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1. INTRODUCTION 

When the Concentrator Modeling Center was established in 1998, its first 
task was to define the prevailing conditions in terms of taconite plant 
simulation. Capabilities of existing software and unit operations needing 
improved models were defined. Preliminary simulations were carried out to 
determine how accurately the existing models could simulate taconite plant 
operations. Plant data was analyzed to determine how taconite plant 
operation could be simulated and to define the common problems and 
bottlenecks. It also provided some insight in terms of model development. 
This work indicated that there was a need for improved model development 
for the unit operations commonly used in taconite processing. Therefore, 
the Center's task was defined as "to develop advanced models, while 
providing simulation based assistance to the taconite plant operators using 
available simulation capabilities. n 

On the model development side, the specific objective was to develop 
improved models for magnetic separators, hydroseparators, fine screens 
and mineral liberation. Despite unsuccessful attempts to obtain federal 
funding for this type of work due to unwillingness of federal sources to fund 
projects that would benefit only a smaller section of the mining industry, the 
Center managed to improve the very simple models available for these unit 
operations using its plant database and limited funding for specific projects, 
Now it has the capability of simulating taconite processing more 
realistically. This was achieved . by analyzing available plant data and 
developing theoretical understanding of how these unit operations function, 
and along with pilot scale testing in the case of fine screen modeling. 

The Center's task was not only to develop these models, but also to 
incorporate them into the existing software, Usim Pac. Models for magnetic 
separators and hydroseparators were converted to the programming 
language of the software. The liberation model is expected to be 
incorporated soon. 

The Center's simulation efforts were concentrated on case studies 
involving the Evtac and lspat Inland plants. While replacing hydrocyclones 
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in a ball mill grinding circuit with fine screens was the focus of study in the 
former plant, improving overall plant performance was the aim in the latter, 
which is still an on-going project funded by the DOE. Another simulation 
study was carried out to determine benefits of ore segregation in one of the 
taconite plants. 

During this period, the Center established a good relationship with the 
engineers at BRGM, who developed Usim Pac software. The problems 
experienced with Usim Pac were conveyed to them, and they provided 
short and long term solutions to some of these problems. Short term 
solutions mainly dealt with improved data handling techniques to overcome 
some mass balancing and model fitting problems, while long term solutions 
involved providing better data handling, mass balancing and simulation 
capabilities in the new version of the software. As a matter of fact, the new 
version was released in 2002 and appears to be improved. 

This report contains detailed information about the work undertaken by the 
Center during the past biennium, 2001-2003. It contains sections 
describing improvements in data handling, model development and 
simulation studies. 
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2. IMPROVED DATA HANDLING WITH USIM PAC 

One of the problems with Usim Pac cited in a previous report by the 
Center1, was the fact that simulated product distributions from rod and ball 
mill models were not smooth (Figure 1 ). This unusual shape of simulated 
size distribution was creating further problems in simulating the closed 
grinding circuit. Errors in size distributions passed to all the downstream 
flows and accurate prediction of final size distribution was almost 
impossible. 
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Figure 1. Distorted shapes of Usim Pac simulated size distribution curves. 

Following discussions with BRGM engineers, it was found that the software 
and model fit algorithm was designed to handle size distribution in a proper 
series of sieves. A missing or additional sieve in a given series resulted in 
too large/small amount of material within a specific size interval, which in 
turn triggered the software to act as if this was a bimodal distribution. 
Nevertheless, the remedy was to define size distributions using a proper 
set of sieves. This not only improved the fit to mill product size distributions 
(Figure 2), but it also made handling of closed grinding circuits easy. It was 
also found that some of the problems associated with fitting rod mill data to 
the model were due to limits imposed on the main kinetic parameter, S ~ , 

by the simulator. It was possible to obtain a much better fit when the lower 
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limit to this parameter was further lowered through the Usim Pac Locking 
Utility and Model Development Kit. 
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Figure 2. Improved model fit to size distributions 
through proper data handling. 
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The mass balancing algorithm of the software was criticized for requiring 
initial and close estimates of flow rates. Even so, it required a number of 
repeats, until the difference between the estimated and calculated flow 
rates became negligible. The remedy offered for this minor problem was to 
have larger relative errors for the initial flow rate estimates. When this 
approach was tested, it was found that it did reduce the time spent in 
finding the true optimum flow rates, when plant data was reasonably good. 
It did not work, however, when size and chemistry data had relatively large 
errors. Since most plant data could be classified as "good," this approach 
provided significant relief, and reduced the probability of reaching a false 
optimum when the flow rates are calculated. 

The most promising developments came with the new version, Usim Pac 
3.0. It seems to have solutions to the problems listed below, which were 
cited in the previous report by the Center 1. 

1. Complex file system and difficult house keeping. Every step of a 
particular work is filed separately. Unnecessary files cannot be 
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deleted directly from the software's user interface. When a file is 
copied to a floppy disk, it may be deleted from its current location. 

2. The streams are numbered, rather than using a descriptive name for 
each particular stream. This creates a minor difficulty when stream 
data is viewed. 

3. It does not use 0/o solids data directly in mass balance calculations. 
Although it balances water flow rates, this does not have any direct 
bearing on solids flow rates. 

4. It creates problems when using certain data combinations, e.g. size 
distribution and head grades combination. Although it appears that 
the software is capable of handling this type of data, it gives an error 
message when such data is mass balanced. 

5. There appears to be a limit to the data sets/circuit complexity that can 
be handled by the software. The vendor claims that the computer 
used in calculations imposes such limits. 

Data filing has been simplified and easy transfer of data from/to Windows 
applications became possible. File creation/deletion and data transfer 
between Usim Pac files have also become simpler. Both numbers and 
names can be used to identify streams. Mass balancing of different 
combination of data sets is now possible. It is also stated that it now has a 
better mass balancing algorithm. 

Apart from these, it is claimed that it is now possible to obtain a better fit 
using the model fit algorithm. For example, model fit to a size distribution 
can be focused on 80o/o passing size, or particular a section of size 
distribution, if desired. 

However, the improved capabilities of the new version have not been fully 
tested due to the fact that an essential part of user manual has not yet 
been released yet. Initial attempts to discover, some of these new functions 
by trial and error proved to be infertile and time consuming. Therefore, the 
new version, though it is available at the Center, has not been effectively 
used. 

It should be noted that the new version does not have new models that 
could be used in taconite processing. It has, however, new models that 
could be applied when the simulator is used for environmental cleaning 
processes. It appears that model improvement emphasis was on adapting 
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it to environmental applications. Modified data structure allows such data to 
be handled easily by the simulator. 
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3.MODELDEVELOPMENT 

During the project period, some progress was made in all fronts of model 
development, which included liberation modeling, magnetic separator, 
hydroseparator and fine screen models. Progress in each field is presented 
below. The Center played a secondary role for some of these 
improvements, since they were products of projects funded by different 
sources and carried out by other researchers. In those cases, the Center 
provided software assistance and contributed through discussions. These 
were liberation and fine screen modeling studies. The details of these 
studies will be separately reported. Brief information about these model 
development studies will be given here. The main focus of this section will 
be on the models developed entirely by the Center using a taconite plant 
database. These models were magnetic separator and hydroseparator 
models. 

3.1 Liberation Modeling 

The liberation model that had been developed by Wiegel2 was further 
refined and eventually converted to Fortran programming language to 
make it compatible with Usim Pac. Initially, it was planned that this model 
would be incorporated into Usim Pac by BRGM, the developer of the 
software. This, later proved to be impossible due to lack of personnel and 
enthusiasm to carry out this task at this institution. This development led to 
the idea that it would be more convenient if this task could be performed by 
Wiegel himself. This required lending of a copy of the software to him free 
of charge by BRGM, who kindly agreed to such an arrangement. However, 
this also proved to be fruitless, since the copy of the software, Usim Pac 
3.0, did not work due to the sentinel key problems. Lack of documentation 
about this new version made it even harder to carry out this task. 

This second failure caused us to return to the first option. It became a more 
realistic approach when BRGM claimed that they hired a new engineer, 
who could also perform this task. After a while, it became clear that this 
arrangement would not work either. Eventually, the Center, encouraged by 
the successful incorporation of two models into the software, volunteered to 
carry out the task in collaboration with Wiegel, who recently sent a Fortran 
version of his model to the Center. This will be incorporated into Usim Pac 
by the Center in the near future. 
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The model is based on size by size Davis tube tests representing the 
liberation profile of a given ore. Such data is used to calculate model 
parameters including grain size and barren rock dilution. The model also 
use volumetric abundance in its calculations of liberation distribution. 
Recent improvements in the model relates to how progeny particles will be 
distributed among the liberation classes. Consequently, it predicts the 
size/liberation distribution in mill products. Wiegel also tested his model to 
simulate a closed grinding operation. His simulations involved a ball mill, as 
well as hydrocyclone models that process size/liberation data as input. 

3.2 Magnetic Separator Modeling 

The earliest model for low intensity wet magnetic separators was 
developed by Wiegel, who used Davis tube definition magnetic and non
magnetic fractions as a basis for the model. In plant scale operation, 
portions of magnetics and non-magnetics are misplaced into tailing and 
concentrate streams. The model defines misplacement for each component 
and calculates performance using Davis tube test data for feed to a 
separator. It consisted of two regression equations defining magnetic and 
non-magnetic misplacement for each stage of magnetic separation. 

A similar model is used by Usim Pac mineral processing simulation 
software. Instead of a function and Davis tube definition of magnetics and 
non-magnetics, discrete size by size component recoveries were used to 
model the separator. It assumes that those values will be constant for a 
given magnetic separator. This model was used by the Center to carry out 
plant simulations. Although three sets of data taken from the same plant 
during different time periods produced very similar performance curves 
(Figure 3) indicating that this simple model could be satisfactorily used for 
simulation, it failed to provide reasonable predictions when some major 
flowsheet modifications were_ simulated1

. The measure of failure was the 
effect of these modifications in other taconite plants. It was concluded that 
this simple model was only good for simulating minor modifications in a 
plant flowsheet. 
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Figure 3. Magnetite and gangue recoveries from cobbers. 
Each data set was obtained from a different line 

at the same plant during different periods. 

LKAB used Usim Pac for a simulation based study comparing alternative 
flowsheets, predicting the effects of throughput and feed grade and 
evaluating several options for equipment size. They concluded that the 
magnetic separator model existing in Usim Pac was too simplistic. They 
developed their own magnetic separator model, which assumes that 
magnetite grade and recovery per size fraction reporting to concentrate are 
independent of minor variations in feed grade, feed rate and feed size 
distribution. 

Schneider's model is based on a model structure proposed by Wiegel. The 
difference is its use of detailed size-liberation based information. It 
assumes that particles are misplaced due to both bypass and classification. 
The bypass fraction is a function of particle size, while the primary 
classification function is dependent on particle composition. The model 
calculates magnetic separator performance using particle composition 
information provided by his liberation model. 

In contrast to the above models, Rayner developed a magnetic separator 
model to define the effects of design and operating conditions on magnetic 
separator performance. Although his model was essentially developed for 
cleaning of magnetite or ferrosilicon from a heavy media circuit, it seems to 
have a potential to be adapted to separators treating magnetite-bearing 
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iron ores. Nonetheless, the model proposed in this report does not yet have 
the ability to simulate operating/design parameters. It is an alternative to 
the models listed above. It currently assumes that these conditions will be 
constant for a given case. 

3.2.1 Analysis of Plant Data 

As reported by the Center1, to gain better understanding of magnetic 
separator performance, data from four plants was examined. The data was 
obtained by complete plant sampling, sieving, size by size chemical 
analysis for total iron, magnetic (Satmagan) iron and silica. The raw data 
was mass balanced using Usim Pac. Then, mass balanced magnetic iron 
values were converted to magnetite on the basis of atomic weights 
(dividing by O. 7236). The rest was assumed gangue. This conversion 
simplified data analysis and was also practical since plant operators are 
interested in what happens to magnetic iron, not total iron. The only 
disadvantage would be that silica contents of streams would be inferred. 

It is known that mineralogy differs from one mine to another. There are also 
differences in feed grades. Although all the plants have similar flowsheets, 
there are differences in terms of mill type used in primary grinding, where in 
the flowsheet magnetic separators and fine screens were located, etc. 
However, all the plants have at least three stages of magnetic separation. 

Examination of plant data revealed that there were large differences among 
the plants in terms of magnetic separator design/operating parameters, as 
well as their performances. It appeared that each plant had a different 
operating philosophy. This was reflected in their choice of magnetic 
separator design and operating variables. This, coupled with variations in 
mineralogy and feed grades, made it almost impossible to correlate 
performance to the associated variables. Comparison became even more 
complicated for rougher and finisher stages of magnetic separators due to 
larger differences in feed grades resulting from the differences in 
flowsheets. Performance of cobber magnetic separators is presented in 
Figure 4 and 5 in terms of size by size magnetite and gangue recovery to 
concentrate, respectively. An examination of cobber magnetic separator 
data indicated 
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Figure 4. Particle size vs. magnetite recovery relationship 
for cobbers at three different plants. 
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Figure 5. Particle size vs. gangue recovery (misplacement) relationship 
for cobbers at three different plants. 

that some of the differences in performance could be related to magnetic 
field strength of magnetic separators. In fact, one of the plants later 
replaced its old magnetic separators with new higher strength units. This 
resulted in higher magnetite and gangue recovery, which confirmed the 
above correlation. Plant data also indicated that feed grade, as well as 
mineralogy, could have had significant effect on performance. When 
performances of magnetic separators in a given plant were compared, it 
was found that both magnetite recovery and gangue recovery 
(misplacement) were increased from cobbers to finishers (Figures 6 and 7). 

11 



-

r 

..... 

These graphs show that magnetic separation cannot be classified as a 
deterministic process in terms of particle size vs. recovery relationship. It 
was also found that, as the feed grade to a given separator became higher, 
less magnetite was lost to tails, but less gangue particles were separated 
into the tails. 
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Figure 6. Variation of particle size vs. magnetite recovery relationship 
for different stages of magnetic separation. 
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Figure 7. Variation of particle size vs. gangue misplacement relationship 
for different stages of magnetic separation. 

A study involved sampling of two parallel lines at the Minntac plant showed 
that both lines had similar performance in terms of size by size recovery. 
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There were only minor differences between performances of equivalent 
drums in two parallel lines. Progression of separator performance from the 
first drum of cobbers to the last drum of finishers was examined. It was 
found that drum by drum performance could be correlated to feed grades. 
Data is presented in Figures 8 and 9 for magnetite and gangue, 
respectively. Despite grinding and further liberation, separation of gangue 
in a particular size range becomes more and more difficult as the ore 
passes through one drum to the next. A smaller and smaller proportion of 
gangue particles remaining in a particular size range is separated. The 
same trend was also observed for magnetite. 
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Figure 8. Magnetite recovery vs. feed grade relationship for selected size 
fractions showing variation on drum by drum data from cobbers to finishers. 
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on drum by drum data from cobbers to finishers. 

It was concluded that, as magnetite grade of feed to a magnetic separator 
becomes higher, a smaller portion of mostly liberated gangue particles 
would be left in the feed, making separation of gangue particles more 
difficult while less magnetite is lost to tailings. It was this conclusion that led 
to the development of the pseudo liberation concept. The idea was that 
feed grade to a particular separator could be considered as a compact 
parameter reflecting variations in liberation characteristics. Then, it could 
be used to predict how a magnetic separator would perform when feed 
grade changes as a result of a major modification in a plant flowsheet. 

3.2.2 Plant Operating Surface 

Having established that variation in the particle size mineral recovery 
relationship could be correlated to changes in feed grade, the next step 
was to define this relationship. Regression was used to draw smooth 
curves through the points in Figures 8 and 9. Then, these regression 
functions were combined with particle size recovery data to create the 
surfaces illustrated in Figures 10 and 11. These surfaces are called plant 
operating surfaces and form the basis for the pseudo liberation model. 
They reflect how the performance of magnetic separators would change 
when feed grade, hence liberation characteristics, to a particular magnetic 
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separator differs from existing conditions as a result of a modification in 
plant operating conditions and/or flowsheet. For a given feed grade, these 
surfaces could be used to calculate component recovery for each size 
fraction. 
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Figure 10. Plant operating surface depicting the dependence of magnetite 
recovery on feed grade and particle size. 
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Figure 11. Plant operating surface depicting the dependence of gangue 
misplacement on feed grade and particle size. 
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3.2.3 Implementation of the Model into the Simulator 

Implementation of the pseudo liberation model into a general use mineral 
processing software required some flexibility. Desired properties were: the 
model should be easily adaptable to different size distributions and sieve 
sizes; it should not require detailed (drum by drum) sampling; it should be 
reasonably extrapolated beyond the ranges currently encountered at a 
plant; and it should be able to normalize itself for magnetic separation 
stages where the number of drums and/or magnetic field strength differs 
from one stage to another. 

As a first step for flexibility, a functional form for the particle size - recovery 
relationship for a given separation stage was introduced. Due to large 
differences between the shapes of curves for different stages and plants, it 
appeared that cubic spline functions were the only general forms that could 
be applied to all cases. These functions also had the advantage of 
reasonable extrapolation. It was found that 5 knots could define the most 
complex shape encountered in plant data. This was selected as the 
standard form to be applied to all data. 

Cubic spline fitting not only provided a flexible form of data handling, but 
also smoothed out some extreme data points, which could have occurred 
as a result of sampling/sample analysis errors. A typical 5 knot cubic spline 
fit to cobber magnetic separator data is illustrated in Figure 12. The ability 
of cubic spline defined particle size curves to simulate the existing 
performance of individual separators was almost perfect in terms of both 
product chemistry, weight split and size distributions. The spline functions, 
rather than mass balanced data, were the ba~is for the rest of the model 
incorporation process. 
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Figure 12. Fit of the magnetic separator model to cobber data. 

Assuming that the model would be used for plants having at least three 
stages of magnetic separators, sampling of feed and final products of each 
separation stage would produce there points on feed grade - recovery 
scales. Then, interpolation between the data points and extrapolation 
beyond them could become questionable. A number of functional forms 
tried on drum by drum basis data failed to provide a unique form to 
describe the relationship for all size fractions and mineral types. This led to 
a simplified approach. A trial and error type study showed that it was 
reasonable to assume that recovery variation by grade was logarithmic, i.e. 
linear on recovery vs. log(size) scale, between any two given data points. 
When this approach was tried on drum by drum data, it provided 
satisfactory fit, i.e. very close to the fit provided by best fit functions. Close 
range extrapolation by the same method was also reasonable. This form 
also simplified model fitting, i.e. existing spline functions curves defining 
particle size - mineral recovery curves did not need to be modified because 
of model fitting along another dimension. 

Since the model fundamentally assumes that feed to a plant is 
concentrated by repeating the same separation procedure a number of 
times, the differences among the design parameters of magnetic 
separators needed to be neutralized by applying a normalizing operation. 
Such a procedure would provide a smooth curve along the recovery - feed 
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grade axis, resembling recovery - time curves in flotation. Normalization is 
required to neutralize the differences in number of drums and magnetic 
field strengths practiced at different stages of magnetic separation. Again, a 
simple method was introduced for this purpose; a calibration parameter for 
each separation stage, which is used as a power factor to adjust mineral 
recovery from a given separator. The same calibration parameter was used 
for both magnetite and gangue particles of all sizes. As an example, in a 
plant with two drum separators at cobbing and roughing stages, but with 
three drum separators at finishing, performance of finishers should be 
modified to represent a two drum separator. Since at finishing stage, 
mineral recoveries from each drum become very close to identical, 
assuming that all three stages of magnetic separators have the same field 
strength, a calibration power factor of 2/3 could be appropriate for this 
conversion. The model first calculates mineral recoveries for a given size 
fraction and feed grade on a normalized basis. Normalized recovery was 
then converted to actual recovery by inversing the normalization procedure. 

The model was incorporated into the Usim Pac mineral processing 
simulator, and its ability to simulate the effect of feed grade was tested. It 
appears that the model produces reasonable simulation within the plant 
operating range as well as close proximity of outer bounds. It is now used 
as a standard model when taconite plant simulations were performed. 

3.3 Hydroseparator Modeling 

As a first step to model development for hydroseparators, data from a pilot 
scale study carried out at the CMRL was examined. Data indicated that 
beyond an optimum point of fine gangue separation, increasing upward 
velocity further had a small effect on hydroseparator performance. Further 
increase increased mag iron losses with little benefit in terms of gangue 
separation. It was, however, operate the hydrocyclone inefficiently by 
lowering upward velocity, which provided a large decrease in the amount of 
fine gangue separated with. a small decrease in mag iron losses. This 
observation implied that liberation was the most dominant variable 
determining the point of optimum separation. On the other hand, 
examination of plant database showed that the plant hydroseparators are 
generally designed and operated at their optimum conditions. Combining 
these two observations led to the idea that the pseudo liberation modeling 
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approach that was successfully used for magnetic separator modeling 
could also be used for hydroseparators. 

The hydroseparator database included data from different plants as well as 
a couple of data sets from the same plant. Since a hydroseparator is 
essentially a classifying device, partition curve per component type of 
approach seemed suitable. The Rosin Rammler equation is commonly 
used for this type of application. As it was in magnetic separator modeling, 
it was assumed that ore consisted of two components, namely magnetite 
and gangue. The Rosin Rammler equation defines the true classification 
curve, excluding bypass, and has the following form: 

r,(a)=1-4-o.693(a:JJ 
where: 
d : particle size 
Y c : proportion of the particle population of size d which reports to the 
underflow, excluding short circuiting fraction 
dsoc : corrected dso 
m : parameter characterizing the sharpness of the classification and 1s 
related to imperfection as follows: 

Actual classification also involves bypass, hence the model has three 
parameters, i.e. bypass, dSOc and imperfection. 

Best fit values of model parameters were calculated for each set of plant 
data using the model fit algorithm of Usim Pac. The next step was to find 
out whether the variations in model parameters could be correlated to feed 
rates, since the pseudo liberation approach assumes that feed grade can 
be used as a compact measure of liberation characteristics. As shown in 
Figures 13 and 14, bypass showed the strongest correlation with feed 
grades. Both magnetite and gangue bypass increase with the feed grade, 
indicating that as the grade increases, less and less free gangue particles 
become· available for separation. It was also interesting to see that 
magnetite d50c and imperfection were independent of feed grades/plants. 
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While gangue imperfection appeared to be independent of feed grade, its 
d50c values exhibited a good correlation with it. 
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Figure 13. Variation of magnetite bypass 
in hydroseparators with feed grade. 
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Figure 14. Variation of gangue bypass in hydroseparators with feed grade. 

A second order polynomial function was used to describe the relationship 
between magnetite bypass and feed grade, while a power equation 
provided satisfactory fit for gangue. These equations are given below: 

Magnetite bypass = 89.69 + 0.239*FG - 0.0014*FG2 

Gangue bypass = 0.004*FG2·692 
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The relationship between gangue d50c and feed grade (Figure 15) was 
defined by the following second order polynomial function : 

Gangue d50c = - 146.63 + 6.2*FG - 0.049*FG2 
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Figure 15. Variation of gangue d50c in hydroseparators with feed grade. 

For magnetite d50c, a mean value of 45 microns was used as a constant. 
Imperfection constants were 0.41 and 0.2 for magnetite and gangue, 
respectively. 

Small deviations from the functions describing the relationships and model 
constants were assumed to be mainly due to differences in operating 
conditions. To account for these variations, a flexible structure was 
introduced into the model to adjust model parameters and constants for a 
specific plant. This was achieved through calibration parameters for the 
model parameters. Calibration parameters are also useful for model fitting 
purposes; they could also be used as the multipliers defining the effect of 
operating conditions on model parameters when such data becomes 
available. 

This model was incorporated into Usim Pac. It is now used as the standard 
model for hydroseparator simulation. 
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3.4. Fine Screen Modeling 

The fine screen model was developed by Jeremy Pletka at the CMRL by 
carrying out pilot scale tests on a Derrick fine screen unit. The project was 
funded by the Permanent University Trust Fund. The Center provided 
assistance in this model development work through mass balancing, model 
fitting and discussions leading to a model structure definition. The modeling 
was concerned with the main operating variables, which included feed rate, 
feed % solids and feed size distribution, and screen mesh. The effect of 
design variables, such as frequency, slope etc. , were beyond the scope of 
this study. Details of this project will be reported separately. A brief 
summary of its findings is given below. 

The model has the same structure as the hydroseparator model. A partition 
curve per component type of approach was also used applied to this 
device. In contrast to the hydroseparator model, performance of fine 
screens is highly dependent on the operating conditions, and model has 
the capability of simulating their effects. Similar to the hydroseparator 
model, bypass was the most critical parameter defining performance. As 
would be expected, dSOc was mainly controlled by the screen mesh, and its 
dependence on operating conditions was relatively small. Although the 
model takes into account the effect of operating conditions on imperfection, 
this parameter did not appear to be strongly affected by the operating 
conditions. 

The equations defining the relationships are given below: 

·For magnetite, 

Bypass= 71.034 - 3.643*(%solids) + 3.014*(Flow rate) - 0.741 *(%0 /S in 
feed)+ 0.041 *(o/osolids*0/o0/S in feed) + 0.037*(%solids)2 

DSOc = 94.614 - 0.943*(%solids) + 0.483*(Screen size) + 2.424*(Flow 
rate) - 135.58*(Flow rate/o/osolids) 

Imperfection = 0.00161 + 0.002*(%solids) + 0.0002* (Screen size) + 
0.003*(%0/S in feed) 
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For gangue, 

Bypass = 93 - 4.525*(0/osolids) + 3.21 *(Flow rate) - 1.356*(%0 /S in 
feed) + 0.056*(0/osolids*%0 /S in feed) + 0.045*(o/osolids)2 

DSOc = 89.546 - 0.902*(%solids) + 0.442*(Screen size) + 1.988*(Flow 
rate)- 108.47*(Flow rate/0/osolids) 

Imperfection = 0.031 + 0.00196*(%solids) - 0.00003* (Screen size) + 
0.0028*(0/oO/S in feed) 

The model provide good fit to both pilot and plant scale data, but its 
adaptation to plant scale operation required some manipulation, particularly 
in terms of defining the effect of flow rate. Since fine screens were sized on 
the basis of their screening width, it appeared that a scale factor based on 
pilot and plant scale unit width ratio would be appropriate. A scale-up factor 
of 4 was introduced as an initial estimate. 

To provide some flexibility to the model, calibration parameters were 
introduced for fine-tuning the model parameters for a specific application. 
The model has been incorporated into Usim Pac and is available for 
simulation studies. It was tested to simulate a plant operation. It was 
successful in predicting plant performance using a set of previous fine 
screen data obtained when screens were operated under entirely different 
conditions as a basis. Details of this study are reported elsewhere3. 
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4. SIMULATION STUDIES 

The major simulation study undertaken by the Center was a case study 
illustrating the benefits of replacing hydrocyclones with a more efficient 
sizing device, namely Stacksizers. The Evtac plant was chosen as an 
example for simulations, since this option was seriously explored by the 
engineers prior to its recent closure. Inefficiency of hydrocyclones coupled 
with reverse concentration is a common problem for all taconite plants. 
Therefore, findings of this study are applicable to all. 

Another plant simulation study was initiated. This was a DOE funded 
project to illustrate how taconite plant efficiency can be improved using 
simulation as a tool. This is still an on-going project. The simulation task 
has not yet been completed. Progress made in this project is reported 
elsewhere3

. 

The Center also performed an illustrative simulation study to test if the 
simulator can be used to simulate plant performance when the plant is fed 
segregated ore instead of an average blend. The findings of this work are 
briefly presented in this section. 

4.1 Evtac Plant Simulation 

One way of improving the efficiency of a taconite plant would be to increase 
the throughput of a given plant without deteriorating product quality. In most 
plants, the secondary grinding circuit is the bottleneck preventing such an 
action. When a plant does not grind fine enough, it results in higher silica in 
the final product. The efficiency of secondary grinding circuits is, however, 
questionable due to inefficiency of hydrocyclone classification and 
circulation of fine screen oversize to the mill. Both of these modes of 
operation result in unnecessary circulation of fine, mostly liberated, ore 
back to the mill. They potentially have detrimental effects on the 
performance of secondary ball mills, due to reduction in residence time, 
increased viscosity, etc. This simulation study was concerned with the 
former, i.e. hydrocyclone inefficiency. 

Hydrocyclones are commonly used in the closed circuit grinding of ores. 
They are inexpensive and versatile pieces of equipment. Although they are 
very effective in separating coarse particles from fines, their efficiency in 
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separating fines from coarse is relatively poor due to bypass. Even when 
they are operated well , 20-25o/o misplacement of fines occurs. In taconite 
processing, this type of inefficiency is coupled with reverse concentration 
due to a large specific gravity difference between magnetite and siliceous 
gangue. This is illustrated in Figure 16. Eventually large quantities of 
liberated fine magnetite are misplaced in the coarse product and 
unnecessarily circulated back to ball mills, while some lower grade coarse 
particles are directed to the fine product. Data from a number of plants 
shows that hydrocyclone underflows contain 15-25°/o mostly liberated 
magnetite (Table 1 ), and the portion of each fraction going to the coarse 
product has higher magnetite content than those in the fines stream. In 
most plants with rougher magnetic separators operated within the closed 
loop of secondary grinding circuits, silica content of coarse fractions in final 
magnetic concentrate could be higher than the same size fractions in 
rougher concentrate (Figure 17). This problem is not specific to this plant. 
Similar trends do exist in plants with different flowsheets. 
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Figure 16. Partition curves for hydrocyclones and Stacksizers 
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Table 1. Size distribution and size by size silica content of a 
typical hydrocyclone underflow stream. 

Size Fraction 
(mesh) 

- 10 + 14 
- 14 + 20 
- 20 + 28 
- 28 + 35 
- 35 + 48 
- 48 + 65 
- 65 + 100 
-100 +150 
-150 +200 
-200 +270 
-270 +400 
-400 +500 
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Weight 0/o Silica (0/o) 

3.0 52 
2.9 54 
4.7 49 
6.5 46 
8.1 37 
9.2 33 
11.8 30 
14.9 23 
15.5 11 
13.1 5.2 
5.1 4.0 
1.6 4.4 
3.6 7 .8 
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Figure 17. Variation of silica by size 
from rougher to final magnetic concentrate 

A typical size by size silica content of final magnetic concentrate is shown 
in Table 2. This data implies that a coarser final concentrate with the same 
silica content can be obtained, if silica content of the coarse size fractions 
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could be lowered by preventing reverse concentration caused by 
hydrocyclone classification. 

Table 2. A typical magnetic concentrate size by size silica data 

Size Fraction 
Weight 0/o Silica (0/o) 

(mesh) 
- 65 +100 0.5 39 
-100 + 150 0.8 37 
-1 50 +200 3.3 34 
-200 +270 10.8 17 
-270 +400 16.6 7.7 
-400 +500 17.9 3.0 

-500 50.1 2.9 

There can be a number of ways to alleviate the type of inefficiency created 
by hydrocyclone classification, with varying costs and benefits. One of the 
solutions would be to replace hydrocyclones with fine screens, which are 
costly but more efficient size separation devices and also act as a partial 
gravity separation device providing further benefits. In the past, closing 
mills with fine screens had two major issues. The most important one was 
panel life. It was not until improvements in panel technology that closing 
mills with fine screens occurred. The other issue was low capacity per unit. 
This becomes more of a problem when cut size gets finer. This weakness 
has been overcome by development of high capacity units such as 
Stacksizers. Higher capital, maintenance and structural costs can also be 
considered as disadvantages, but a considerably coarser product size 
would easily reverse the economics in favor of fine screens. 

The idea of closing grinding circuits with fine screens has already been 
successfully implemented in one of the taconite plants4

. The project 
proved to be an economical success even with the use of lower 
capacity/higher capital cost fine screens. High capacity units had not been 
developed during that time. Despite this considerable success, similar 
modifications in other plants have not taken place. A reasonable 
explanation for this could be the fact that this particular plant, NSPC, had 
SAG milling as the primary grinding unit, while most others had 
conventional rod and ball mill circuits. The product from rod mill contained 
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considerably less fines, and this made similar modifications questionable at 
other plants. Another contributing factor could be the common belief that 
the portion of Iron Range deposit operated by NSPC had a coarser 
liberation size. Nonetheless, implementation of a similar idea into a plant 
with a conventional grinding circuit was the focal point of this simulation 
study. A number of different flowsheet configurations with Stacksizers 
within a closed circuit of secondary grinding were considered, as well as an 
alternative performance-improving scheme of double hydrocycloning. 

The Evtac plant with a conventional grinding circuit was chosen for the 
study. The flowsheet of thi~ plant is presented in Figure 18. The Center 
already had detailed plant data representing performance of this plant in 
1997. Since then, some major modifications had taken place in the plant. 
Therefore, the database was updated by carrying out plant sampling and 
partial sample analysis. The updated database was mass balanced and 
existing performance assessed. Detailed mass balanced data is presented 
in Appendix A. Following the approval of plant engineers that mass 
balanced flow rates and performance data reasonably represent actual 
plant operation, simulation studies commenced. A performance summary, 
which is used for comparison with the simulated data, is presented in Table 
3. The high ball mill discharge rate as compared to rod mill feed rate is 
another indication that the ball mill circuit is a bottleneck. 

Table 3. A summary of current plant performance. 

Rod Mill Feed Rate (L TPH) 482 
Ball Mill Discharge Rate (LTPH) 1520 
Hydroseparator Feed Rate 390 
(LTPH) 
Fine Screen Feed Rate (L TPH) 97 
Magnetic Concentrate 
- 325 mesh {o/o ) 74 

Mag Iron Recovery (0/o) 93.5 
Mag Iron (Satmagan) Grade (0/o ) 63.7 
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Figure 18. Current plant flowsheet 

When the simulations were performed, improved models of magnetic 
separators and hydroseparators, which are described above, had been 
incorporated into Usim Pac. Although the fine screen model was not 
available at that time, the findings of a fine screen model development 
study were used to adjust parameters of the partition curve based fine 
screen model for the much coarser feed condition expected when the plant 
flowsheet was modified. For modeling Stacksizer operation, size 
distribution data from full scale tests performed at Derrick Corporation's 
facility was combined with size by size chemistry data from a plant to 
estimate model parameters on a mineral basis. 

For simulation purposes, it is assumed that the ore consisted of two mineral 
components, namely magnetite and gangue. Mass balanced magnetic 
(Satmagan) iron values were converted to magnetite dividing by 0.7236, 
and the remainder was considered as gangue. 
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4.1.1 Simulation Studies 

The first simulation involved a major modification in the current flowsheet. 
Not only hydrocyclones were replaced by Stacksizers, but also Rapifine 
screens and dewatering magnetic separators were removed from the circuit 
and all the finisher concentrate was fed to the fine screens. The simulated 
circuit is illustrated in Figure 19. Results of simulation (Table 4) show that 
such modification would drastically relieve the loads around the ball mill 
(35o/o ), while providing almost equivalent plant performance. As expected, 
the concentrate was coarser. Low circulating loads create a potential for 
increasing throughput, but simulation results also indicate potential 
downstream problems. Feed rates to all downstream devices would be 
increased. If this flowsheet is to be implemented in the plant, expected flow 
rates and size distributions should be taken into account to modify and/or 
adjust the downstream devices. However, having low circulating loads 
without deterioration in performance was considered as a strong indication 
that this type of arrangement had a potential for plant implementation, if the 
downstream problems could be solved . 
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Table 4. Simulation 1 performance summary as compared to current 

Simulated Current 
Rod Mill Feed Rate (L TPH) 482 482 
Ball Mill Discharge Rate 1030 1520 
(LTPH) 
Hydroseparator Feed Rate 527 390 
(LTPH) 
Fine Screen Feed Rate (LTPH) 480 97 
Magnetic Concentrate 
- 325 mesh (0/o) 68 74 

Mag Iron Recovery(%) 93.6 93.5 
Mag Iron (Satmagan) Grade 63.7 63.7 
(%) 

To alleviate downstream problems, several options were considered. Two 
of these were simulated. First, we utilized the existing Rapifine screens to 
decrease the load on finishers and fine screens (Figure 20). Results of this 
simulation are presented in Table 5. Such modification not only reduced 
the load on finishers and fine screens, but it also provided better quality 
concentrate at similar recovery. This shows that, with this flowsheet, a 
coarse screen mesh could be used to treat the finisher concentrate. This 
option was not simulated. This configuration would also have less negative 
downstream impacts. However, flow rates to hydroseparator and Rapifines 
would be doubled under these conditions. 
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Table 5. Simulation 2 performance summary as compared to current 

Simulated Current 
Rod Mill Feed Rate (L TPH) 482 482 
Ball Mill Discharge Rate 1080 1520 
(LTPH) 
Hydroseparator Feed Rate 655 390 
(LTPH) 
Fine Screen Feed Rate (L TPH) 274 97 
Magnetic Concentrate 
- 325 mesh (%) 70 74 

Mag Iron Recovery (0/o) 93.8 93.5 
Mag Iron (Satmagan) Grade 65.4 63.7 
(o/o) 

Another option was to use the existing hydrocyclones to process Stacksizer 
undersize at a coarser cut size, thereby partially reducing the inefficiency, 
while providing major relief to downstream units (Figure 21 ). Initially it was 
assumed that the existing hydrocyclones could be used for this purpose, 
but when simulation was carried out it was found that this would not be 
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possible. Expected dilution in Stacksizer undersize caused much finer cut 
size with these hydrocyclones. Later conditions artificially adjusted to 
create a desired cut size. It was possible to refine this configuration by 
varying cut size, but this option was not considered at this stage. Results 
are presented in Table 6. Such a configuration provides major relief to 
downstream devices with benefits of higher recovery at the same 
concentrate quality, but at compromised circulating loads. 
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Table 6. Simulation 3 performance summary as compared to current 

-
Simulated Current 

Rod Mill Feed Rate (L TPH) 482 482 
Ball Mill Discharge Rate 1330 1520 
(LTPH) 
Hyd roseparator Feed Rate 338 390 
(LTPH) 
Fine Screen Feed Rate (L TPH) 303 97 
Magnetic Concentrate 
- 325 mesh (0/o) 70 74 
Mag Iron Recovery (0/o) 94.1 93.5 
Mag Iron (Satmagan) Grade 63.8 63.7 
(O/o) 
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A cost effective grinding efficiency improvement alternative to Stacksizers 
would be the use of double hydrocycloning. The hydrocyclone underflow 
would be sent to the second set to recover some of the fine liberated 
magnetite in the existing hydrocyclone underflow (Figure 22). This will not 
totally eliminate the reverse heavy media effect, but it would significantly 
reduce the amount of fine magnetite circulating to the mill. It would also 
reduce the load to the ball mill while creating no major upsets downstream. 
A large number of hydrocyclone sizes and operating conditions could be 
considered for the first and second set of hydrocyclones. For simplicity, it 
was assumed that both sets would be the same size as the existing one. 
While operating conditions for the first set were selected as existing 
conditions, the second set feed o/o solid was adjusted to provide a similar 
overflow size distribution as compared to the first set. Such an arrangement 
provided a 20°/o reduction in circulating loads {Table 7), with some 
improvement in concentrate grade with slightly lower recovery. A 
downstream problem was detected. It was found that feed to the 
hydroseparator would be too dilute. This effect was not simulated, but it is 
expected that it would reduce plant recovery further with slight 
improvement in grade . 
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Table 7. Simulation 4 performance summary as compared to current 

Simulated Current 
Rod Mill Feed Rate (L TPH) 482 482 
Ball Mill Discharge Rate 1270 1520 
(LTPH) 
Hydroseparator Feed Rate 400 390 
(LTPH) 
Fine Screen Feed Rate (L TPH) 97 97 
Magnetic Concentrate 
- 325 mesh (0/o) 73 74 

Mag Iron Recovery (0/o) 93.3 93.5 
Mag Iron (Satmagan) Grade 64.3 63.7 
(O/o) 

4.1.2 Evaluation of Simulation Results 

Simulation results in this study should be viewed as a basis for preliminary 
evaluation of different flowsheet configurations to improve performance. 
These configurations could further be modified to enhance benefits and/or 
reduce downstream negative impacts. Such ideas for refining any of the 
configurations can also be simulated to quantify benefits and examine the 
data for potential problems. It is this capability that makes simulation a 
powerful tool in engineered decision making. 

A limited number of simulations were carried out to illustrate if the flowsheet 
of a taconite plant can be modified to produce a coarser concentrate 
without deteriorating concentrate quality. This would require lower grinding 
energy input and consequently lead to higher throughputs from a given 
plant. Such a modification had already taken place in one of the plants with 
considerable success4

. Results of simulation indicate that similar 
modification could also be applied at other plants with conventional grinding 
circuits. Economic feasibility of the modifications is not considered in this 
study, since the objective was to provide technical data, which could be 
used for economic evaluation. 

Each of the four-flowsheet modifications had a different degree of 
improvement with a proportional downstream impact. It was shown that 
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there could be a number of ways of minimizing/eliminating these negative 
effects on downstream units by compromising potential benefits. 

It was shown that Stacksizers could replace hydrocyclones for improved 
performance. This option could provide a coarser final concentrate with 
silica equivalent to existing level. This would create a potential for 
increasing throughput. Although the effect of feed rate was not simulated 
for any of the flowsheet configurations, the decrease in the ball mill load 
indicates that it would be possible to increase the feed rate by 10-20°/o 
depending on the type of flowsheet selected. 

A cost effective performance improvement alternative to replacing 
hydrocyclones with Stacksizers would be the use of double classification. 
Results show that such modification would have some benefits with limited 
downstream impacts. However, this alternative would further complicate 
the flowsheet and would not provide any relief in alleviating the reverse 
concentration occurring within hydrocyclones. The benefit comes from the 
reduction in the amount of fines circulated back to the mill. 

4.1.3 Conclusion 

Simulation results show that Stacksizers could replace hydrocyclones to 
improve performance of taconite plants with conventional grinding circuits. 
This would produce the same quality concentrate with a coarser product 
size, thereby creating a potential for increasing throughput of a given plant. 
Their use in taconite plants could revolutionize the way taconite ore is 
processed. 

A cost effective alternative for improving performance could be double 
classification. This would provide some benefits. 

4.2 Ore Segregation Modeling 

Plant experience has shown that processing easy and hard to liberate ores 
separately, instead of an average blend, could be beneficial5

. Based on this 
prior experience, a question was asked: Could the simulator be used to 
simulate performance of a plant for segregated ore feed? Such simulation 
would be based on detailed data representing plant operation for an 
average blend and limited information on segregated ore processing 
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properties. Limited information would include grindabilities, required mesh 
of grind for each ore type and mag iron recoveries and grades expected 
from selected steps of separation. 

This study was carried out before data became available from the !spat 
Inland plant providing guidance as to how the effect of mineralogy could be 
imbedded into models of uhit operations. Therefore common sense was the 
only tool available to define such effects in terms of model parameters. For 
magnetic separators, size recovery curves were manipulated up or down 
until expected recovery and grade were achieved. This technique was later 
proved to be inaccurate when the data from the lspat Inland plant was 
analyzed. Nevertheless, this technique did not discredit the simulation 
study, but it reduced its accuracy. The same analysis also showed that all 
the remaining model manipulation techniques applied to average blend 
parameters to adapt them for segregated ore feed were correct. Since 
privately funded pilot scale test data were used in the study, actual 
simulation data is not presented in this report in order not to disclose 
company sensitive information. However, the conclusions of this study 
were: 

1. The simulator can be used with limited data to explore possible 
effects of plant practices including segregated ore feed to the plant. 

2. Ore segregation would be beneficial if subsequent flotation 
processing could produce concentrate with the desired silica from a 
high silica ore blend. 

3. Benefits of ore segregation would be higher if the plant operating 
conditions were properly adjusted for each blend. The simulator can 
be used to define these conditions, as well as to identify potential 
bottlenecks and problems. 

4. It would be recommended that plant scale test work should be carried 
out at the optimized conditions defined by the simulator. Such test 
work would provide additional data for refining the model parameters 
and, eventually, further optimization of the plant operating conditions. 
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5. CONCLUSION 

The Concentrator Modeling Center continued its mission of improving the 
capabilities of available software in simulating taconite plants more 
accurately while providing computer aided service to taconite plant 
operators. Proper data handling resulted in improved model fitting, while 
development of improved models for magnetic separators, 
hydroseparators, and fine screens greatly enhanced the simulation 
capabilities of the Center. Further improvements appeared to have been 
introduced by the recent release of the software's new version, Usim Pac 
3.0, which was modified in line with some of the criticism cited by the 
Center two years ago. There were also some developments in liberation 
modeling. The Center is now eager to incorporate this model into Usim 
Pac. 

The Center's plant simulation activities focused on case studies involving, 
the Evtac and lspat Inland plants. The Evtac plant simulation was a study 
to illustrate the benefits of replacing hydrocyclones with fine screens, which 
has the potential to revolutionize the way taconite is processed. The 
problems with hydrocyclones, as well as findings of this simulation study 
are applicable to all taconite plants. Another major simulation study was 
initiated as part of a DOE funded project to show how performance of a 
taconite plant can be improved using simulation as a tool. The plant 
involved is lspat Inland, and this is still an on-going simulation study. 
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APPENDIX A 

EVTAC PLANT 
MASS BALANCED DATA 
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R d M"ll o· h 0 I 1sc arge: 482 LTPH 
Size Cumulative Mag iron Total Iron Silica 

fraction ( unit~ Weight (%) passinQ (%) (%) (%) (%) 

6.7 mm 1.47 100.00 17.20 27.12 50.99 
4.75 mm 4.81 98.53 18.84 29.04 49.72 
3.35 mm 9.14 93.73 19.87 29.29 48.64 
2.36 mm 11.10 84.59 20.12 29.57 48.24 
1.7 mm 12.52 73.49 20.42 29.57 47.58 

1.18 mm 9.04 60.97 23.46 32.15 44.63 
850 µm 8.80 51 .93 23.57 32.10 44.51 
600 µm 6.32 43.13 23.94 32.13 44.43 
425 µm 5.26 36.81 24.19 32.38 44.63 
300 µm 4.17 31 .55 25.28 33.22 43.01 
212 µm 3.40 27.38 27.37 35.44 40.89 
150 µm 3.03 23.98 32.01 40.14 36.07 
106 µm 2.62 20.94 36.41 44.07 32.24 
75 µm 2.45 18.32 38.14 45.83 30.67 
53 µm 2.28 15.87 38.77 45.61 30.11 
38 µm 1.67 13.60 37.89 44.48 31 .79 
25 µm 11 .92 11 .92 24.91 33.84 43.04 

Component grade 24.08 32.83 44.23 
Cobber Concentrate: 345 L TPH 

Size Cumulative Mag iron Total Iron Silica 
fraction (unit] Weight (%) passing (%) (%) (%) (%) 

6.7 mm 1.36 100.00 23.81 32.22 45.90 
4.75 mm 4.83 98.64 24.57 33.60 45.44 
3.35 mm 9.67 93.81 24.96 33.36 44.76 
2.36 mm 11 .96 84.15 24.90 33.27 44.66 
1.7 mm 14.02 72.19 24.93 33.13 44.16 
1.18 mm 10.10 58.16 28.79 36.37 40.28 
850 µm 9.81 48.06 29.02 36.38 39.94 
600 µm 6.92 38.25 30.01 36.90 39.18 
425 µm 5.56 31.33 31.44 38.30 37.98 
300 µm 4.32 25.77 33.50 40.37 35.20 
212 µm 3.34 21.45 38.29 45.16 30.23 
150 µm 2.89 18.11 46.29 53.26 21 .92 
106 µm 2.52 15.22 52.27 58.69 16.74 
75 µm 2.30 12.70 56.14 62.56 13.16 
53 µm 2.06 10.41 59.11 64.40 9.62 
38 µm 1.41 8.35 62.06 67.03 7.58 
25 µm 6.94 6.94 57.39 64.19 11 .78 

Component grade 32.72 40.27 36.50 
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Cobber Tails: 137 L TPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit) Weight(%) passing(%) (%) (%) (%) 
6.7 mm 1.74 100.00 4.16 17.06 61.04 

4.75 mm 4.75 98.26 4.13 17.31 60.69 
3.35 mm 7.81 93.50 3.92 16.55 60.79 
2.36 mm 8.92 85.70 3.92 17.00 60.39 
1.7 mm 8.72 76.78 2.10 15.12 61.49 

1.18 mm 6.35 68.06 2.00 15.15 62.12 
850 µm 6.24 61 .71 1.90 15.10 62.71 
600 µm 4.80 55.47 1.80 14.74 63.54 
425 µm 4.51 50.67 1.60 13.94 65.37 
300 µm 3.78 46.16 1.50 12.53 65.63 
212 µm 3.56 42.38 1.50 12.42 66.15 
150 µm 3.41 38.82 1.40 12.02 66.42 
106 µm 2.88 35.41 1.30 11 .70 66.54 
75 µm 2.84 32.54 1.30 11 .60 66.49 
53 µm 2.83 29.70 1.30 10.98 67.85 
38 µm 2.35 26.87 1.39 10.42 68.35 
25 µm 24.52 24.52 1.66 12.12 65.42 

Component grade 2.22 14.01 63.76 

8 II M.11 o· h a I rsc arge: 1513 LTPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (un it~ Weight(%) passing(%) (%) (%} (%) 
1.7 mm 1.88 100.00 17.00 25.52 54.08 
1.18 mm 2.03 98.12 17.25 26.04 52.66 
850 µm 3.14 96.09 18.19 26.95 50.40 
600 µm 4.61 92.96 19.04 27.55 47.79 
425 µm 5.92 88.34 23.35 30.58 41 .87 
300 µm 7.06 82.42 31.34 38.17 38.10 
212 µm 8.94 75.36 32.59 39.15 35.33 
150 µm 11 .81 66.42 38.69 44.68 30.33 
106 µm 13.08 54.61 48.39 53.84 19.78 
75 µm 12.46 41 .53 55.01 59.82 12.86 
53 µm 7.75 29.07 56.82 61.19 12.39 
38 µm 4.62 21.32 54.91 59.66 13.61 
25 µm 16.70 16.70 46.95 52.94 21.30 

Component grade 41 .16 47.24 27.1 2 
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R h C oug er t t 1375LTPH oncen ra e: 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' Weight(%) passing (%) (%) (%) (%) 
1.7 mm 1.91 100.00 18.15 26.27 52.83 
1.18 mm 2.11 98.09 18.10 26.64 51 .61 
850 µm 3.27 95.97 19.08 27.62 49.23 
600 um 4.78 92.70 20.08 28.35 46.34 
425 µm 6.09 87.92 24.86 31.74 39.78 
300 µm 7.09 81 .83 34.17 40.52 34.94 
212 µm 8.94 74.74 35.66 41 .72 31.83 
150 µm 11 .99 65.80 41 .79 47.28 27.09 
106 µm 13.50 53.81 51 .43 56.46 16.76 
75 µm 12.91 40.31 58.30 62.67 9.66 
53 µm 7.80 27.40 62.01 65.65 7.17 
38 um 4.51 19.60 61.71 65.47 6.92 
25 µm 15.09 15.09 56.85 61.90 11 .53 

Component grade 45.12 50.66 23.04 

R h T ·1 138 L TPH oug er a1 s: 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' WeiQht (%) oassinQ (%) (%) (%) (%) 
1.7 mm 1.51 100.00 2.50 15.99 69.84 
1.18 mm 1.20 98.49 2.30 15.41 70.98 
850 µm 1.80 97.29 2.10 14.94 71 .58 
600 um 2.91 95.50 2.00 14.54 71.61 
425 µm 4.25 92.59 1.90 14.08 71 .61 
300 µm 6.81 88.34 2. 10 13.86 70.81 
212 µm 8.99 81 .54 2.20 13.70 69.90 
150 µm 10.06 72.55 2.00 13.83 68.77 
106 µm 8.83 62.49 2.20 13.95 65.55 
75 µm 7.97 53.66 2.00 13.98 64.36 
53 µm 7.31 45.69 1.80 13.93 67.64 
38 um 5.71 38.38 1.50 14.01 66.19 
25 µm 32.67 32.67 1.50 11 .81 66.15 

Component Qrade 1.85 13.31 67.59 
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H d O/F 387 L TPH 1y1 rocyc one 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' Weight(%) passing(%) (%) (%) (%) 
425 µm 0.11 100.00 22.20 30.24 50.10 
300 µm 0.24 99.89 23.02 31.04 50.42 
212 µm 1.15 99.65 22.66 30.28 51.25 
150 µm 4.41 98.50 25.80 33.27 48.98 
106 µm 8.65 94.10 28.32 34.11 43.37 
75 µm 12.98 85.45 48.57 51 .80 20.26 
53 µm 15.82 72.47 61 .52 64.66 9.26 
38 µm 12.08 56.64 60.85 64.60 7.77 
25 µm 44.56 44.56 56.29 61.28 12.27 

Component grade 52.40 56.94 17.17 

H d U/F 989 LTPH 1y1 rocyc one 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' Weight(%) passing(%) (%) (%) (%) 
1.7 mm 2.66 100.00 18.15 26.27 52.83 
1.18 mm 2.94 97.34 18.10 26.64 51 .61 
850 µm 4.55 94.40 19.08 27.62 49.23 
600 µm 6.65 89.85 20.08 28.35 46.34 
425 µm 8.43 83.19 24.87 31 .74 39.73 
300 µm 9.77 74.76 34.27 40.61 34.80 
212 µm 11 .98 64.99 36.1 5 42.16 31.10 
150 µm 14.95 53.01 43.63 48.90 24.56 
106 µm 15.40 38.06 56.50 61 .36 10.92 
75 µm 12.88 22.66 62.13 66.94 5.48 
53 µm 4.66 9.77 62.67 66.97 4 .41 
38 µm 1.55 5.12 64.33 68.14 4.32 
25 µm 3.57 3.57 59.59 64.90 7.93 

Component grade 42.27 48.20 25.34 
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Hydrosepator U/F: 364 LTPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' Weight(%) passing(%) (%) (%) (%) 
425 µm 0.12 100.00 22.20 30.24 50.10 
300 µm 0.25 99.88 23.02 31.04 50.42 
212 µm 1.22 99.63 22.77 30.35 51.20 
150 µm 4.67 98.42 25.86 33.31 48.95 
106 µm 9.16 93.75 28.38 34.16 43.34 
75 µm 13.76 84.59 48.66 51.87 20.19 
53 µm 16.76 70.83 61.68 64.79 9.11 
38 µm 11 .98 54.07 65.00 67.90 4 .12 
25 µm 42.09 42.09 62.99 66.82 6.18 

Component grade 55.50 59.42 14.46 

R "fi U/S 303 L TPH ap1 ine 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit Weight(%) passing(%} (%) (%) (%) 
425 µm 0.06 100.00 30.59 38.71 48.01 
300 µm 0.12 99.94 30.70 38.77 47.96 
212 µm 0.39 99.82 25.31 33.16 51.50 
150 µm 2.09 99.43 30.65 38.22 43.94 
106 µm 5.73 97.34 32.29 38.43 36.30 
75 µm 11.02 91.62 53.55 56.83 13.06 
53 µm 16.72 80.60 62.98 66.09 7.99 
38 µm 14.03 63.88 65.98 68.81 3.92 
25 µm 49.85 49.85 63.41 67.20 6.32 

Component grade 59.94 63.66 9.76 

R "fi O/S 161 LTPH ap1 me 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit' Weight (%) passing(%) (%) (%) {%) 
425 µm 0.19 100.00 18.91 26.91 50.92 
300 µm 0.41 99.81 20.17 28.17 51.34 
212 µm 2.26 99.40 22.23 29.76 51.14 
150 µm 7.91 97.14 24.27 31.68 50.61 
106 µm 13.48 89.23 26.29 31.87 47.10 
75 µm 17.21 75.75 44.72 47.87 25.92 
53 µm 16.81 58.54 60.06 63.17 10.52 
38 µm 9.40 41 .73 63.14 66.19 4.49 
25 µm 32.34 32.34 62.18 66.09 5.91 

Component grade 49.91 54.08 20.38 
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D t . M ewa enng f s agne1c t c epara or t t 156 LTPH oncen ra e: 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit: Weight(%) passing(%) (%) (%) (%) 
425 µm 0.18 100.00 18.96 26.92 50.96 
300 µm 0.40 99.82 20.35 28.33 51.28 
212 µm 2.13 99.42 22.26 29.82 51.33 
150 µm 7.45 97.29 24.30 31.73 50.65 
106 µm 13.15 89.83 26.49 32.02 46.80 
75 µm 17.26 76.69 45.47 48.54 25.13 
53 µm 17.16 59.43 60.59 63.67 9.99 
38 µm 9.59 42.27 63.77 66.80 3.84 
25 µm 32.68 32.68 63.30 67.22 4.82 

Component grade 50.93 55.05 19.31 

Finisher Concentrate: 193 L TPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit~ Weight(%) passing(%) (%) (%) (%) 
425 µm 0.06 100.00 30.78 38.79 47.95 
300 µm 0.13 99.94 30.79 38.81 47.93 
212 µm 0.31 99.81 31.76 39.70 48.18 
150 µm 2.09 99.51 31.80 38.76 43.34 
106 µm 5.66 97.41 33.86 39.31 35.02 
75 µm 11 .27 91 .75 54.76 57.64 12.00 
53 µm 16.99 80.48 64.81 67.41 6.59 
38 µm 14.51 63.49 66.84 69.44 3.29 
25 µm 48.97 48.97 67.49 70.64 3.95 

Component grade 62.67 u5.85 8.01 

Fine Screen O/S: 23 L TPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit) Weight(%) passing(%) (%) (%) (%) 
425 µm 0.20 100.00 30.00 39.50 45.00 
300 µm 0.80 99.80 35.00 44.21 38.60 
212 µm 1.80 99.00 24.00 32.82 47.29 
150 µm 8.53 97.20 29.99 36.53 45.98 
106 µm 15.67 88.67 36.99 42.55 36.99 
75 µm 14.92 72.99 56.01 60.04 16.00 
53 µm 13.71 58.07 61 .02 64.54 7.50 
38 µm 10.09 44.37 62.03 64.64 3.50 
25 µm 34.28 34.28 63.09 65.62 3.10 

Component grade 53.73 57.62 15.80 
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Hydroseparator O/F: 23 LTPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit) Weight(%) passing(%) (%) (%) (%) 
212 µm 0.10 100.00 1.50 15.89 59.99 
150 µm 0.20 99.90 1.50 15.89 61 .00 
106 µm 0.30 99.70 1.50 15.89 61.00 
75 µm 0.40 99.40 1.50 15.90 61.02 
53 µm 0.74 99.00 1.50 15.94 61 .02 
38 µm 13.71 98.25 2.30 17.98 59.41 
25 µm 84.55 84.55 2.32 16.68 61 .30 

Component grade 2.31 16.85 61.04 

Finisher Tails: 9 L TPH 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit) Weight(%) passing(%) (%) (%) (%) 
425 µm 0.01 100.00 5.96 28.36 54.93 
300 µm 0.01 99.99 5.98 28.44 54.95 
212 µm 2.07 99.98 5.69 13.26 61.59 
150 µm 2.00 97.91 5.95 26.57 56.78 
106 µm 7.01 95.92 6.22 23.81 57.48 
75 µm 5.84 88.91 5.53 24.61 55.09 
53 µm 11 .00 83.08 4.93 24.44 52.37 
38 µm 4.10 72.08 3.82 23.20 49.83 
25 µm 67.98 67.98 3.04 16.26 41.39 

Component grade 3.76 18.61 45.60 

D t . M ewa enng f s agne1c t T ·1 5 LTPH epara or a1 s: 
Size Cumulative Mag iron Total Iron Silica 

fraction (unit) Weight(%) passing(%) (%) (%) (%) 
425 µm 0.29 100.00 17.92 26.72 50.02 
300 µm 0.95 99.71 17.88 26.08 52.05 
212 µm 6.00 98.76 21 .89 29.05 49.10 
150 µm 21.62 92.76 24.03 31 .29 50.17 
106 µm 23.43 71.14 22.98 29.47 52.05 
75 µm 15.78 47.71 19.97 25.96 52.07 
53 µm 6.27 31 .94 15.98 21 .19 54.06 
38 µm 3.67 25.67 14.04 18.55 55.81 
25 µm 22.00 22.00 12.05 15.55 54.64 

Component grade 19.43 25.26 52.30 
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