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DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor agency 
thereof, nor any of their employees, makes any warranty, express or implied. Or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency 
thereof. 
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ABSTRACT 
 

A magnetic separator was designed to selectively separate fine-liberated magnetite. 
The conceptual design was simulated using CFD techniques.. A separator tank was 
fabricated and a magnetic drum was used to capture magnetic particles. The initial 
tank design was modified to eliminate application oriented problems. The new 
separator was able to produce a fine product as a concentrate at relatively high feed 
rates. A plant simulation showed that such a device could lower circulating loads 
around ball mills by 16%, thereby creating room for a 5-8% increase in throughput 
at the same energy level. However, it was concluded that further improvements in 
terms of both size and mineral selectivity are needed to have a marketable product.  
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EXECUTIVE SUMMARY 
 

A large proportion of particles in circulating streams in a given plant is 
unnecessarily either further ground or treated, resulting in inefficient use of energy. 
A new device was proposed for selective separation of ferromagnetic particles 
finer than approximately 50 micron, decreasing the amount circulated back to the 
grinding circuit or treated by the downstream flotation process.  Such a device 
could ultimately be used as a magneto-classifier preferentially removing fine 
liberated magnetite particles from closed grinding circuits, eliminating double 
inefficiency imposed by hydrocyclones 
 
A conventional magnetic field was used as a source to capture fine high-grade 
ferromagnetic minerals. The design focused on providing favorable conditions for 
separation of fines, while creating sufficient hydrodynamic, gravitational and 
centrifugal forces to carry away coarse low-grade particles. Computational Fluid 
Dynamics (CFD) modeling was used as a first step for evaluating a number of 
design ideas. Operating conditions as well as design variables were considered. 
Eventually, a promising design structure was fabricated and used in the test work. 
Initial design was slightly modified to improve performance. A hydrocyclone 
underflow sample was used during testing. 
 
The new separator was able to produce a fine product as a concentrate at relatively 
high feed rates. It was generally insensitive to feed percent solids, though better 
results were obtained at lower end (40% by weight) of the range studied. The 
amount of concentrate increased with increasing applied current, i.e. magnetic field 
strength. A plant simulation showed that such a device could lower circulating 
loads around ball mills by 16%, thereby creating room for a 5-8% increase in 
throughput at the same energy level. It was concluded that further improvements in 
terms of both size and mineral selectivity are needed to have a marketable product. 
Knowledge generated by this project would provide very useful guidance for 
achieving this ultimate objective. 
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A PURPOSE ORIENTED MAGNETIC SEPARATOR: SKIMMER 
 
 
1. INTRODUCTION 
 
Current mineral beneficiation technology aims at achieving a target grade with a 
maximum recovery. This requires a compromise between product quality and 
yield. There can be several streams within a plant where recovery can be 
considered as irrelevant. These could be the circulated streams or feeds to 
subsequent processes. These streams usually contain a significant portion of 
particles misplaced due to inefficiency of separation, classification and/or 
screening operations. Misplaced particles are unnecessarily circulated to 
upstream/downstream points, thus reducing energy efficiency of grinding, 
increasing cost/energy use for pumping, reducing recovery and efficiency of 
separation and increasing reagent consumption. If a device could be developed to 
separate a substantial portion of these unnecessarily circulated/treated particles, it 
could have a large impact on the performance of a plant, improving grinding 
energy efficiency and reducing downstream loads. A device has already been 
developed and successfully used for processing plants using flotation as a method 
of concentration. Flash flotation is used to capture fine liberated sulfide mineral 
particles from hydrocyclone underflow streams and, thereby, prevent unnecessary 
grinding1. As a result of such application, a 13% increase in final gold recovery 
was reported2. The objective of this project was to develop a new separation device 
capable of delivering similar benefits for plants using low intensity magnetic 
separation (LIMS) as the method of concentration. This device was expected to 
separate fine high-grade magnetite particles from coarse low-grade particles by 
applying a combination of magnetic, hydrodynamic and gravitational/centrifugal 
forces. 
 
Analysis of data from a number of plants treating magnetite-bearing iron ores 
shows that there are several streams in a typical plant that could benefit from such 
a device3. These are hydrocyclone underflow, fine screen oversize, and flotation 
feed streams. The first two are usually circulated back to grinding mills, while the 
last one is treated as it is in a flotation circuit.  
 
A typical plant in the USA aims at producing 5-6% silica from its magnetic 
separation circuit, and less than 4% silica from a flotation circuit. A large 
proportion of particles in these streams is unnecessarily either further ground or 
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treated, resulting in inefficient use of energy. The new device will selectively 
separate ferromagnetic particles finer than approximately 50 micron, decreasing 
the amount circulated back to the grinding circuit or treated by the downstream 
flotation process.  Such a device could ultimately be used as a magneto-classifier 
preferentially removing fine liberated magnetite particles from closed grinding 
circuits, eliminating double inefficiency imposed by hydrocyclones4. 
 
A conventional magnetic field was used as a source to capture fine high-grade 
ferromagnetic minerals. The design focused on providing favorable conditions for 
separation of fines, while creating sufficient hydrodynamic, gravitational and 
centrifugal forces to carry away coarse low-grade particles. A desired feature in 
such a separator was the capability to have large capacity, since a large volume of 
material is circulated in these streams.  
 
Computational Fluid Dynamics (CFD) modeling was used as a first step for 
evaluating a number of design ideas. Operating conditions as well as design 
variables were considered. Eventually, a promising design structure was fabricated 
and used in the test work. Initial design was slightly modified to improve 
performance. A hydrocyclone underflow sample was used during testing, since this 
stream was more amenable to such separation.  
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2. CONCEPT 
 
Conceptual design of the separator is shown in Figure 1. Slurry is fed to a feed box 
designed in such a way that it would slow down the initial speed. Then, it flows 
over a feed plate, which is expected to act as a sluice to generate partial 
stratification based on size and density. While coarse particles would fall into the 
bottom of a separation box without coming under the influence of a magnetic field, 
and eventually would leave the separator as tails product, the fines are expected to 
stay in suspension. Then, the magnetic fraction would be collected by the drum as 
the magnetic concentrate. A third stream containing fine suspended particles would 
leave the separation box through the overflow weir. The overflow weir would 
provide relatively constant slurry level within the separation box and act as a 
dewatering mechanism. High percent solids are required in the tails stream, which 
would be circulated back to a mill in a plant operation. Since the particles 
separated through the overflow weir would be fine, the separator was designed to 
combine the two streams, i.e. the magnetic concentrate and overflow. The design 
also includes a plate separating the bottom portion of the separator from the surface 
of the drum. This separating plate would further prevent coarse particles from 
coming under the influence of a magnetic field. 
 

Water level

Feed 

Magnet

Concentrate: Fine, high grade

Tails: Coarse, low grade

Overflow 

Magnet Angle

Feed  Box

Feed Plate

Separating Plate

Separation box

 
Figure 1. Conceptual design of the skimmer. 

 



 4 
 

3. COMPUTATIONAL FLUID DYNAMICS (CFD) STUDY OF THE CONCEPT 
 
As a first step, a CFD study was carried out to examine whether the conceptual 
design would be capable of providing the desired separation, and to optimize the 
conditions for such separation. The CFD study would take all the forces, namely 
gravity, hydrodynamic, centrifugal and magnetic, involved in the separation and 
simulate the movement of particles within the separator. It would eventually 
provide semi-quantified information about the performance of such a separator.  
 
This was the first time a CFD simulation of a low intensity wet magnetic separator 
(LIMS) was carried out. The effects of gravitational, centrifugal and hydrodynamic 
forces on particles in a separating vessel are well defined and studied phenomena. 
However, the inclusion of magnetic forces in such a system was new. The study 
became more complicated by the fact that liberation characteristics as well as 
particle size should be taken into account in order to have a realistic simulation of 
particle behavior within the separator. For simulation purposes, published data 
providing detailed liberation information of a hydrocyclone underflow stream in an 
iron ore processing plant5 were used. In order to define magnetic forces generated 
by the magnetic drum to be used in the test work, three dimensional measurement 
of the magnetic field around the perimeter of the drum was performed. These 
measurements were later fitted to a mathematical model defining the variation of 
the magnetic field with the coordinates and applied electric current. The model was 
then imbedded into the CFD simulator. The details of this modeling study are 
presented in Appendix 1. 
 
In the CFD study, 11 particle size fractions ranging from -1000+710 µm to -38 µm 
were simulated separately. The CFD study is separately reported in Appendix 2. 
The behavior of each particle size fraction within the separator is illustrated in 
Figures 2-12. As indicated by the figures, the study concluded that more than 70% 
of the fine magnetic particles would report to the concentrate, while most of coarse 
particles were expected to go to the tails. The CFD study showed that the concept 
had very good potential to achieve project objectives. 
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Figure 2. Simulated behavior of -1000 + 710 µm size fraction within the skimmer. 

 

 
Figure 3. Simulated behavior of -710 + 500 µm size fraction within the skimmer. 
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Figure 4. Simulated behavior of -500 + 355 µm size fraction within the skimmer. 

 
 

 
Figure 5. Simulated behavior of -355 + 250 µm size fraction within the skimmer. 
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Figure 6. Simulated behavior of -250 + 180 µm size fraction within the skimmer. 

 
Figure 7. Simulated behavior of -180 + 106 µm size fraction within the skimmer. 
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Figure 8. Simulated behavior of -106 + 75 µm size fraction within the skimmer. 

 

 
Figure 9. Simulated behavior of -75 + 53 µm size fraction within the skimmer. 
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Figure 10. Simulated behavior of -53 + 45 µm size fraction within the skimmer. 

 
Figure 11. Simulated behavior of -45 + 38 µm size fraction within the skimmer. 
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Figure 12. Simulated behavior of -38 µm size fraction within the skimmer.
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4. EXPERIMENTAL  
 
The drum (305Ø x 190 mm) of a laboratory wet magnetic separator (Eriez Model 
LWD-L8) was used as a magnetic field source. It had electromagnets, which 
enabled variation of the magnetic field strengths. The magnetic assembly occupied 
120° of the total perimeter. It could be rotated to any position depending on the 
type of application. The original tank of the separator was uninstalled and replaced 
by a fabricated tank. The new tank was made of Plexiglas. Apart from being easy 
to shape, this material also had the advantages of being transparent and non-
magnetic. 
 
A closed circuit setup was used for the tests (Figure 13). Slurry was fed to the 
separator from a sump going through a demagnetizing coil. Combined products 
were combined and fed back to the separator. For each test, the separator ran for 
approximately 30 minutes before feed and product streams were sampled. 
 

Demagnetizing Coil

Bypass

Bypass Valve

Tails

Concentrate Skimmer

Pump

Pump Sump

Primary Sump

 
Figure 13. Closed circuit setup used for test work. 
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A hydrocyclone underflow sample from one of the iron ore processing plants in 
northern Minnesota was used for the test work. This was relatively fine feed as 
compared to the material characteristics used in the CFD simulations. Size 
distribution and size by size Satmagan iron content of test material are given in 
Table 1. 
 

Table 1. Size Distribution and Satmagan iron content of the test sample. 
Particle Size Fraction 

(micron) 
Weight 

(%) 
Satmagan Iron 

(%) 
+212 13.9 32.9 

-212 +150 9.7 31.0 
-150 +106 16.8 42.6 
-106 +75 20.1 56.7 
-75 +53 20.7 66.6 
-53 +38 7.4 66.6 
-38 +25 3.3 65.5 

-25 8.1 55.7 
Total Feed 100.0 51.5 

 
 
The effects of feed rate, feed % solids and magnetic field strength were studied. 
Feed rates varied from 80-225 kg/hour, while feed % solids tested were in the 
range of 30-60%. Magnetic field strength was adjusted by applied current to the 
magnetic assembly. Based on the preliminary test work, applied current was varied 
in the range of 0.5-1.4 Ampere.  Flow rates were measured by taking timed 
samples from feed and products. To provide a fast and inexpensive measure of 
performance, feed and product samples were analyzed for size distribution through 
106 and 150 µm (150 and 100 mesh) sieves. These sizes were defining the 
transition between fine and coarse fractions. It was expected that in a successful 
operation, the concentrate would have mostly -106 µm particles with very little 
over 150 µm. 
 
During preliminary tests, it was observed that coarse particles settle at the bottom 
of the separation box to a height that allowed them to be captured by the magnetic 
field. Therefore, the initial design was later modified so as to increase the 
separation tank depth and eliminate other minor problems observed during 
preliminary tests.   
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5. RESULTS 
 
5.1 Preliminary Tests 
 
Preliminary tests were performed to define test conditions for a reasonable 
separation. As noted above, simple size distribution was used to measure the 
success of operation. Results of these tests are presented in Appendix 3. Results 
showed limited success in terms of the objective of recovering a substantial portion 
of the fines in the concentrate product. However, preliminary tests provided a basis 
for more detailed tests work. Findings of preliminary test work were: 
 

1. A 0.5-1 Ampere current could provide sufficient magnetic field to capture 
magnetite particles in the separator. 

2. Having a 60 degree magnet angle causes coarse particle bypass to 
concentrate product. The magnet captures the coarse particles from the feed 
plate before they reach the separation box. 

3. Coarse particles accumulate in the separation box to a height that enables the 
magnet to capture these particles. 

4. No significant dependence on feed rate or feed % solids was observed. 
However, it was assumed that such an effect was masked by the inefficient 
separation due to the imperfect position of the magnet and a too shallow 
separation box. 

 
Based on these findings, a new tank with a deeper separation box was designed and 
fabricated. It was also decided to have a nearly vertical magnet (90 degrees) 
position, to operate the separator between 0.5-1 Ampere ranges, and to repeat the 
tests with a range of feed rates and feed % solids. The new design also had a 
variable separating plate angle.  
 
 
5.2 Final Tests 
 
Final tests were performed using the new tank design. Operating variables were 
magnetic field strength, feed rate, and feed % solids. The effects of magnet angle 
and separating plate positions were also investigated. Results of these tests are 
presented in Appendix 4. Findings of these tests are summarized as follows: 
 

1. The new design improved the separation. Much finer product was taken as 
concentrate when the separator was operated at optimum conditions. 

2. Better separation was achieved at magnet angles of 120 degrees. 
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3. Magnetic field strength increases the amount of concentrate with a slightly 
compromised concentrate size distribution. 

4. Best results were obtained when feed rate was in the 125-175 kg/hour range. 
5. Separation efficiency did not show any significant dependence on feed 

percent solids within the range of 40-60%. However, higher weight splits 
with comparable efficiency were obtained at the lower end of this range. 

 
 
5.3 Detailed Analysis of Selected Test Samples 
 
Ten sets of test samples were selected for detailed analysis. These were the tests 
that produced relatively better separation. Samples were analyzed for Satmagan 
iron and their complete size distributions were determined. Raw data were mass 
balanced using the mass balancing algorithm of Usim Pac mineral processing 
software.  
 
The chemical composition of test samples is presented in Table 2. It was found that 
in some tests the concentrate product had lower magnetic iron content than the 
tails. Size by size analysis indicated that this was due to lower grade fines coming 
into the concentrate product through the overflow weir. This might not be a major 
problem in industrial application, since these fine liberated gangue particles are 
separated through subsequent separation stages, e.g. hydroseparators. However, it 
would be more desirable to have a high grade concentrate. 
 
 

Table 2. Satmagan iron contents of selected test products 
Satmagan Iron (%) Test No. 

Feed Concentrate Tails 
Test 21 51.6 52.1 51.5 
Test 26 51.6 54.3 51.1 
Test 28 52.2 49.9 52.8 
Test 29 51.4 49.9 51.6 
Test 45 52.1 23.3 52.7 
Test 46 51.9 42.8 52.5 
Test 49 51.9 44.3 52.5 
Test 50 51.8 32.7 53.5 
Test 53 51.0 47.0 51.2 
Test 55 52.3 44.6 53.2 
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Mass balanced size distributions of these tests are presented in Appendix 5. Mass 
balanced data were used to calculate partition coefficients for each test. Partition 
curves presented in Figure 14 show the efficiency of the separation by size 
fraction. It was found that the fraction of very fine particles that is diverted to the 
concentrate stream by the separator was in the range of 8-27 % of feed.  
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Figure 14. Partition curves of selected tests. 

 
 
5.4 Evaluation of Results  
 
The magnetic separator was able to selectively separate fine particles from coarse 
particles. With regard to objectives set prior to test work, it could be stated that it 
has achieved its objectives. However, the questions remain:  how effective is the 
separation? and could it find an industrial application? In terms of separation 
efficiency, although results were found to be very much encouraging,  it did not 
meet prior expectations. However, it is believed that efficiency could further be 
improved by modifying the current design and improving the operating conditions. 
This requires further analysis of these results with regard to how to improve the 
current level of separation efficiency, and test work to confirm whether conceptual 
thinking could be applicable to practice. In this respect, the CFD knowledge base 
generated through this study would be very useful for future designs and 
modifications. 
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For industrial applications, the separator met one of the expectations. It worked as 
a high capacity device. The separator was capable of processing 2-3 times the 
capacity of a conventional magnetic separator of the same size. One of its 
competitors could be hydrocyclones acting as a secondary stage of classification. 
In terms of size separation, it has not performed better, but it still has the potential 
of selective separation of magnetite fines, which could be a tremendous advantage 
over hydrocyclones in this type of application. However, results have not yet 
clearly shown this advantage. Further modifications and testing will be needed.  
 
A computer simulation was carried out to quantify the potential benefits of such a 
device in a plant scale application. The separator was inserted in one of the taconite 
plant flow sheets to treat a hydrocyclone underflow stream. The concentrate was 
then combined with the hydrocyclone overflow and followed the rest of the flow 
sheet in this particular plant. An enhanced version of Usim Pac was used for the 
simulation. For modeling the separator, one set of test data (Test 26) formed the 
basis for the separation. It was assumed that there was no selectivity on mineral 
basis. A plant database already available at the Coleraine Minerals Research 
Laboratory (CMRL) was used for modeling the rest of the plant.       
 
Simulation results showed that the skimmer would reduce the circulating loads in 
the ball mill circuit by 16%, which would be equivalent to a 5-8% increase in plant 
throughput at almost the same energy level. Final concentrate grade was slightly 
better with a comparable recovery. However, simulations also indicated a potential 
downstream problem. Downstream size distributions became coarser and, 
therefore, required a large number of additional fine screens to process the final 
product from this particular plant. This problem showed that future improvements 
should not only concentrate on selectivity but also on improved size separation as 
well.  
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6. CONCLUSION 
 
A new magnetic separator was designed to selectively separate fine-liberated 
magnetite particles from coarse-unliberated ones. The conceptual design was 
simulated using CFD techniques. CFD simulations provided encouraging results 
indicating that desired separation could be achieved with this new design. A 
separator tank was fabricated and a magnetic drum was used to capture magnetic 
particles. The initial tank design was modified to eliminate application oriented 
problems observed during preliminary testing. Results found to be encouraging. 
The new separator was able to produce a fine product as a concentrate at relatively 
high feed rates. It was generally insensitive to feed percent solids, though better 
results were obtained at lower end (40% by weight) of the range studied. The 
amount of concentrate increased with increasing applied current, i.e. magnetic field 
strength.  
 
Although a plant simulation showed that such a device could lower circulating 
loads around ball mills by 16%, thereby creating room for a 5-8% increase in 
throughput at the same energy level, it was concluded that further improvements in 
terms of both size and mineral selectivity are needed to have a marketable product. 
Knowledge generated by this project would provide very useful guidance for 
achieving this ultimate objective.  
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APPENDIX 1 
 

Magnetic Field Profile and Force Determination for 
Eriez Model LWD Laboratory Wet Drum Separator 
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Magnetic Field Profile and Force Determination for 
Eriez Model LWD Laboratory Wet Drum Separator 
 
David M. Hopstock 
 
 
Magnetic Field Measurements 
 
Experimental details. Magnetic field measurements were made by D.M. Hopstock and S. 
Ersayin with an F.W. Bell Model 4048 Hand-held Gauss/Tesla Meter. The meter was supplied 
with calibrated transverse and axial Hall-effect field probes, with an accuracy specified as ±2.0% 
of the reading. Radial field measurements Br were recorded as positive when the direction of the 
field corresponded to being over a north magnetic pole. Tangential field strengths Bθ were 
measured in the positive θ-direction, corresponding to the direction of rotation of the drum, and 
were recorded as positive if the direction of the field was from a north to a south pole. Unless 
otherwise stated, all measurements were made in the plane of symmetry corresponding to the 
midline on the surface of the separator drum. In this plane the magnetic field strength Bz in the 
third orthogonal direction, parallel to the axis of the drum, is negligible. 
 
For these measurements, the field probes were hand-held in the desired position and orientation, 
guided by reference marks on the drum, without the use of sophisticated fixturing. Under these 
circumstances small errors in positioning and orientation of the probe can lead to large errors in 
field strength measurements. This is especially the case at locations where the field is strong and 
rapidly changing, such as close to the edges of magnet polepieces. Small errors in orientation of 
the probe can lead to especially large relative errors when the field strength is low in the 
direction being measured but high in the orthogonal direction. 
 
To make it easier to make the field measurements, the electromagnet assembly within the drum 
was rotated so that the strongest fields were on the upper half of the drum and locked into 
position. A midline was drawn on the drum surface and an origin corresponding to angle θ = 0 
and tangential distance Rθ = 0 arbitrarily chosen at the point of local maximum total field 
strength, corresponding approximately to the edge of the polepiece of the first electromagnet in 
the assembly. 
 
Effect of magnet current. It is not practical to measure the magnetic field strength at all 
possible magnet currents and positions. However, preliminary data indicated that it was  feasible 
to determine the magnetic field pattern at a reference level of magnet current and then to apply a 
factor to determine the field strength at a different level of current. Measurements of the radial 
field strength at the drum surface were made at the midline at tangential positions A and B, 
corresponding to Rθ equal to 0.0 and 20.0 cm, respectively. Results are given in Table 1. The 
reference current level was chosen to be 2.00 amperes. This current level corresponded 
approximately to the maximum field strength that could be sustained continuously without 
unstable operation as a result of rapid heating of the magnets. Table 1 also shows field strengths 
normalized to the value at 2.00 amperes. The normalized field strengths at the two positions are 
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in close agreement for field strengths between 0.20 and 2.40 amperes. A least-squares quadratic 
fit through the reference point to the data in that range results in the equation 
 

   203325.056493.000314.0 IIkI −+=    (1) 
 
where kI is the multiplication factor required to convert the field strength at reference current 
level of 2.00 amperes to the field strength at a current of I amperes. 
 
 

Table 1. Field Strength as a Function of Magnet Current 
 

Magnet Current Radial Field Strength (gauss) Normalized Field 
(amperes) Position A Position B Position A Position B 

0.00 29 -6 0.039 0.005 
0.20 100 -126 0.135 0.109 
0.40 171 -249 0.230 0.215 
0.60 246 -376 0.331 0.325 
0.80 319 -498 0.429 0.430 
1.00 394 -614 0.530 0.531 
1.20 465 -732 0.626 0.633 
1.40 539 -844 0.725 0.729 
1.60 606 -954 0.816 0.825 
1.80 677 -1056 0.911 0.913 
2.00 743 -1157 1.000 1.000 
2.20 806 -1242 1.085 1.073 
2.40 867 -1323 1.167 1.143 
2.60 925 -1392 1.245 1.203 
2.78 975 -1446 1.312 1.250 

 
 
Lateral field uniformity. A lateral scan (in the axial direction) was made at the reference 
current of 2.00 amperes of the magnetic field strength at the drum surface at position B, 
corresponding to Rθ equal to 20.0 cm. The results are given in Table 2, in which z is the distance 
from the centerline, Br is the radial field strength, Bθ is the tangential field strength, and |B| is the 
magnitude of the field, calculated by 
 

    22
θBBB r +=      (2) 

 
It is apparent from the data that the electromagnet pole pieces extend out to approximately ±7.6 
cm from the centerline, corresponding to a magnet width of six inches. The field is very nearly 
uniform over ±5.0 cm from the centerline, corresponding to the central four inches of the drum. 
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Table 2. Lateral Field Profile at Position B 

 
Lateral Position z Magnetic Field Strength (gauss) 

(cm) Br Bθ |B| 

-9.0 -142 -330 359 
-8.5 -221 -413 468 
-8.0 -524 -528 744 
-7.5 -1282 -758 1489 
-7.0 -1490 -882 1731 
-6.5 -1400 -844 1635 
-6.0 -1273 -853 1532 
-5.5 -1260 -806 1496 
-5.0 -1188 -792 1428 
-4.5 -1200 -792 1438 
-4.0 -1189 -785 1425 
-3.5 -1197 -846 1466 
-3.0 -1194 -920 1507 
-2.5 -1220 -904 1518 
-2.0 -1189 -918 1502 
-1.5 -1213 -878 1497 
-1.0 -1208 -841 1472 
-0.5 -1208 -849 1477 
0.0 -1230 -854 1497 
0.5 -1230 -858 1500 
1.0 -1170 -861 1453 
1.5 -1226 -830 1481 
2.0 -1220 -796 1457 
2.5 -1226 -818 1474 
3.0 -1227 -806 1468 
3.5 -1162 -891 1464 
4.0 -1154 -848 1432 
4.5 -1183 -851 1457 
5.0 -1165 -855 1445 
5.5 -1172 -855 1451 
6.0 -1159 -878 1454 
6.5 -1300 -953 1612 
7.0 -1324 -907 1605 
7.5 -1462 -920 1727 
8.0 -896 -732 1157 
8.5 -329 -539 631 
9.0 -146 -394 420 
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Table 3. Field Strength at the Surface of the Drum 
 

Circumferential Magnetic Field Strength (gauss) Circumferential Magnetic Field Strength (gauss) 
Position (cm) Br Bθ  Position (cm) Br Bθ 

-9.0 0 -57 18.5 -821 -90 
-8.5 1 -68 19.0 -934 -164 
-8.0 2 -73 19.5 -1089 -309 
-7.5 2 -80 20.0 -1255 -692 
-7.0 3 -87 20.5 -699 -1045 
-6.5 4 -99 21.0 -292 -975 
-6.0 4 -107 21.5 -254 -874 
-5.5 5 -118 22.0 -156 -831 
-5.0 7 -133 22.5 -78 -801 
-4.5 10 -147 23.0 -34 -799 
-4.0 13 -180 23.5 -9 -809 
-3.5 20 -210 24.0 53 -845 
-3.0 25 -251 24.5 180 -922 
-2.5 32 -277 25.0 476 -1032 
-2.0 42 -322 25.5 882 -991 
-1.5 67 -393 26.0 1127 -584 
-1.0 134 -480 26.5 913 -287 
-0.5 314 -590 27.0 756 -161 
0.0 704 -552 27.5 657 -91 
0.5 754 -292 28.0 608 -77 
1.0 625 -146 28.5 563 -59 
1.5 559 -99 29.0 539 -40 
2.0 518 -76 29.5 521 -37 
2.5 502 -63 30.0 511 -12 
3.0 496 -55 30.5 505 -6 
3.5 500 -44 31.0 504 15 
4.0 508 -31 31.5 508 20 
4.5 522 -22 32.0 535 37 
5.0 546 -10 32.5 578 85 
5.5 587 10 33.0 635 143 
6.0 638 37 33.5 762 326 
6.5 729 71 34.0 452 566 
7.0 882 183 34.5 221 516 
7.5 1038 380 35.0 130 425 
8.0 854 985 35.5 88 360 
8.5 338 1014 36.0 72 296 
9.0 123 911 36.5 59 247 
9.5 10 842 37.0 45 229 
10.0 -22 803 37.5 41 197 
10.5 -73 792 38.0 32 177 
11.0 -150 796 38.5 25 157 
11.5 -208 818 39.0 23 140 
12.0 -291 866 39.5 18 124 
12.5 -409 946 40.0 14 114 
13.0 -748 1020 40.5 13 100 
13.5 -1232 760 41.0 10 93 
14.0 -1148 245 41.5 9 86 
14.5 -958 142 42.0 8 77 
15.0 -844 76 42.5 7 71 
15.5 -774 32 43.0 6 66 
16.0 -732 -4 43.5 5 59 
16.5 -721 -13 44.0 4 54 
17.0 -715 -27 44.5 2 51 
17.5 -734 -53 45.0 0 46 
18.0 -770 -56    
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Table 4. Field Strength One Inch (2.54 cm) Above the Drum Surface 
 

Circumf. Magnetic Field Strength (gauss) Circumf. Magnetic Field Strength (gauss) 
Position (cm) Br Bθ Position (cm) Br Bθ 

-9.0 16 -36 19.0 -395 -206 
-8.0 18 -67 20.0 -326 -292 
-7.0 27 -86 21.0 -233 -354 
-6.0 35 -101 22.0 -130 -400 
-5.0 51 -117 23.0 -14 -409 
-4.0 72 -135 24.0 106 -387 
-3.0 105 -166 25.0 184 -336 
-2.0 120 -168 26.0 268 -274 
-1.0 185 -176 27.0 329 -194 
0.0 254 -132 28.0 351 -115 
1.0 284 -113 29.0 336 -53 
2.0 310 -63 30.0 311 -28 
3.0 300 -26 31.0 325 6 
4.0 328 20 32.0 311 52 
5.0 344 68 33.0 282 93 
6.0 336 141 34.0 234 124 
7.0 316 210 35.0 180 141 
8.0 255 315 36.0 127 131 
9.0 ** ** 37.0 92 138 
10.0 ** ** 38.0 72 119 
11.0 -80 405 39.0 56 104 
12.0 -198 376 40.0 41 88 
13.0 -312 320 41.0 31 74 
14.0 -387 226 42.0 25 61 
15.0 -424 133 43.0 18 53 
16.0 -440 52 44.0 14 44 
17.0 -436 -19 45.0 11 37 
18.0 -425 -112    

 
  ** Missing data because of interference with the spacing block. 
 
Field profile at drum surface. The radial and tangential components of the magnetic field were 
measured along the centerline at intervals of 0.50 cm, from circumferential position Rθ equal to -
9.00 cm to +45.00 cm. Beyond this region it was physically very difficult to make 
measurements. The drum circumference was taken to be 96.00 cm, corresponding to a drum 
diameter of 30.56 cm. (The nominal drum diameter is 12.00 inches, or 30.48 cm. The slight 
difference in radius of 0.04 cm is an allowance for the fact that the center of the measurement 
probe could not be positioned exactly at the surface of the drum.) Thus the region measured 
corresponded to 58.3% of a complete arc, or 210 degrees. Results are given in Table 3. At either 
end of this arc the radial field was very close to zero, although the tangential field was still 
significant. The three-pole construction of the electromagnet is apparent from the field 



 

 A-7 
 

measurements, with a negative magnetic pole in the center and positive poles on either side. The 
field strength changes very rapidly near the edges of the polepieces, producing large field 
gradients, which, in turn, produce large magnetic forces on ferromagnetic particles. 
 
Field profile one inch (2.54 cm) above the drum. A wooden spacer block was used to obtain a 
profile of the radial and tangential components of the magnetic field along the centerline at a 
distance of one inch (2.54 cm) from the drum surface. Because the field gradients are much 
lower at this distance, measurements were taken at intervals of 1.0 cm. Results are given in Table 
4. 
 
 
Modeling of Magnetic Field of Drum 
 
For modeling the behavior of a taconite ore in the magnetic separator, we need magnetic field 
values at many points that do not correspond to points at which field measurement were taken. 
To calculate magnetic forces, we need to calculate magnetic field gradients. Relatively small 
errors in field measurements will lead to large errors in estimated field gradients when the 
gradients are calculated by differencing experimental values. More accurate values of field 
gradients can be obtained by fitting a smoothing function to the data and determining the partial 
derivatives analytically or numerically. For these reasons it is highly desirable to fit an accurate  
mathematical model to the field data. In the course of this investigation, we have developed a 
highly successful technique, based upon Fourier analysis, for accurately modeling the field 
produced by the drum from a minimal set of field measurements. 
 
An analytical model of the field of a magnetic drum separator was published by Birss et al. 
(1979). Their model assumed a large even number (at least ten) of identical pole pieces of 
uniform radial magnetization of alternating polarity extending completely around the 
circumference of the drum. Their model is clearly not applicable to the Eriez separator. Our 
method is an extension of the more general method of Brown (1970), who first applied Fourier 
analysis to modeling the field of a drum separator. Although Brown’s method requires no 
assumptions about the underlying magnetization pattern, it still requires assuming an even 
number of identical pole pieces of alternating polarity extending completely around the 
circumference of the drum. One reason that Brown’s technique was never widely adopted was 
that at that time, before the development of desktop computers, the computations involved were 
daunting. (In fact, Brown, working with trigonometric tables and a calculator, made a critical 
numerical mistake and had to recompute all his results after they had been typed up.) Nowadays, 
with desktop computers and easy-to-use spreadsheet and statistical programs, much more 
complicated calculations than ever attempted by Brown pose no practical problems. 
 
From the theory of harmonic potential functions (see, for example, Jefimenko, 1966, p. 152), the 
magnetic potential Φ in all space outside of a cylindrical drum of radius R can be represented by 
the infinite series of harmonic functions 
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(The coefficient {R/n} was arbitrarily inserted behind the summation sign to simplify subsequent 
expressions for the magnetic field.) By the uniqueness theorem, if all boundary conditions are 
satisfied by the chosen values of the adjustable coefficients an and bn, the solution must be the 
correct one. In contrast to Brown, who limited the value of n to integral multiples of the number 
of pole pieces, we allow n to take on all integral values, starting from 1.  
 
The radial and tangential magnetic field components Br and B? are calculated from the potential 
function by 
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At the surface of the drum, r = R, and the radial magnetic field function reduces to the simple 
Fourier series expression 
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It can be shown (see, for example, Churchill, 1963) that for any physically reasonable form of 
Br(θ), a unique set of coefficients exists that satisfies equation (5). The coefficients can be found 
by making use of the orthonormal properties of the trigonometric functions to find the 
coefficients by integration. Bennett (1976, pp. 335-369) illustrates finding the Fourier 
coefficients by numerical integration when the function to be represented is given by measured 
values at equally spaced intervals. This is easily done in a spreadsheet format. Alternatively, the 
coefficients can be found by means of any standard multiple linear regression program. 
 
It is sometimes possible to simplify the Fourier series representation by making use of the 
symmetry properties of the function to be represented. For example, for an even function, for 
which f(2π-θ) = f(θ), all the coefficients bn of the sine terms are zero, and the function can be 
represented by a Fourier cosine series. Examination of Table 2 indicates that the values of Br are 
very nearly symmetrical about the circumferential position of 16.75 cm, which corresponds to 
the midpoint of the central polepiece. Because the origin of the circumferential position can be 
chosen at will, it was decided to designate this position as Rθ equals 48.00 cm, or θ equals π 
radians. All the other circumferential positions were converted to this new origin by adding 
31.25 cm to the originally recorded position. Measured values of Br were then available from Rθ 
equals 22.25 cm to 76.25 cm at 0.50 cm intervals. At the missing points on either end of the 
complete range, from 0.25 to 95.75 cm, the radial field Br was assumed to be equal to zero. The 
coefficients an and bn were then calculated by means of a multiple linear regression program, 
with many of the results checked by direct numerical integration. 
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The multiple linear regression analysis indicated that none of the coefficients bn was statistically 
significant, as determined by a standard t-test, and that therefore the data could be satisfactorily 
represented by a Fourier cosine series. The first cosine coefficient a1, corresponding to a simple 
magnetic dipole, was also not statistically significant. Most of the other coefficients, up through 
n = 47, were statistically significant. For n greater than 47, the coefficients tended not to be 
statistically significant, and the fit appeared to be simply adding more high-frequency noise 
rather than smoothing the data. Although in theory there should not have been a constant term, a 
statistically significant constant term of 47.22 gauss was found. The presence of this term was 
probably the result of the error introduced by assuming that the radial field was exactly equal to 
zero over the low-field region where radial field measurements were not taken. The final 
equation for the radial field at the surface of the drum was thus 
 

   ∑
=

+=
47

2
cos22.47

n
nr naB θ      (6) 

 
where the coefficients an are given in Table 5. Figure 1 shows that equation (6) gives an accurate 
representation of the field without excessive high-frequency noise. The root mean square error of 
estimate is 34.61 gauss, and R2 is equal to 0.9941. 
 
Once these coefficients have been determined, from equations (4) we can write equations for 
both the radial and the tangential field at any point (r, ?) outside the drum: 
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Note that, since Br is an even function, B? is necessarily an odd function, with Br(2π-θ) = -Br(θ). 
Comparisons of the calculated values from equations (7) and measured field values are shown in 
Figures 2, 3, and 4. The agreement of the calculated and measured radial field strength at a 
distance of 2.54 cm from the drum, as shown in Fig. 3, is excellent. Although the agreement is 
not quite as precise for the tangential field strength at the drum surface (Fig. 2) and at 2.54 cm 
(Fig. 4), the errors are relatively small, and the overall shape of the curve is reproduced quite 
well. It is remarkable that an accurate model for the magnetic field at all points in space can be 
obtained from a single set of measurements of the radial field at the drum surface. Although the 
field equations look formidable, they are easily set up for calculation on a spreadsheet program. 
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Table 5. Coefficients of the Fourier Expansion 
 

n an n an 
2 -177.1796 25 28.2848 
3 312.5443 26 -48.0164 
4 -308.3442 27 42.0568 
5 195.5716 28 -19.1752 
6 -71.4956 29 0.2773 
7 5.2600 30 2.1168 
8 6.5923 31 6.6310 
9 -10.6510 32 -12.9167 
10 36.4675 33 10.7182 
11 -67.8091 34 -6.4205 
12 68.9469 35 9.2960 
13 -30.6091 36 -19.4071 
14 -16.6393 37 26.4752 
15 32.7521 38 -20.7842 
16 -6.5819 39 3.7305 
17 -36.5216 40 13.4776 
18 61.9752 41 -20.7871 
19 -58.1954 42 17.8950 
20 41.6523 43 -12.4776 
21 -33.0842 44 11.1779 
22 33.8690 45 -13.1748 
23 -28.0409 46 12.6590 
24 4.3230 47 -6.7559 

 
 
Magnetic Forces on Particles 
 
Magnetic force equations. Calculation of the forces on a magnetized body is discussed by 
Jefimenko (1966, pp. 484-488) and by Hopstock (1985). In SI units, we can write the force 
equations in several equivalent forms, depending upon what we do with the ubiquitous factor of 
µ0. Let the vector magnetic field produced outside of the drum by the magnet array inside the 
drum be H, which in the SI system has units of A/m. Instead of working with H, we can work 
with B = µ0H, as long as we remember that B (units of tesla) is just the magnetic induction of 
free space, produced by the magnet array, in the absence of particles. We also have the choice of 
working with particle magnetization M (A/m) or with ?  = µ0M (T), the magnetic polarization or 
intrinsic magnetic induction. This report will make use of B and M for several reasons. With this 
choice, the conversions to SI units from the cgs-emu units in which the measurements were 
originally made involve easy powers of 10, with no factors of 4p to worry about, (1 tesla = 104 
gauss; 1 A/m = 10-3 emu/cm3; 1 kA/m = 1 emu/cm3). In addition, in the force equation there is no 
need to carry along a factor of µ0. The fundamental vector equation for the force F (newtons) on 
a magnetized body of volume V (m3) becomes 
 
    BMF )( ∇•= V      (8) 



 

 A-11 
 

 
In Cartesian coordinates, the components of the vector equation can be written out as 
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In cylindrical coordinates, the same equations become 
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For a central section of a magnetic drum separator, where end effects can be neglected, Bz is 
zero, and there is no z-dependence for the other field components. Then the force equations can 
be simplified to 
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Magnetization of taconite particles. It is customary to assume that particle magnetization is 
proportional to applied field with the proportionality constant designated as the magnetic 
susceptibility. For ferromagnetic materials such as magnetite, this is a gross oversimplification. 
The true magnetic susceptibility of the material is nonlinear and exhibits hysteresis effects. 
Furthermore. the demagnetizing factor of the particle often has an overwhelming effect on the 
net magnetization. Rather than attempting to sort out all these factors, the simplest and most 
reliable procedure is simply to measure the magnetization versus field characteristics of the 
particles of interest and develop an empirical formula. 
 
In a study of demagnetization of natural magnetite (Hopstock, 2000), the magnetization 
characteristics of final magnetic concentrate samples from the Hibtac and Minntac mines were 
measured by a vibrating sample magnetometer (VSM). One of the samples measured, a 25-µm 
size fraction from Minntac of 46-Oe coercivity, was unusually pure, almost 100% magnetite. As 
an initial estimate, we can consider the magnetization characteristic of this sample to be typical 
of magnetite from the Mesabi Range. Because of the hysteresis phenomenon, the magnetization 
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is not uniquely defined as a function of the applied field, especially at lower field strengths, but 
depends upon the history of the magnetic fields the particles have experienced. As a practical 
matter, it is reasonable to choose values on the upper segment (corresponding to decreasing field 
strengths) of the hysteresis curve. We can expect that the particles have already experienced a 
strong magnetic field that has already nearly fully magnetized them. Over the range of applied 
fields B from 0.000 to 0.200 tesla (0 to 2000 gauss) the following polynomial equation very 
closely fits the set of 379 data points (R2 = 0.999957, root mean square error = 0.725 kA/m): 
 

 432 800,198567,120733,329.5286694.31 BBBBM −+−+=   (12) 
 
where B is the applied field strength in tesla and M is the resultant magnetization in kA/m. For a 
locked magnetite-gangue particle, the average magnetization of the particle is found by simply 
multiplying the value of M from the equation above by the volume fraction of magnetite in the 
particle. 
 
Because of the nonlinearity, the net magnetization must be found before the directional 
components are calculated. In cylindrical coordinates, the procedure is to find the magnitude of 
the applied field by equation (2) and then use that magnitude to find the magnetization by 
equation (12), adjusting for the volume fraction of magnetite if necessary. The magnetization 
components are then calculated by 
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Field gradient terms . Given the Fourier series expressions for the magnetic field components in 
equations (7), the required field gradient expressions are easily found by differentiating the field 
expressions term by term as follows: 
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If the field is calculated in gauss, and the drum radius R is entered in cm, the field gradients are 
in gauss/cm. To convert to tesla/m, multiply by 10-2. 
 
Factors to be aware of in calculating magnetic forces. All the information is now on hand for 
calculation of magnetic forces on taconite particles in the Eriez laboratory wet drum separator by 
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means of the force equations (11). There are a few things to bear in mind. If the magnet current 
is other than 2.00 amperes, the calculated fields and field gradients must each be adjusted by the 
factor kI, given in equation (1).  To obtain correct numerical results, the units must be consistent. 
In the SI system, magnetization must be in A/m, and field gradients in tesla/m, resulting in 
calculated forces in newtons per cubic meter. It is also possible to work in cgs-electromagnetic 
units. In that case, magnetization must be in emu/cm3 (numerically equivalent to kA/m) and field 
gradients must be in gauss/cm, resulting in calculated forces in dynes per cubic centimeter. 
 
It is important to recognize that the equations developed completely describe the magnetic force 
only for an isolated particle. In the case of practical magnetic separation of taconite ores, the 
situation is much more complicated. Magnetized particles are acted upon not only by the 
magnetic field gradient produced by the magnets in the drum, but also by magnetic field 
gradients (which may be stronger, especially at larger distances from the drum surface) from 
nearby magnetized particles. As a result of these particle-particle interactions, a particle 
containing a small volume percentage of magnetite, which would not be collected in the 
magnetic concentrate as an isolated particle, may in practice report to the magnetic concentrate 
as a result of magnetic (and/or physical) interactions with nearby highly magnetized magnetite 
particles. 
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Figure 1. Measured values of the magnetic field strength in the radial direction at the surface of 
the drum (points) and best Fourier series fit (line). 
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Figure 2. Measured values of the magnetic field strength in the tangential direction at the surface 
of the drum (points) and predicted values based on the coefficients of the Fourier series fit to the 
radial field strength (line). 
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Figure 3. Measured values of the magnetic field strength in the radial direction at a distance of 
2.54 cm from the drum (points) and predicted values based on the Fourier series fit to the radial 
field strength at the surface (line). 
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Figure 4. Measured values of the magnetic field strength in the tangential direction at a distance 
of 2.54 cm from the drum (points) and predicted values based on the Fourier series fit to the 
radial field strength at the surface (line). 
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Executive Summary 
 

The objective of this work was to carry out Computational Fluid Dynamic (CFD) 
analysis to determine optimum design and operating conditions for a new separation 
device.  

The approach was to numerically model the fluid flow in the presence of gravity 
and magnetic fields in two different designs.  Concurrent Technologies Corporation 
(CTC) used commercial CFD software (Fluent) to simulate the complex phenomena 
during separation of taconite particles at different operating conditions.  The effects of 
feeding rate, magnet angle, number of phases, and geometry on the separation 
characteristics were studied.  
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 1.0 Introduction 
 
All computations presented in this report are performed using the commercial 

CFD software FLUENT [1].  It is a Finite Volume Method (FVM) based Fluid Flow and 
Heat Transfer analysis tool that runs on most computing platforms and provides extensive 
user customizable modules to simulate various scenario of actual industrial processes. 
FLUENT has a large number of physical models to help simulate flow, heat transfer and 
phase change analysis of immiscible and miscible multiple fluids as well as conjugate 
heat transfer in any process or equipment. The mathematical backbone of this simulation 
tool is a solver for the set of coupled non-linear partial differential equations of fluid flow 
(Navier Stokes Equations) and heat transfer (Energy) equation. For other physical 
models, FLUENT includes additional conservative equations, e.g., phase change 
simulation involves solution of liquid fraction equation and chemical reactions involve 
solution.  The Eulerian multiphase model used in the current simulations is described in 
detail in the Appendix.  
 
2.0 Simulation Approach 
 

A comprehensive, state-of-the-art simulation code entitled “Fluent” [1] was used 
to analyze in detail the multiphase flow evolution during particle separation.  The 
approach taken was to compute the multiphase turbulent flow in a two-dimensional 
framework (see Figure 1-1). 
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a) schematic drawing 

 

 
b) computational mesh (original design) 

 
Figure 2-1.  The schematic drawing (a) and computational mesh (b) of the 

magnetic separator. 
 
 Input to the simulations included:  the model geometry (Fig. 1), physical 
properties (density and viscosity) of water and magnetite particles (Table 1), flow rate, 
and magnetic field profile (Fig. 2-2).  Twelve phases (air, water, and ten magnetic 
phases) were accounted for in the CFD model.  Output from the CFD code includes 
evolution of contours of volume fraction of phases, velocity, and pressure for each time 
step.  
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Table 1.  Solid phase data as provided by CMRL 

Volumetric Grade Interval -1000 +710 -710 +500 -500 +355 -355 +250 -250 +180 -180 +106 -106 +75 -75 +53 -53 +45 -45 +38 -38 (finest) Class
0 (no magnetite) 0 0 0.08 0 0 0 0 0 0 0.59 6.28

0-10 (5%Magnetite, 95 gangue) 0.1 0.09 0.01 0.09 5.82 0.08 0.28 0.14 0.75 1.45 1.21 1
10-20 0.43 0.38 0.35 0.93 0.01 0.05 2.14 3.11 2.82 1.46 2.3 2
20-30 44.44 18.21 40.14 29.64 12.48 7.78 1.97 0.83 0.61 0.25 0.38 3
30-40 54.2 75.74 44.49 19.97 29.61 11.28 3.31 1.17 0.87 0.24 0.08 4
40-50 0.12 2.78 1.27 28.03 3.91 12.91 0.18 0.41 0.12 0.81 0.08 5
50-60 0.13 2.42 12.51 6.76 17.46 8.19 1.66 0.18 1.6 0.28 0.09 6
60-70 0.14 0.16 0.96 5.13 14.43 17.82 2.25 0.08 0.79 0.09 0.09 7
70-80 0.15 0.16 0.2 5.58 9.01 0.03 4.72 0.2 2.38 1.08 2.76 8
80-90 0.14 0 0 3.8 6.49 22.77 32.6 2.09 12.18 15.22 13.32 9
90-100 0.15 0 0 0.07 0.79 19.1 50.9 85.16 66.7 45.42 48.61 10

100 (100% magnetite) 0 0.06 0 0 0 0 0.01 6.64 11.16 33.11 24.8 11

wt % 3.33 4.37 7.47 10.64 12.95 23.12 19.1 5.38 1.6 2.32 6.17
Cumulative % wt 96.45 93.12 88.75 81.28 70.64 57.69 34.57 15.47 10.09 8.49 6.17

wt.% Magnetite 47.62 49.94 50.72 56.92 60.76 75.69 88.47 92.73 92.04 92.82 87.04

Volumetric grade distributions, weight %, Size intervals in microns.
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(a) Magnetic field profile (gauss) in x-direction 

 

 
(b) Magnetic field profile (gauss) in y-direction 

Figure 2-2.  The magnetic field profile used in the original design. 
 
 
  



 

 B-9 

3.0 Simulated Results 
 

Figure 3-2 presents the velocity magnitude and volume fraction profiles for the 

original design of the magnetic separator.  The magnet angle was changed to about 45 

degrees with respect to the x-axis (see Fig. 3-1).  To improve separation, a new design 

was developed as shown in Figure 3-3.  The simulation results for the modified design 

are shown in Fig. 3-4.  More than 70% of the fine magnetic particles are going through 

the concentrate region.  To further improve the separation process, the magnet angle was 

changed to 60 degrees with respect to the x-axis (see Fig. 3-5).  The simulation results of 

this case are presented in Fig. 3-6.  It can be seen that there is no mass flow rate of coarse 

particles (phases class 1 to class 6) through the concentrate area.  The improvement in 

separation (defined as the increase in mass flow rate of fine particles going through the 

concentrate area) is about 3-4% based on the mass flow rate differences.   
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a) Magnetic field profile (gauss) in x-direction 
 

 

b) Magnetic field profile (gauss) in y-direction 
 

Figure 3-1.  The magnetic field profile used in the modified design. 
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a) Velocity magnitude 

 

 
b) Volume fraction of fine particles 

Figure 3-2.  The velocity magnitude (m/s) and volume fraction profiles for the original 
design. 
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Figure 3-3.  The computational mesh of the modified design of the magnetic 

separator. 
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a) velocity magnitude 

 
 

b) Volume fraction of fine particles 

Figure 3-4.  The velocity magnitude (m/s) and volume fraction profiles for the modified 
design. 
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a) Magnetic field profile (gauss) in y-direction 

 

 
b) Magnetic field profile (gauss) in y-direction 

Figure 3-5.  The magnetic field profile used in the modified design (60 degrees 
orientation). 
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a) contours of velocity magnitude (m/s) 

 
b) contours of turbulent intensity (%) 
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c) velocity vector colored by velocity magnitude (m/s) 

 

 
d) volume fraction of water 
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e) volume fraction of coarse phase –class 1 in Table 1 

 
 

 
f) volume fraction of coarse phase –class 2 in Table 1 
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g) volume fraction of coarse phase –class 3 in Table 1 

 

 
h) volume fraction of coarse phase –class 4 in Table 1 
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i) volume fraction of coarse phase –class 5 in Table 1 

 

 
j) volume fraction of coarse phase –class 6 in Table 1 
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k) volume fraction of fine phase –class 7 in Table 1 

 

 
l) volume fraction of fine phase –class 8 in Table 1 
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m) volume fraction of fine phase –class 9 in Table 1 

 
 

 
n) volume fraction of fine phase –class 10 in Table 1 



 

 B-22 

 

 
o) volume fraction of fine phase –class 11 in Table 1 

Figure 3-6.  The simulation results for the modified design. 
 
4.0       Concluding Remarks 
 

The effectiveness of CFD to model the magnetic separation process (SP) with an 
aim to minimize and possibly replace the physical-modeling efforts is showcased.  It is 
concluded that CFD for the design and parametric range optimization for specific SP set 
up-s is a very cost-effective and timesaving tool.  As the CFD tool is maturing more 
aggressive and system level simulations of taconite mining processes are becoming 
increasingly feasible and easier.  
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APPENDIX 

 
The Eulerian Multiphase Model 

For analysis of multiphase flows, along with the basic equations, closure relations 
must be provided to describe the interaction between the phases. In FLUENT, a general 
procedure to model complex multiphase systems has been implemented that account for 
all interaction forces among phases having different properties and distinct flow regimes. 
The multi-fluid Eulerian modeling approach deals with the physical modeling 
complexities as well as the challenges of numerical simulation, for example, unstructured 
implementation, discretization of the modeled equations, interphase coupling, volume 
flux reconstruction, and pressure-velocity algorithm. The overall method and validation 
studies can be found in [2, 3].  

The governing equations in multiphase flows are fully coupled and the solution 
efficiency and rate of convergence depends on the type of algorithm used. Pressure 
coupled implicit algorithms [4], are forbiddingly expensive for multiphase flows since 
they require a solution domain comprising all n-phase momentum equations plus the 
shared and/or the individual pressures for each phase. Segregated pressure-based methods 
are computationally less expensive and would be the preferred choice to solve n-phase 
multiphase flows. Current multiphase CFD codes treat the interphase coupling terms 
semi-implicitly using two methods, the Partial Elimination Algorithm (PEA) of Spalding 
[5] or the SINCE algorithm of Lo [6]. Experience shows that an implicit treatment of the 
interface coupling terms is essential for better convergence and robustness. In FLUENT 
the coupling between phases is accomplished implicitly at the level of the solution matrix 
using a block algebraic multigrid solver. The major advantage of this method is that the 
full coupling effect can also be incorporated into the face volume fluxes, pressure-
correction equation and to the velocity-correction. This approach can also be extended to 
non-drag coupling terms like virtual mass forces and mass transfer effects. 

The ensemble averaged equations for mass, momentum and turbulence transport, 
without mass transfer, for each phase k, are: 
 
Continuity equation 
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Turbulence kinetic energy equation 
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Turbulent rate of dissipation energy equation 
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Here, subscripts k and l refer to the fluid phases. ak is the volume fraction, rk is the 
density, uk is the velocity, p is the pressure, tk is the stress-strain tensor, Mk represents 
non-drag interphase momentum exchange forces and Rkl is the drag between phases. k is 
the turbulent kinetic energy, Γ’s represent diffusivities, Gk is the production term, and εk 
is the turbulent rate of dissipation energy. Ck

l are factor functions; Cε1,  Cε2,  Cε3 are 
constants, and Nk represents non-drag exchange terms for turbulence quantities. 

The above governing equations are discretized by dividing the domain into a finite 
number of unstructured control volumes. In the collocated variables finite volume 
approach, checkerboard splitting of pressure is avoided using a special discretization 
scheme following Rhie and Chow [7].  A similar idea was implemented into FLUENT 
unstructured by Mathur and Murthy [8]. This idea has also been extended to multiphase 
flows, Vasquez and Ivanov [2]. Similarly, other driving forces like gradients of the 
volume fraction, or body forces, can be included in the Rhie and Chow [7] scheme. But 
such a velocity reconstruction procedure does not automatically satisfy mass continuity.  
An extended SIMPLE algorithm is used for the pressure-velocity coupling in multiphase 
flow. To avoid bias towards a heavy phase, the pressure correction is based on the 
conservation of the total volume. The resulting discretized form of the total volume 
continuity equation for incompressible fluids and the correction for the volume fluxes, 
derived from the coupled momentum equations, are used to satisfy local mass continuity 
and derive pressure corrections. The coefficients of the pressure correction equation 
implicitly contain the whole effect of the coupling terms of the momentum equations. 
The algorithm is named Phase-Coupled-SIMPLE and is summarized below: 
 
1. Initialize all variables. 
2. Update boundaries and coupling terms. 
3. Solve for phase-coupled velocity vectors using a block algebraic multigrid method. 
4. Reconstruct the volume fluxes. Use a point matrix solver to get the volume fluxes. 
5. Build the pressure-correction equation from total volume continuity and solve it. 
6. Volume fluxes and velocity corrections preserve the full coupling. Use a matrix 

solver to correct fluxes and velocities. Correct share pressure. 
7. Solve for volume fractions enforcing realizability conditions and update properties. 
8. Solve scalar equations. 
9. Repeat from step 2 until convergence 
10. If time dependent advance to next time step. 

Further details of the FLUENT multiphase flow solver are available in [1, 2, 3]. 
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APPENDIX 3 
 
RESULTS OF PRELIMINARY TESTS 
 
 
Test 1 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 53.49 138.72 26.27 16.77 56.96 
Tails 59.38 116.90 28.29 17.26 54.46 
Concentrate 36.71 6.27 25.17 19.59 55.24 
 
 
 
Test 2 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 55.70 117.46 24.29 17.23 58.48 
Tails 54.83 99.52 28.95 17.28 53.77 
Concentrate 54.69 12.71 22.86 18.59 58.55 
 
 
 
Test 3 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 53.96 154.14 25.75 16.96 57.29 
Tails 56.06 102.92 28.66 16.81 54.53 
Concentrate 63.57 16.57 25.39 18.38 56.22 
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Test 4 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 54.11 139.15 24.10 16.60 59.30 
Tails 58.02 157.29 22.44 18.20 59.36 
Concentrate 42.68 15.95 21.82 18.32 59.86 
 
 
 
Test 5 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 54.17 126.91 21.40 16.65 61.96 
Tails 57.31 162.93 26.22 16.73 57.05 
Concentrate 45.34 80.01 20.19 19.16 60.65 
 
 
 
Test 6 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 60.89 157.99 22.83 17.00 60.31 
Tails 58.25 145.26 25.73 17.58 56.68 
Concentrate 62.34 138.59 27.31 17.81 54.89 
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Test 7 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 66.46 200.27 28.22 18.01 53.77 
Tails 66.39 190.25 27.79 18.53 53.68 
Concentrate 51.02 16.57 26.65 18.78 54.57 
 
 
Test 8 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 60.63 240.56 25.59 16.85 57.56 
Tails 61.31 172.03 28.74 17.49 53.77 
Concentrate 68.70 63.36 27.08 19.03 53.88 
 
 
Test 9 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 48.19 273.00 23.49 16.85 59.66 
Tails 54.93 138.08 26.58 17.27 56.15 
Concentrate 47.01 81.30 24.89 16.14 58.98 
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Test 10 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 58.55 80.93 25.90 17.26 56.84 
Tails 64.98 78.64 26.94 17.01 56.05 
Concentrate 35.94 9.94 17.64 19.28 63.08 
 
 
Test 11 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 58.85 81.84 25.90 17.26 56.84 
Tails 62.79 72.53 26.95 17.23 55.82 
Concentrate 32.85 8.50 16.91 17.59 65.50 
 
 
Test 12 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 53.38 86.07 25.90 17.26 56.84 
Tails 60.58 68.74 26.93 17.57 55.49 
Concentrate 50.89 16.52 21.59 15.97 62.44 
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Test 13 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 48.45 114.52 25.90 17.26 56.84 
Tails 65.32 82.10 27.22 17.54 55.24 
Concentrate 27.47 24.74 21.50 16.36 62.15 
 
 
Test 14 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 51.15 90.53 25.90 17.26 56.84 
Tails 64.30 75.12 27.14 17.36 55.50 
Concentrate 19.04 12.53 18.46 16.67 64.87 
 
 
Test 15 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 52.25 82.44 21.77 18.20 60.03 
Tails 64.32 71.64 22.10 18.09 59.81 
Concentrate 27.77 10.27 19.48 18.92 61.60 
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Test 16 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 53.74 84.98 21.77 18.20 60.03 
Tails 58.92 55.84 21.26 19.39 59.35 
Concentrate 46.78 25.79 22.86 15.63 61.51 
 
 
Test 17 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 49.86 67.94 21.77 18.20 60.03 
Tails 63.28 63.94 22.33 18.21 59.46 
Concentrate 24.93 11.68 18.70 18.11 63.18 
 
 
Test 18 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 60 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 48.96 63.37 21.77 18.20 60.03 
Tails 61.38 56.82 22.08 18.75 59.17 
Concentrate 34.54 18.18 20.79 16.48 62.73 
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APPENDIX 4 
 
RESULTS OF FINAL TESTS 
 
 
Test 19 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 90 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 55.36 88.65 32.62 16.03 51.35 
Tails 67.76 75.81 34.64 15.92 49.45 
Concentrate 30.94 19.20 24.67 16.49 58.84 
 
 
Test 20 
Variable Set  Point 
Current (Ampere) 0.8 
Magnet Angle (°) 90 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 53.47 75.11 32.62 16.03 51.35 
Tails 66.92 73.58 34.81 15.81 49.38 
Concentrate 29.66 17.26 23.30 16.99 59.71 
 
 
Test 21 
Variable Set  Point 
Current (Ampere) 0.9 
Magnet Angle (°) 90 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 52.28 72.37 32.62 16.03 51.35 
Tails 66.53 72.15 35.06 15.69 49.25 
Concentrate 31.70 14.39 20.41 17.74 61.85 
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Test 22 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 90 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 61.29 202.93 32.51 18.02 49.47 
Tails 65.06 179.62 34.30 18.00 47.69 
Concentrate 38.71 14.85 21.79 19.55 58.66 
 
 
Test 23 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 90 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 61.59 194.76 32.51 18.02 49.47 
Tails 65.59 174.61 32.66 17.94 49.40 
Concentrate 34.21 16.64 30.95 18.84 50.21 
 
 
Test 24 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 75 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 61.21 193.36 32.51 18.02 49.47 
Tails 65.45 172.95 32.73 19.68 47.59 
Concentrate 6.06 1.44 15.59 21.29 63.12 
 
 
 
 
 
 
 
 



 

 D-4 

Test 25 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 75 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 56.59 158.74 29.30 17.48 53.22 
Tails 58.57 186.69 29.45 17.53 53.02 
Concentrate 4.77 1.21 6.74 9.49 83.77 
 
 
Test 26 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 59.55 221.97 29.30 17.48 53.22 
Tails 58.27 167.76 30.01 17.59 52.40 
Concentrate 27.24 8.05 14.51 15.14 70.35 
 
 
Test 27 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 61.24 274.17 29.30 17.48 53.22 
Tails 63.32 197.62 34.13 17.33 48.54 
Concentrate 56.07 37.43 22.04 17.58 60.37 
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Test 28 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 41.40 166.04 29.30 17.48 53.22 
Tails 51.34 131.84 31.52 17.67 50.81 
Concentrate 20.14 19.59 14.38 16.17 69.45 
 
 
Test 29 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 41.70 170.22 29.30 17.48 53.22 
Tails 50.83 129.58 32.61 17.55 49.83 
Concentrate 25.42 34.54 16.87 17.20 65.93 
 
 
Test 30 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Middle 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 43.94 146.64 20.31 17.48 62.21 
Tails 61.30 126.55 21.36 17.64 60.99 
Concentrate 15.15 15.94 10.18 18.75 71.06 
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Test 31 
Variable Set  Point 
Current (Ampere) 0.8 
Magnet Angle (°) 120 
Separating Plate Position Middle 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 44.05 147.93 20.31 17.48 62.21 
Tails 61.18 130.07 21.76 17.33 60.91 
Concentrate 18.09 21.83 11.66 18.40 69.94 
 
 
Test 32 
Variable Set  Point 
Current (Ampere) 1.4 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 45.07 97.55 20.31 17.48 62.21 
Tails 68.47 113.22 21.52 17.19 61.29 
Concentrate 16.07 17.29 12.38 19.44 68.18 
 
 
Test 33 
Variable Set  Point 
Current (Ampere) 1.0 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 42.32 80.42 20.31 17.48 62.21 
Tails 69.11 90.84 21.21 17.30 61.49 
Concentrate 12.59 11.73 13.33 18.90 67.77 
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Test 34 
Variable Set  Point 
Current (Ampere) 1.1 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 34.99 114.89 21.77 17.77 60.45 
Tails 68.82 97.00 23.67 15.86 60.47 
Concentrate 16.71 33.12 16.20 23.38 60.42 
 
 
Test 35 
Variable Set  Point 
Current (Ampere) 1.4 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 38.45 101.47 21.77 17.77 60.45 
Tails 66.56 87.95 19.84 17.96 62.20 
Concentrate 12.00 16.97 15.98 22.09 61.93 
 
 
Test 36 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 58.90 124.86 31.03 16.96 52.01 
Tails 67.63 116.42 32.59 17.13 50.28 
Concentrate 31.52 19.03 21.46 15.93 62.61 
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Test 37 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 57.50 123.91 31.03 16.96 52.01 
Tails 64.47 121.96 32.73 17.16 50.11 
Concentrate 33.96 18.69 20.54 16.96 62.50 
 
 
Test 38 
Variable Set  Point 
Current (Ampere) 0.8 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 43.97 89.09 31.03 16.96 52.01 
Tails 67.21 96.19 32.29 16.81 50.90 
Concentrate 8.74 8.43 16.61 18.73 64.66 
 
 
Test 39 
Variable Set  Point 
Current (Ampere) 1.0 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 43.59 89.01 31.03 16.96 52.01 
Tails 66.94 85.69 32.42 16.64 50.94 
Concentrate 11.79 10.95 20.13 19.46 60.40 
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Test 40 
Variable Set  Point 
Current (Ampere) 1.0 
Magnet Angle (°) 120 
Separating Plate Position High 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 35.68 77.92 31.03 16.96 52.01 
Tails 65.43 84.82 31.46 16.89 51.65 
Concentrate 3.27 3.02 18.98 18.98 62.04 
 
 
Test 41 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 49.80 189.19 24.97 17.62 57.40 
Tails 58.73 156.46 25.69 17.31 57.00 
Concentrate 30.72 33.26 18.81 17.87 63.32 
 
 
Test 42 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 49.77 242.07 24.97 17.62 57.40 
Tails 57.62 167.07 27.43 17.49 55.07 
Concentrate 35.17 53.89 17.34 18.03 64.63 
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Test 43 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 51.25 274.52 24.97 17.62 57.40 
Tails 55.87 197.57 26.14 17.60 56.26 
Concentrate 29.00 19.82 13.33 17.83 68.84 
 
 
Test 44 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 49.83 153.78 24.97 17.62 57.40 
Tails 57.33 281.06 25.50 17.58 56.91 
Concentrate 26.29 18.27 16.84 18.24 64.92 
 
 
Test 45 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 43.50 145.68 24.97 17.62 57.40 
Tails 55.41 151.89 25.23 17.63 57.14 
Concentrate 4.36 2.13 6.29 17.22 76.49 
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Test 46 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 42.82 169.69 24.97 17.62 57.40 
Tails 52.37 132.00 26.06 17.62 56.32 
Concentrate 10.56 8.69 8.44 17.64 73.92 
 
 
Test 47 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 49.36 230.32 22.44 18.48 59.08 
Tails 64.11 133.48 24.71 18.43 56.87 
Concentrate 38.18 106.27 19.59 18.56 61.85 
 
 
Test 48 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 50.70 227.12 22.44 18.48 59.08 
Tails 64.81 115.07 24.36 18.56 57.08 
Concentrate 36.94 101.38 20.26 18.41 61.34 
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Test 49 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 50.52 115.39 22.44 18.48 59.08 
Tails 67.32 116.83 23.31 18.63 58.06 
Concentrate 12.44 8.50 10.46 16.47 73.07 
 
 
Test 50 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 50.53 130.97 22.44 18.48 59.08 
Tails 68.30 124.12 23.54 18.60 57.87 
Concentrate 21.57 10.50 9.48 17.15 73.38 
 
 
Test 51 
Variable Set  Point 
Current (Ampere) 0.5 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 44.64 243.00 22.44 18.48 59.08 
Tails 69.06 122.95 37.71 23.76 38.52 
Concentrate 32.68 103.11 20.94 18.21 60.85 
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Test 52 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 45.84 222.48 22.44 18.48 59.08 
Tails 69.30 126.58 24.07 18.23 57.70 
Concentrate 32.34 96.17 20.30 18.82 60.89 
 
 
Test 53 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 50.21 106.69 22.44 18.48 59.08 
Tails 60.81 140.99 23.13 18.57 58.30 
Concentrate 11.17 6.16 6.70 16.49 76.80 
 
 
Test 54 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 52.06 104.80 25.87 18.53 55.60 
Tails 64.60 118.10 22.36 18.43 59.21 
Concentrate 12.66 6.52 10.57 17.07 72.36 
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Test 55 
Variable Set  Point 
Current (Ampere) 0.7 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 50.55 129.40 25.87 18.53 55.60 
Tails 65.01 123.78 27.05 18.41 54.54 
Concentrate 17.44 12.88 14.55 19.72 65.73 
 
 
Test 56 
Variable Set  Point 
Current (Ampere) 0.6 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 47.28 107.01 25.87 18.53 55.60 
Tails 66.71 110.70 26.06 18.53 55.41 
Concentrate 3.82 2.98 18.72 18.72 62.56 
 
 
Test 57 
Variable Set  Point 
Current (Ampere) 1.0 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 45.87 102.90 25.87 18.53 55.60 
Tails 66.59 110.19 26.68 18.44 54.88 
Concentrate 8.95 7.46 13.92 19.83 66.24 
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Test 58 
Variable Set  Point 
Current (Ampere) 1.2 
Magnet Angle (°) 120 
Separating Plate Position Low 
 

Size Distribution (%) Stream % Solids Flow Rate 
(kg/hour) +150 µm -150 +106 µm -106 µm 

Feed 39.16 166.10 25.87 18.53 55.60 
Tails 66.10 106.70 26.20 18.46 55.34 
Concentrate 7.81 4.62 18.18 20.32 61.50 
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APPENDIX 5 
 
MASS BALANCED PRODUCT AND FEED SIZE DISTRIBUTIONS OF 
SELECTED TESTS 
Test 21 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 15.18 8.06 15.91 
-212 +150 10.11 9.18 10.21 
-150 +106 16.74 16.65 16.75 
-106 +75 19.49 20.98 19.33 
-75 +53 20.28 22.96 20.00 
-53 +38 7.38 8.63 7.25 
-38 +25 3.14 3.79 3.07 
-25 7.68 9.76 7.47 
 
Test 26 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 10.59 5.70 11.53 
-212 +150 9.09 7.13 9.47 
-150 +106 16.70 14.73 17.08 
-106 +75 20.70 20.88 20.66 
-75 +53 22.21 24.47 21.77 
-53 +38 8.21 9.97 7.87 
-38 +25 3.58 4.64 3.38 
-25 8.93 12.48 8.24 
 
Test 28 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 11.39 5.67 12.58 
-212 +150 9.31 6.27 9.94 
-150 +106 16.70 14.50 17.16 
-106 +75 20.35 21.13 20.19 
-75 +53 22.06 24.14 21.62 
-53 +38 8.04 10.06 7.62 
-38 +25 3.44 4.75 3.17 
-25 8.71 13.47 7.72 
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Test 29 
Weight (%) Size Fraction 

(micron) Feed Concentrate Tails 
+212 12.63 6.50 13.76 
-212 +150 9.17 7.30 9.52 
-150 +106 16.47 15.87 16.58 
-106 +75 20.07 21.35 19.83 
-75 +53 21.81 23.49 21.50 
-53 +38 8.00 9.34 7.76 
-38 +25 3.34 4.25 3.18 
-25 8.50 11.90 7.87 
 
Test 45 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 13.37 5.74 13.53 
-212 +150 9.95 6.26 10.03 
-150 +106 17.15 14.48 17.20 
-106 +75 20.42 21.13 20.41 
-75 +53 20.87 24.15 20.80 
-53 +38 7.41 10.03 7.35 
-38 +25 3.24 4.75 3.21 
-25 7.59 13.46 7.47 
 
Test 46 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 13.87 5.46 14.53 
-212 +150 9.66 6.24 9.94 
-150 +106 16.85 14.51 17.04 
-106 +75 20.06 21.09 19.98 
-75 +53 20.71 24.25 20.43 
-53 +38 7.42 10.05 7.21 
-38 +25 3.34 4.85 3.23 
-25 8.08 13.55 7.65 
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Test 49 
Weight (%) Size Fraction 

(micron) Feed Concentrate Tails 
+212 11.00 4.56 11.48 
-212 +150 9.78 7.37 9.96 
-150 +106 17.24 16.81 17.27 
-106 +75 21.42 21.85 21.38 
-75 +53 20.94 23.01 20.79 
-53 +38 7.85 9.01 7.76 
-38 +25 3.43 4.29 3.36 
-25 8.35 13.10 7.99 
 
Test 50 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 11.31 4.56 11.89 
-212 +150 9.70 7.37 9.90 
-150 +106 17.51 16.81 17.57 
-106 +75 21.03 21.85 20.96 
-75 +53 21.38 23.01 21.24 
-53 +38 7.83 9.01 7.72 
-38 +25 3.34 4.29 3.25 
-25 7.91 13.10 7.46 
 
Test 53 

Weight (%) Size Fraction 
(micron) Feed Concentrate Tails 
+212 11.53 5.72 11.83 
-212 +150 10.42 7.10 10.60 
-150 +106 18.01 14.68 18.19 
-106 +75 20.81 20.89 20.81 
-75 +53 21.31 24.44 21.15 
-53 +38 7.55 9.97 7.42 
-38 +25 3.22 4.68 3.15 
-25 7.14 12.52 6.85 
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Test 55 
Weight (%) Size Fraction 

(micron) Feed Concentrate Tails 
+212 11.47 4.56 12.24 
-212 +150 10.28 7.37 10.60 
-150 +106 18.04 16.81 18.17 
-106 +75 20.82 21.85 20.71 
-75 +53 21.65 23.01 21.50 
-53 +38 7.72 9.01 7.58 
-38 +25 3.20 4.29 3.08 
-25 6.82 13.10 6.13 
 
 


