 4(c) shows one half of the inner vortex 
prone to ejecting tracers from within the upward moving stream while 
the other half has, on average, radially inward moving particles. This 
suggests a more complex circulation pattern worth further investigation. 

Fig. 4. (a): Tangential velocity vθ (m/s) map for a neutrally buoyant tracer in dense medium, D5_1. Fig. 4(b): Axial velocity vz (m/s) map for a neutrally buoyant 
tracer in dense medium. The effect of gravity on the inner vortex (red shaded region) can be seen on the right. Fig. 4(c): Radial velocity vr map for a neutrally buoyant 
tracer in dense medium. The distribution shows angular regions of clear outward and inward radial motion, jets of expulsion from the inner vortex (red). The 
orientation of these regions changes after the transition to the conical section. Fig. 4(d): Turbulence intensity map for a neutrally buoyant tracer in dense medium. 
The “shadow” of the vortex finder (radius indicated as dashed lines) can be seen on the left as parallel lines of minimal turbulence and on the right as concentric rings 
of dark blue, along the axis of the cyclone, bounding the inner vortex. 

Fig. 5. Distribution of power fitting parameter of tangential velocity of 
free vortex. 
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The map of turbulence intensity, the ratio of velocity fluctuations to 
mean velocity or coefficient of variation of velocity, shown in Fig. 4(d), 
reveals the turbulence “shadow” cast by the vortex finder where the 
turbulent motion is minimal as can be identified by lines of dark blue 
parallel to the central vortex on the left-hand image and concentric 
circles of dark blue on the right-hand image. 

5.1. Radial profiles of axial and tangential velocity 

The Rankine vortex model description of the cyclone system 
mentioned in Section 3 is also observed in this data. The power law 
exponent is calculated to be n = 0.60 ± 0.08 on average for all tracers 
throughout the imaged volume. The distribution of tangential velocity 
decay exponents is shown in Fig. 5. The denser tracers have low 

Fig. 6. (a): Axial velocity as a function of radius, along the axial dimension of the cyclone, showing the locus of zero axial velocity (curve intersections with axes) 
(from data set D12 as shown in Table 2). Fig. 6(b): Tangential velocity profiles vθ versus radius r, along the axial dimension z. The power law decay fits the free vortex 
in the outer radial region well. The forced vortex is also apparent near the central region. On average for all tracers, n = 0.60 ± 0.08 (from data set D12 as shown 
in Table 2). 

Fig. 7. (a): Axial velocity model logistic function fit to PEPT observational data located between the spigot and cyclone radius. Fig. 7(b): relationship between axial 
velocity model function parameters a and c showing proportionality with constant offset. 
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occupancy in the central region and provide little data in verifying the 
forced vortex region. The less dense and neutrally buoyant tracers map 
the region where the linear forced inner vortex is to be expected and thus 
far less information about this region is captured in this study as these 
tracers tended to disintegrate more easily. The power law decay of the 
free vortex tangential velocity along the radial direction is strongly 
indicated with low residual variation in the fit decay curve, as can be 
seen in Fig. 6(b), due to high occupancy in the outer radial region. We 
observe that n seems to trend higher around and beyond the cylinder/ 
cone transition point (z = 0) of the cyclone, although this is not shown to 
be statistically significant on account of the overlap in uncertainty. On 
average for all tracers, ncyl = 0.58 ± 0.05 while ncone = 0.62 ± 0.09. The 
driven vortex region was poorly sampled overall due to the overly dense 
tracers having a higher representation among the successful tracers, and 
thus a study-wide determination of the linearly increasing velocity 
profile is not attempted. This may tell us something about the forces 
present in driven vortex region that act on the tracer making breakage of 
a less dense particle more probable, however this is based on too small a 
sample size to be conclusive. 

The axial velocity profile as a function of radius as acquired with 
PEPT in Fig. 6(a) shows the transition of the upward moving inner 
forced vortex through the locus of zero axial velocity (also termed the 
locus of zero vertical velocity) rZVV to the downward moving outer free 
vortex. This relationship can be modeled as a logistic function, which fit 
the data consistently. The shapes of both axial and tangential velocity 

components in the radial dimension are in broad agreement with other 
tracking studies on cyclonic velocity profiles such as shown in [50]. 

Applying this logistic axial velocity model form to the dense medium 
experimental data yields good agreement with trajectory data as shown 
in Fig. 6(a) and 7(a). Furthermore, the condition of the parameter re-
lations of the parameters a and c show the desired consistency and 
proportionality as seen in Fig. 7(b). 

5.2. Turbulence 

The radial distribution of turbulence intensity (TI) shown in Fig. 8 
shows the general trend of the tracers imaged with PEPT. All tracers 
display the features of turbulence near the cyclone wall, of linearly 
decreasing turbulence intensity when moving closer to the inner vortex. 
Most tracers produced a local minimum of turbulence as observed in 
Fig. 8, typically. The consistent feature among those tracers displaying 
this turbulence minimum, is the location of this zone of coinciding with 
the radius of the vortex finder (dotted line in Fig. 8). When no local 
minimum was present in the turbulence radial profile the trend was 
linearly decreasing from the cyclone wall inwards, until a transition to a 
steeper turbulence slope towards the center of the cyclone. Subtle dif-
ferences arise when comparing tracers of varying density relative to the 
feed density as not all tracers produced this local minimum turbulence 
zone. The overall distribution of inferred turbulence recorded with PEPT 
as shown in Fig. 9, reveals a long-tailed distribution for all coal slurry 

Fig. 8. Radial turbulence profile for a neutral buoyancy tracer along the axial dimension segments of the dense media cyclone (from data set D12 as shown in 
Table 2). Dashed and dotted lines represent the spigot and vortex finder radii respectively. 
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medium experimental cases. The control of water- medium shows a 
turbulence distribution more closely resembling a normal distribution. 

5.3. Underflow reporting probability 

The probability of a tracer reporting to the underflow was deter-
mined from the trajectory data over the course of the total tracking time, 
here referred to as the underflow reporting probability (URP), is a PEPT- 
observed metric determined by counting the underflow exits of the 
tracer as a ratio of total number of field-of-view traversals. This proba-
bility was correlated with the radial distance between the tracer's mean 
radial location rmodal and the radial locus of zero axial velocity rZVV 
(commonly referred to as the locus of zero vertical velocity). The mean 
radial distance between particle and the separation zone rZVV is shown 
for the three varieties of tracer density as well as the control case in 
Fig. 10 and the correlation of this gap with observed ratio of tracers 
reporting to the underflow is shown in Fig. 11. This relationship in-
dicates that a particle's relative proximity to the zone of zero axial ve-
locity influences the probability of it reporting to the underflow, with 
larger separations away from the rZVV and towards the cyclone wall 
having a larger probability of being captured in the underflow stream. 

6. Conclusions 

A particle tracking study of near-gravity activated coal particles 

circulating in a dense medium cyclone system has been presented. 
Various location probability and velocity distributions of tracers of 
varying relative density to the feed and a range of particle sizes in a 
magnetite and coal bearing medium pushed through a dense medium 
cyclone operating at optimum pressure were presented. The locus of 
zero vertical velocity is imaged as a time average. The tangential ve-
locity distribution as a function of radius demonstrated a free vortex 
profile that fits a power law decay trend towards the cyclone wall with 
fitted power parameter of n = 0.60 ± 0.08. A logistic model of the axial 
velocity trend as function of radius around the locus of zero axial ve-
locity, based on observations of the control experiment in water, showed 
good agreement with the PEPT data of the dense medium tests. The 
cyclone separation efficiency was shown to correlate with the tracer's 
modal separation from the locus of zero axial velocity. Turbulence es-
timates of the various tracers were presented, showing the region of 
minimal turbulence intensity and quantifying the majority of the tur-
bulence distribution within the range of 0.05 to 0.20. The radial ve-
locities, although showing high variance proportional to the mean, were 
shown to exhibit consistent and distinct angular features which require 
further study. 

This demonstrates the useful nature of PEPT in imaging opaque 
systems and generating trajectory level and time averaged data for 
statistical analysis of dynamical systems and theoretical and numerical 
model validation for complex systems such as cyclones and particularly 
DMCs. The favourable comparison of the radial profile of turbulence 

Fig. 9. Turbulence distributions for the single particle tracer experiments. While the water-only medium case shows a near normal distribution, the general feature of 
the dense medium cyclone trajectories is a long-tailed distribution of turbulence values, better fitting a lognormal distribution. 
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intensity shows agreement with CFD simulation results lending validity 
to the numerical work capable of investigating further points of 
improvement with turbulence estimation aiding DMC design improve-
ments. Further potential work on this topic would have to include a 
more comprehensive multi-particle tracking application and further 
empirical study of the cyclone separation efficiency in situ, with 
appropriate safety precautions to mitigate contamination risk. 
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