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Abstract 

The Julius Kruttschnitt Mineral Research Centre (JKMRC) has had a long 

involvement in dense medium cyclone (DMC) research. Our work has resulted in the 

development of a number of empirical DMC models. Wood’s model (Wood, 1990) 

has been widely used in the Australian coal industry to predict the performance of 

DMCs using a magnetite medium. Dunglison’s more general purpose DMC model 

(Dunglison, 2000), unlike Wood’s, covers both high density (ferro-silicon) and low 

density (magnetite) operations. Both models have recently been applied at a central 

Queensland coal preparation plant to predict cut point and Ep on-line at 10-second 

intervals.  Comparisons with results available weeks later from a plant audit were 

excellent. Additional instrumentation is being developed which will provide a check 

on the models, allowing operators to have confidence in the performance data 

predicted. 

 

Dunglison’s model may well be the culmination of empirical model development.  

The JKMRC’s focus in recent years has been on the development of computational 

fluid dynamics (CFD) models of DMCs for design optimisation.  It is relatively easy 

to generate detailed data using CFD and present the results in coloured figures.  It is 

much harder to verify that the CFD predictions actually match what is happening 

inside the cyclone.  The JKMRC research has tried to validate the predictions as far as 

possible using a variety of experimental tools, including gamma ray tomography, 

pitot tubes, laser doppler velocimetry, and electrical resistance tomography.  The 

current state of the research is described in this paper. 

 

On-line DMC Simulation 

A number of mathematical models of dense medium cyclones (DMCs) exist. The 

Wood model is widely used in the Australian coal industry (Wood, 1990). It consists 

of nine equations which predict the operating performance of a well maintained 



Dense Medium Cyclone Research at the Julius Kruttschnitt Mineral Research Centre 

 
 

   10th International Dense Medium Symposium, 11-14 May 2008, Kapama Game Reserve, RSA 

  

DMC given the cyclone geometry (including vortex finder and spigot diameters), 

feed pressure, feed medium density and magnetite grind. Predicted coarse coal cut 

point and Ep are extended by simple relationships to all coal sizes, and partition 

numbers are calculated using the Whiten equation, assuming that a symmetrical S-

shaped curve is always appropriate. 

 

More recently Dunglison (2000), also at the JKMRC, has developed a more general 

purpose DMC model. This model synthesises a phenomenological description of 

dense medium cyclones that can predict their performance operating with either low 

or high density media. It applies the turbulent pulp split function of Schubert and 

Neese (1973) to the cyclone in a development of a similar approach earlier advocated 

by Clarkson (1987). The model takes into account cyclone and cyclone outlet 

diameters as well as operating conditions, and, unlike the Wood model includes an 

equation for medium viscosity. Viscosity is much more important in high medium 

density operations than in coal washing. 

 

These models and others like them are generally used off-line by metallurgists and 

cyclone suppliers to carry out ‘what-if’ type simulations, and several steady state 

simulation packages exist incorporating this type of model. Generally the results are 

considered good enough to be used for plant design purposes. However, the use of 

the models for on-line process simulation, taking input data directly from the plant, 

does not appear to have been considered. 

 

Recent work at the JKMRC has involved linking both the Wood and Dunglison DMC 

models to Anglo Coal’s Moranbah North coal preparation plant. The models read 

medium density and DMC feed pressure directly from the plant at 10 second 

intervals and use the data to predict cyclone performance. In essence the models 

were acting as software sensors (soft-sensors), outputting data that is otherwise 

unavailable, such as size-by-size cut point and Ep. If reliable feed washability data is 

available, overall yield and clean coal ash percent can also be predicted. 
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The concept is shown diagrammatically in Figure 1. The Moranbah North plant is 

controlled using a Yokogawa distributed control system (DCS). Plant operating data 

is read from the DCS into the models running on a laptop PC, and updated plant 

performance predictions presented to the operators on the PC screen. 

 

Initially, the Wood model was operated for several days predicting the performance 

on one cyclone in each module. Predictions were shown on the PC screen as trend 

graphs and the data stored offline for later examination. The model predictions 

demonstrated that the Moranbah North plant is a very stable; Figure 2 shows the 

screen display over a 20 minute period (the maximum trend width). The trend shows 

six sub-graphs: the clean coal yield and ash content, the overall partition curve, the 

overall cut point and medium density on one graph, and the underflow and 

overflow medium densities. 

 

 
  

Predictions of yield and ash were based on available washability data, which was 

about six weeks out of date. However, the fact that the longwall was still in the same 

block meant that the data should still be reasonably representative. 
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The predicted partition curves were continually over-drawn on the screen and built 

up only a narrow band over the period shown in Figure 2. Over a longer period the 

plant shows slightly more variation in both cut point and Ep, and the partition curve 

band became broader. An alternative trend display was also included in the software 

to show just cut point and Ep in more detail over the 20 minute screen width (Figure 

3). 

 

 


 

Both models were then run (side by side), for a one hour period and the results 

compared. As would be expected, the predictions were essentially the same; the 

Wood model mean cut point over one hour was 1.741 and the Dunglison mean cut 

point 1.742. Ep comparisons were also similar, there were minor differences in 

underflow medium density predictions, with the Dunglison model consistently 



Dense Medium Cyclone Research at the Julius Kruttschnitt Mineral Research Centre 

 
 

   10th International Dense Medium Symposium, 11-14 May 2008, Kapama Game Reserve, RSA 

  

predicting a lower underflow medium density, and a slightly higher overflow 

medium density. 

 

The models were run during a routine audit of the Moranbah North plant by SGS in 

order to compare predicted and measured DMC performance. The predicted results 

were available immediately, while the audit results became available some six weeks 

later after float-sink analysis of the samples. The predicted cut point and Ep for a one 

hour period covering the sampling were averaged and a partition curve fitted using 

the modified Whiten equation. The partition data from the audit were also fitted to a 

Whiten equation, and the results are compared in Figure 4. The results are the same 

within experimental error, illustrating the value of the on-line model for providing 

timely data. 

 

Predicted and measured yields were also compared. Using six-week old washability 

data, the predicted DMC yield was 91.2 %, compared with the audit value of 92.1 %, 

while the predicted clean coal ash value was 8.0 % compared with the audit value of 

8.6 %. Although there are differences between the predicted and measured yield and 

ash values which would be of considerable significance over a long period of time, 

the other predictions of DMC performance are very satisfactory. 
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This work demonstrated that DMC models can be easily coupled to the plant in 

order to make useful on-line predictions of cyclone and plant performance. The 

models act as a soft-sensor, providing information that is otherwise not immediately 

available. Predictions were made every 10 seconds while the model was on-line, and 

presented to the user in the form of trend graphs, similar to those used to observe 

other process variables using the plant DCS. 

 

The validity of the predictions rests on a number of assumptions. Firstly that the data 

read from the plant is correct – that is feed medium density and DMC feed pressure. 

The medium density signal will generally not be a problem. As a critical process 

variable, most plants will ensure the sensor is correctly maintained and calibrated. 

Pressure signals are more problematic. Once the plant is operating properly, there is 

a tendency for the pressure gauge signal to be ignored; as a result the sensor often 

suffers from lack of maintenance. If this soft-sensor approach is to be adopted, the 

pressure gauge will need to be maintained to the same standard as the density 

gauge. 

 

At present, the predictions also rely crucially on the cyclone being well maintained. 

The shape of the predicted partition curve is constrained to an S-shape by the 

function used. Improper operating conditions, holed bodies, spigots or vortex finders 

cannot be detected by on-line modelling. Further work will be needed to detect 

cyclone malfunctions. 

 

Some other inputs are also needed to maximise the value of the soft-sensor. The feed 

tonnage to the DMCs must be estimated. Few plants measure DMC feed tonnes, as 

opposed to plant or module feed tonnes. As long as ROM size consist is reasonably 

constant, a factor applied to the feed conveyor weightometer signal is adequate. The 

predictions of ash and yield also require knowledge of ROM washability data which 

is not normally available. 

 

The question that remains is how can the information from the model be used to 

improve plant operations? A similar soft sensor for cut point was implemented at 
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BHP’s Port Kembla plant in the early 1990s, using a much simpler model (Ellison et 

al., 1993). It was shown that continuous DMC monitoring gave significant 

operational and financial benefits. 

 

The current models can easily be implemented on either a cyclone-by-cyclone basis 

within a module, or on a module-by-module basis to compare performance and 

detect when significant differences are occurring.  If DMC wear rate as a function of 

tonnes treated is known from experience (or at a later stage by wear measurement), 

the model can demonstrate the effect of wear on DMC performance. The PC screen 

can show current worn performance side by side with as-new performance, enabling 

decisions on maintenance to be made on a sound basis. A comparison between 

predicted and measured underflow and overflow densities provides a quick check of 

cyclone operation. 

 

The cyclone performance soft-sensor described here can be regarded as a first step on 

the path to improved plant monitoring during normal operations. However, the 

difficulty with soft-sensors is the usual computer problem: garbage in equals garbage 

out. It is possible for the on-line DMC model to predict that the cyclone is performing 

well even when it is not. Additional inputs to the model would provide a check on 

the reliability of the predictions. Specifically it would be valuable to monitor DMC 

feed flow rate, and underflow and overflow medium densities. All three are 

predicted by the models, and measurements would provide a useful crosscheck, 

giving confidence in the metallurgical predictions such as cut point and Ep. 

 

Research at the JKMRC has also led to the development of a means for measuring the 

magnetic susceptibility of materials both on and off-line (Holtham and Cavanough, 

2001).  This work has now been exploited commercially, resulting in the production 

of the Magnasat instrument for measuring the susceptibility of materials such as 

ferro-silicon for quality control purposes.   

 

A variation of the instrument has been tested in a coal preparation plant as an 

alternative to a nuclear density gauge (Cavanough et al, 2008).  This instrument will 
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soon also be tested as a medium overflow density sensor, in conjunction with the on-

line DMC model described above, in an ACARP project due to commence shortly. 

The measurement sensor consists of a ceramic probe, 20 mm in diameter and 500 mm 

long, which is inserted into the pipe through an existing sample collection point. 

(Figure 5). The measurement principle involves the use of a highly sensitive 

measurement of magnetic susceptibility. The resulting magnetic susceptibility 

distribution is used to identify the components of the medium and hence allows the 

summation of the mass fractions of these components to give overall density of the 

medium.  Readings are available at 0.25 second intervals and are not affected by pipe 

size or density range. The ceramic probe is wear resistant and has a wall thickness of 

5 mm. After 4 months operation the probe showed no signs of wear. Some results 

from the initial plant testing are shown in Figure 6. 
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Until recently, design of dense medium cyclone has always been an ad hoc process. 

In recent years, manufacturers and researchers have made changes to the basic DSM 

design on a trial-and-error basis (Englebrecht & Bosman, 2002; Rong & Napier-

Munn, 2002a; 2000b).  The work has been driven by intuition and experience, and, 

after numerous trials, has resulted in cyclones that appear to give more efficient 

separations. The way forward is to replace intuition with real understanding of what 

is happening inside the cyclone, and relate that understanding to the cyclone 

geometry. 

 

Dunglison’s DMC model may well have been the culmination of empirical model 

development.  Modelling work at the JKMRC is now focussing on describing in 

detail the mechanism of dense medium cyclones using computational fluid 

dynamics (CFD). CFD modelling of cyclones is still in its infancy and faces 

formidable hurdles, not least of which is the computing power required, current 

models typically take days or even weeks to converge. The ultimate prize will be the 

ability to design cyclones to suit particular applications. 

 

Dense medium cyclones typically operate under conditions in which the flow is 

turbulent. The strong swirl and the flow reversal and flow separation near the 

underflow introduce anisotropy and strain into the turbulence. The presence of the 

air core and the free surface between the air and the water introduces further 

turbulence anisotropy. These characteristics make modelling cyclones using CFD 

extremely difficult, and the addition of solids adds even more complexity. The choice 

of the most suitable turbulence model is critical.  

 

The flow in a dense medium cyclone is multiphase, consisting of a solid phase 

(medium and ore or coal particles) dispersed through a liquid phase (water) together 

with a gas phase (the air core). Hence, at a minimum CFD modelling is a three-phase 

flow problem. Multiphase flows can be solved by a number of CFD techniques. 

These include the full Eulerian Multiphase Approach, simplified Eulerian 

approaches such as the Mixture and Volume of Fluid (VOF) models and the 

Lagrangian approach. A comprehensive review of the flow models adopted for 
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dense medium cyclones has recently been completed by the author and his 

colleagues at the JKMRC (Narasimha et al, 2006).  

 

In the JKMRC’s most recent CFD modelling work, numerical simulations of changes 

in feed medium solids on dense medium cyclone performance were completed using 

a multi-phase mixture model for medium and air-core coupled with Lagrangian 

model for coal particles for a 350 mm DSM cyclone (Narasimha et al, 2007). The grid 

used is shown in Figure 7. The turbulence was resolved using Large Eddy 

Simulation (LES). The mixture model considered the interactions between water and 

solid phases in terms of hindered settling, lift and Bagnold forces at high feed 

medium solid loadings. The medium properties were modified by changing the 

particle size distribution and concentration. Three different medium sizes (ultrafine, 

superfine and fine) were used. The effect of medium stability and rheology on DMC 

performance is related to feed medium size in terms of density differential and 

medium segregation. The simulations predicted low Ep values with finer medium 

which gives high separation efficiency on density. A reduction in cyclone efficiency 

observed for a given feed medium solids distribution at higher feed medium 

concentrations due to an increase in slurry viscosity. 

 

The mixture model was set up with 8 phase transport equations, 7 of the equations 

were for the magnetite medium, with a particle density of 4950 kg m-3 and 7 particle 

sizes which were; 2.4, 7.4, 15.4, 23.8, 32.2, 54.1 and 82.2 m. The seventh phase was 

air. 

 

Figure 8 shows the density profiles predicted at steady flow for a feed RD of 1.465 

and a feed head of 9Dc (equivalent to a volumetric flow rate of 0.0105 m3 s-1) 

together with an experimentally measured density profile for the same feed 
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conditions from Subramanian (2002). Figure 8a shows the density profile for the CFD 

work and Figure 8b shows the gamma ray tomography density profiles.  

 

      

The model was also used to investigate the effect of medium size distribution on 

DMC partitioning performance. Figure 9 compares partition curves for superfine and 

ultrafine magnetite. A smaller Ep is predicted (with a consequent increase in cyclone 

efficiency) for ultrafine medium compared to the superfine medium, which is in 

consistent with the observed behaviour in coal washing dense medium cyclones. 
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It is straightforward, if usually slow, to get extremely detailed predictions from CFD 

models. The predictions, in the form of coloured graphs, vector plots etc, can soon 

overwhelm the user.  It is easy to forget that while the quantity of the output data 

might be high, the quality may be low. It is essential to validate model predictions 

with experimental work.  The use of gamma ray tomography has been alluded to 

above.  This technique, pioneered at the JKMRC, involves scanning an DMC 

(operating with medium only) using a gamma ray source and detector.  

Reconstruction software converts the gamma ray counts (which vary with position in 

the cyclone) into a medium density  (Lyman et al, 2002).  The scanning hardware is 

shown in Figure 10. The cyclone is a 350 mm DSM pattern dense medium cyclone, 

operated with magnetite as the medium.  It is our intention to repeat the work using 

a ferro-silicon medium in future. 

 

Some results are shown in Figure 11 for a magnetite medium with a feed medium 

density of 1.3 and feed pressures of 7, 11 and 15 D. 
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Other tools are also being employed by the JKMRC to validate CFD models. Much of 

our recent work has involved modelling classifying rather than dense medium 

cyclones. However the physics underlying the two is identical, and the results from 

experimental work can be used to guide the development of CFD models for both 

applications. 

 

CFD models provide detailed predictions of fluid velocity within a cyclone, and the 

JKMRC has used an Aeroprobe to make measurements inside a classifying cyclone. 

The Aeroprobe (Figure 12a,b) operates on a similar principle to a Pitot tube, but the 

pressure is measured at 5 different ports on the tip. This enables the probe to resolve 

flow direction as well as velocity magnitude and hence the velocity components of 

the flow can be obtained. Figure 12c shows a view of the 150 mm Krebs DF6 cyclone 

used for the tests. Tapping ports were drilled into the side of the cyclone so that 

measurements could be taken at a number of feed flow rates. 

 

  

  

During measurements the Aeroprobe was physically inserted into the cyclone body 

through the tapping port at each elevation and the tip was oriented so that the axis of 

the probe was horizontal. Due to the size and shape of the probe it was necessary to 

take measurements on the opposite side of the cyclone from the tapping port. The 
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probe was inserted and moved manually and measurements were taken at 5 mm 

intervals. 

 

Local water velocities can also be measured by Laser Doppler Velocimetry (LDV). 

LDV has major advantages because it is non-intrusive, can take measurements over a 

large region of a flow field, and can measure turbulence. The disadvantages of LDV 

are that an optically clear model of the geometry needs to be constructed and the 

work needs to be conducted in a specialist LDV facility. An optically clear model of 

the cylindrical section and apex of Krebs D6 classifying cyclone was fabricated. The 

model was attached to the metal top section of an older Krebs D6B cyclone in use at 

the JKMRC and installed in a portable cyclone test rig. A series of LDV 

measurements were made using water only. The results are shown in Figure 13, in 

which CFD, Aeroprobe and LDV are compared. It is clear that there is a good measure 

of agreement between the CFD predictions and the experimental measurements. 

 

The final experimental technique being investigated at the JKMRC for validation of 

CFD models of cyclones is electrical resistance tomography (ERT). ERT involves 

inserting a ring of 16 electrodes into the wall of the cyclone, injecting current into 

pairs of electrodes, and measuring the voltage produced at all other electrodes. It is 

then possible to reconstruct the density distribution of the fluid in the cyclone. The 

ring of electrodes fitted to a hydrocyclone is shown in Figure 14, and a typical 

reconstruction in Figure 15a (water only) and Figure 15b (12% fine limestone by 
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weight). We are currently working on improving the reconstruction software to get a 

better view of what is happening inside cyclones during operation. 

 

       

Figure 16 – ERT Tomograms from a Hydrocyclone Showing the Air Core 

 

Conclusions 

The JKMRC has been active in dense medium cyclone research for over 20 years.  

Initially we focused on the development of empirical models for process prediction 

with  both high and low operating medium densities. This class of model has been 

very successful, and has been widely applied by the Australian coal industry. The 

models have been used on-line to predict operating DMC performance at 10 second 

intervals, with some success. 

 

Our attention is now turning to the development of CFD models for DMC (and 

classifying) cyclone design. While there is considerably more work to be done, the 

models are already showing promise.  One of the criticisms of CFD is that extremely 

ELECTRODE RING 
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detailed model predictions are often presented without being validated. We have 

been investigating a number of techniques to verify that the CFD predictions are 

correct, or of the right order, including gamma ray and electrical resistance 

tomography, as well as laser doppler velocimetry and Aeroprobe velocity 

measurement.  

 

The wider availability of comprehensive CFD models will provide a valuable tool for 

new DMC design with clear advantages over approaches based on constructing and 

trialling new designs experimentally. Not only will it will be possible to optimise 

performance, but also important operational considerations such as the internal wear 

patterns can be investigated. 
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