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Abstract
A model is proposed to simulate the operation of a dry rotary drum magnetic separator. The model uses a probability 
distribution of the trajectories followed by the particles ejected from the rotating drum of the magnetic separator. Empirical 
relationships are used to relate the particle trajectories following their ejection to the drum rotation speed and magnetic 
field. The model is calibrated using the test results from a pilot scale magnetic separator and validated using data collected 
from an industrial dry magnetic concentration plant. The application of the model as implemented into a simulator is 
illustrated with control and optimization examples for a dry magnetic separation plant. 
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Introduction
Magnetic separation is widely used in mineral pro-

cessing to separate valuable minerals from gangue min-
erals using the magnetic properties of the minerals [1]. 
It is also used for processing waste material as for the 
separation of polymer [2]. Magnetic separators can be 
divided into low and high intensity separators and high 
gradient magnetic separators [3]. Most of the low gradi-
ent magnetic separators are built as rotary drums that are 
operated in wet or dry conditions [4]. Few papers dealing 
with the modelling of wet magnetic separator are avail-
able in the literature [5-8] and less can be found on the 
modelling of dry magnetic rotary drum separators [9]. 
Most of these papers study the impact of the magnetic 
field on the mineral separation and few of them are ded-
icated to the simulation of a plant consisting of intercon-
nected magnetic separator units. This paper proposes a 
mathematical model for a dry magnetic drum separator 
and shows the application of the model to simulate a 
magnetic separation circuit consisting of interconnected 
dry magnetic separators.

The paper is divided into 4 sections. The principle 
of dry magnetic separator is briefly described. This de-
scription is followed by a presentation of the operation of 
the plant considered in this paper. The principles of the 
model are then presented with some calibration results. 

The application of the model for the simulation of an ac-
tual plant is presented in the last section of the paper.

Principles of Dry Magnetic Separation and 
Available Process Models

Magnetic separation is used to separate materials that 
are magnetized in a magnetic field from materials that 
are not affected by the field. The way a mineral respond 
to a magnetic field is characterized by the relative mag-
netic susceptibility and by the magnetic susceptibility of 
the carrying fluid [1,10].

Various types of low and high magnetic field equip-
ment’s are used for magnetic separation [3]. This paper 
is concerned with the low intensity dry rotary drum 
magnetic separators shown in Figure 1. The material to 
be processed is distributed onto the surface of a drum 
that rotates in front of stationary magnets that generate 
a magnetic field. Particles stick to the drum and travel 
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with the drum to a distance that varies according to their 
weight (size and density) and magnetic susceptibility. 
The magnetic susceptibility varies with the mineral com-
position and liberation [11]. It is expressed in m3/kg and 
can be measured using various instruments [12].

The speed of rotation of the drum and the position 
of gates (Figure 1) are adjusted to separate the parti-
cles into tailings, middlings and magnetic concentrate 
[9]. The effect of the speed of rotation is not discussed 
in many papers [9] indicates that recovery of magnetic 
materials is adversely affected by the speed of rotation 
of the drum while [3] and [4] report that improved ca-
pacity of the separator can be achieved by increasing the 
drum rotation speed [13] indicate that increasing the 
rotation speed increases the grade of the material in the 
magnetic concentrate, but negatively impacts the recov-
ery. The strength of the magnetic field is determined by 
the type of permanent magnets installed on the separa-
tor. Increasing the strength of the magnetic field should 
increase the recovery of magnetic materials, although [9] 
reports a different correlation depending of the operat-
ing mode. Apart from mechanical problems the major 
disturbances for the operation of magnetic separators 
are the ore mineral composition, the ore texture (min-
eral grain size) and the size distribution of the feed par-
ticles. The degree of magnetization of valuable particles 
following a heat treatment is also a disturbance for the 
operation of a magnetic separation plant [14,15].

There are few publications dealing with the modelling 
of dry magnetic separators. Several authors give a funda-
mental description of the mechanisms [4] contributing 

to the separation of the minerals in a magnetic separator, 
although few of them seem to apply the proposed equa-
tions for the simulation of an actual process. [16] pro-
posed a model for a crossbelt magnetic separator whose 
operating principle is different from a rotary drum sep-
arator [17] used a model based on mineral liberation 
for a wet magnetic separator [8] described a model for a 
wet high intensity magnetic separator that accounts for 
particle size and magnetic susceptibility [5] proposed a 
non-linear model for a wet rotary drum magnetic sep-
arator for the separation of magnetite and ferrosilicon. 
The model proposed by these authors does not incor-
porate the effect of particle size [9] described the use of 
neural networks for the simulation of a magnetic separa-
tion circuit. Most of the models presented in the litera-
ture analyze the behaviour of one particle in a magnetic 
field and few models are built to account for particles of 
different sizes and compositions. The model presented 
in this paper uses some of the ideas proposed by these 
researchers, but it is mainly developed from observations 
made on an actual ore and magnetic separation circuit.

Dry Magnetic Separation Plant
The dry magnetic plant considered in this paper pro-

cesses an ilmenite (FeO.TiO2) ore with non-sulphide 
gangue consisting mainly of plagioclase, aluminate and 
silicate minerals. The ore is crushed down to -6.4 mm 
(¼ in) and the fine fraction (-1.2 mm) is processed in 
spirals to concentrate fine ilmenite particles that join the 
coarse fraction of the ore to feed the rotary kilns used 
to magnetize the ilmenite. The heat-treated ore feeds the 
magnetic separation plant to produce a concentrate that 
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Figure 1: Principle of operation of a dry rotating drum magnetic separator.
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The magnetic separation circuit of the plant is shown 
in (Figure 2). The feed to the primary separators is the 
heat-treated ore. The primary separation is carried out in 
three parallel dry magnetic separators. The reject of the 
primary separators is gravity fed to three secondary dry 
magnetic separators. The secondary units yield a con-
centrate of magnetic material that is combined with the 
primary magnetic separator concentrate and a middling 
stream that feeds one tertiary magnetic separator (scav-
enger) and a reject directed to the plant tailings. The con-
centrate from the third magnetic separator is combined 
with the primary and secondary concentrates.

Some operating trends showing the ilmenite contents 
of the feed, reject and concentrate streams are present-
ed in (Figure 3). The trends are shown as relative values 
of the maximum and minimum observed for the stream 
as required by the company. Trends clearly show that 
high tailings grades or low recoveries are observed on a 
regular basis indicating a possible control problem. The 
source of the variability is either due to the ore mineral-
ogy and/or to a problem of heat treatment prior to the 
magnetic separation (Figure 4).

The development of a simulation tool for the mag-
netic separation circuit of (Figure 2) should allow as-
sessing the distribution of flows within the circuit using 
information on the circuit feed particle size and mineral 
composition. Such simulation tool could then be used to 
study strategies to manipulate the drum rotation speed 
and the position of the gates of the separators to com-
pensate disturbances caused by changes of feed mineral-
ogy, grade and quality of the ore heat treatment (Figure 
4). The long-term objective is directed toward the eco-
nomic optimization of the process and the development 
of a dynamic simulator for designing advanced control 
strategies.
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Figure 2: Magnetic separation plant.
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Figure 3: Performance trends of the magnetic separation 
plant (Relative scales according to the observed minimum 
and maximum values observed for the streams are used as 
requested by the company).

is subsequently smelted to produce cast iron, steel and 
a titanium oxide slag. The heat treatment increases the 
magnetic susceptibility of ilmenite while the magnetic 
susceptibilities of other gangue minerals are slightly af-
fected. The detailed composition of the ore is not given 
for sake of confidentiality as requested by the company.
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tions of the drum. The position of the gates is used in 
conjunction with the distribution of the fall positions to 
predict the characteristics of the concentrate, reject and 
middling’s streams.

The proportion of the particles that belong to a size 
class i and to a magnetic susceptibility class j that fall 
within a distance between 0 and z is noted Gi;j;z (S,H,W). 
The speed of rotation of the drum is noted S, H is the 
magnetic field and W the solids feed rate to the drum 
separator. The variable Gi;j;z (S,H,W) is either deduced 
from an analysis of the mass and momentum conserva-
tion equations acting on each particle [6,19] or by exper-
imentation as in the approach followed in this paper.

Once the function for the distribution of falls is ob-
tained the application of the model for the simulation of 
a dry magnetic separator is straightforward. Indeed, the 
flow of the particles within a size/magnetic susceptibility 
class that are projected between the positions of fall 0 and 
z is given by (1)

( )Xi;j;Fi;j;0-z i;j;zF
W = W G S,H,W 	  	         (1)

Where WF is the separator solids feed rate and xi;-
j;F the proportion of the feed (subscript F) material that 
belongs to the size/susceptibility magnetic class i;j. The 
total solids flow of particles that fall between 0 and z is 
given by (2)

0 ; ;0 = 1  = 1
 = S SMN N

z i j zi j
W w− −∑ ∑   		          (2)

The concentration of a size/magnetic susceptibility 
class in the material that falls between positions 0 and z 
is given by (3)

; ;0-
; ;0-

0-

i j z
i j z

z

w
x

W
= 	  			           (3)

If the mineral composition of the size/magnetic sus-
ceptibility class is available, the concentration of a min-
eral species (m) that falls between 0 and z is calculated 
using (4)

The main difficulty of the project is related to the cali-
bration of the model. Usually models are calibrated using 
data collected in the plant to be modelled but in this case, 
sampling of the magnetic separation circuit is difficult 
due to limited space and access to sampling points. The 
proposed model is then built from tests carried out on a 
pilot plant magnetic separator and used to simulate the 
industrial units.

Model for a Magnetic Rotary Drum Separator
A rotating drum magnetic separator classifies the ore 

particles as a function of their size and magnetic suscep-
tibility [8] according to the operating conditions of the 
equipment, namely the speed of rotation of the drum, the 
magnetic field and the feed rate. The principle of the model 
is first discussed followed by the calibration procedure.

Model basis
The sorting of the particles by a rotary drum is a 

consequence of the projection distance of the particles 
as illustrated in (Figure 5). The projection distance var-
ies with the particle weight and magnetic susceptibility 
[18]. The position of falls illustrated in Figure 5 gives 
the distance of the projections of the particles from a ze-
ro-position corresponding to non-magnetic particles to 
a maximum position for magnetized particles. The posi-
tion of the falls varies with the particle size and magnetic 
susceptibility (Figure 5) as well as the operating condi-
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Figure 4: Ore processing with the magnetic separation plant.
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a subsequent chemical analysis of the material in the 
class. This is done using an instrument similar to the one 
utilized by [2,16]. A simplified schematic of the instru-
ment is shown in (Figure 6) and a detailed description 
of the instrument is given by [21]. The measurement of 
the magnetic susceptibility is an iterative procedure. The 
material of one size interval is firstly processed with the 
magnet at a high position (Figure 6) to recover the most 
magnetic susceptible particles. The ore that is not attract-
ed by the magnet is then reprocessed with the magnet at 
a lower position, and the procedure is repeated for the 
magnet heights identified in (Table 1). These heights are 
then converted into the magnetic susceptibility given in 
(Table 1) [21]. The operation is repeated for all the con-
sidered size intervals. The method is sensitive to the speed 
of the conveyors and the same operating conditions are 
used throughout the process to ensure a reproducible 
division for the processed samples. A similar method is 
used by [15] to assess the effect of the heat treatment on 
the magnetization of ilmenite.

The material recovered in each size/magnetic suscep-
tibility class is weighted and assayed using X-ray fluo-
rescence for chemical species. These assays are converted 
into the main mineral contents of the ore using a pro-
cedure similar to that described by [22]. A typical data 
set obtained from this procedure is shown in (Table 2). 
As indicated before, the magnetic susceptibilities of the 

( ); ; ; ; ;
; ; ;0

0

, ,
 = F i j z i j m F

i j m z
z

W x S H W y
y

W−
−

	         (4)

Where ; ;i jm Fy  is the concentration of mineral m 
within the i;j size/magnetic susceptibility class of the 
magnetic separator feed stream. The mineral contents 
are converted into elemental concentrations using the 
chemical composition of the minerals.

As illustrated in (Figure 1 and Figure 5) the gates of a 
separator are used to separate the particles into streams 
of reject, middlings and concentrate. Therefore by ad-
justing the value of z to gate positions it is possible to 
simulate the operation of a magnetic drum separator 
from the knowledge of the ore distribution within the 
size/magnetic susceptibility class, i.e. ; ;i j Fx .

Classification of the ore into size and magnetic 
susceptibility classes

The characterization of the ore as a function of par-
ticle size is done by sieving. For the studied ore the feed 
is divided into the 6 size intervals identified in (Table 1). 
The ore to be characterized is divided into size fractions 
that are processed independently to classify the particles 
into magnetic susceptibility classes. Various instruments 
can be used to measure the magnetic susceptibility of the 
particles [12,20] but in this application it is necessary to 
separate the ore into magnetic susceptibility classes for 
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Figure 6: Equipment used to separate the ore into susceptibility classes [20].

Table 1: Size interval and magnetic specific susceptibility intervals.

Size Intervals
Mesh Size   Size (mm)  
 Top Bottom Top Bottom
  6   3.35
6 8 3.35 2.36
8 14 2.36 1.18
14 28 1.18 0.6
28 65 0.6 0.21
65 Pan 0.21 0

Intervals of magnetic Susceptibility
Distance (mm) to 
magnet

Magnetic Susceptibility × 10-6 
m3/kg)

< 25 0 8
25-35 8 22
35-45 22 46
45-60 46 109
60-75 109 212
> 75 212 -
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be processed in the magnetic separation plant. A 0.5 
kg subsample is extracted from the original ore sample 
and processed to obtain the size/magnetic susceptibility 
distribution of the feed particles as discussed in the pre-
vious section. The remaining sample is used to feed the 
separator of (Figure 7). The magnetic field and the drum 
speed of the pilot separator can be adjusted to scan of 
wide range of operating conditions. The pilot separator 
is fed by the top and the discharge is collected into 10 
parallel pans that are subsequently used to characterize 
the position of fall of the particles (Figure 7). The sam-
ples collected in the pans are then analyzed to obtain the 
size/magnetic susceptibility distribution of the particles.

The data for a test is slightly redundant and the mea-
surements are reconciled to obtain the mass splits and 
assays that verify the mass conservation constraint [23].

The distribution of falls is readily calculated from the 
reconciled data using (5):	

( )
 = 

; ; = 1
; ;

; ;

, ,  = 
k z

k i j kk
i j z

F i j F

W x
G S H W

W x
∑









 		          (5)

gangue minerals are different and significantly less than 
that of heat-treated ilmenite. The size distributions of 
the valuable and gangue the mineral particles also play a 
role in the mineral separation. This data corresponds to 

; ; ;i j m Fy  in Eq. 4.

Estimation of the distribution of falls for a mag-
netic separator 

The G_(i;j;z) (S,H,W) distribution of falls is the key 
parameter of the model. As indicated earlier the distri-
bution function is experimentally measured rather than 
estimated using a fundamental analysis of the forces act-
ing on the particles as they travel on the rotating drum of 
a magnetic separator unit. The approach followed here 
consists of carrying the tests using the pilot plant mag-
netic separator shown in (Figure 7). The separator has 
a 38 cm diameter drum and allows a division of the dis-
tribution of falls into 10 streams. The use of a pilot scale 
unit facilitates the estimation of the effect of the drum 
rotation speed, magnetic field and feed rate on the dis-
tribution of falls.

The estimation of the distribution of falls is carried 
out using a representative 2-3 kg sample of the ore to 

Table 2: Characterization of the ore into size and magnetic susceptibility classes.

 % in the magnetic classes Magnetic susceptibility (distance (mm) to magnet
Mesh Ore % 

retained
< 25 25-35 35-45 45-60 60-75 > 75 Species %w/w

  

Mineral %w/w

+6 30.000 3.34 0.89 1.14 16.94 77.30 0.39 TiO2 8.59 Ilmerite 11.83
-6 + 8 16.76 6.54 1.26 1.36 36.70 53.99 0.14 FeTot 13.98 plagioclase 47.41
-8 + 14 23.48 10.80 1.30 1.43 45.63 40.45 0.39 Al2O3 22.68 Feldspar 3.28
-14 + 28 14.64 13.85 0.82 0.73 15.28 67.37 1.95 CaO 4.96 Iron-Oxides 3.48
-28 + 65 10.78 19.55 0.54 0.44 1.14 69.72 8.34 Mgo 7.41 Fe-Mg silicates 13.83
-65 4.34 20.86 0.63 0.70 1.84 28.31 47.67 SiO2 32.74 Chlorite 0.10
                K2O 0.55 Fe-Mg aluminates 20.06
                Na2O 2.01

▶
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Figure 7: Magnetic separator used for estimating the distribution of falls.
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experimental conditions described in (Table 3). The drum 
rotation speed is varied from 24 to 96 m/min and the mag-
netic field from LOW to HIGH, with the HIGH level being 
1.3 × LOW level. The company required to keep confiden-
tial the magnetic field. The feed rate is varied from 2 to 60 
kg/min.

Observed distributions of falls
Some observed distributions of falls obtained using 

two drum rotation speeds for the Low magnetic field 
strength are shown in (Figure 8). The distributions of 
falls are presented as a function of the magnetic suscepti-
bility of the particles rather than as a function of particle 
size [17]. The distribution of falls for particles of +3.35 
mm and -0.21 mm obtained with a drum rotation speed 
of 24 m/min and a LOW magnetic field are shown in 
(Figure 8a and Figure 8b). The distribution of falls is in-
fluenced by the magnetic susceptibility of the particles 
although particle size also modulates the shape of the 
distribution of falls. The magnetic susceptibilities are in-
dicated on the graphs. For instance, 100% of the coarse 
particles (+3.35 mm) with a weak magnetic susceptibility 
(0 to 8 × 10-6 m3/kg or 0 to 8 cm3/kg) fall within the first 
four pans (non-magnetic material) while particles of less 
than 0.21 mm with the same magnetic susceptibility fall 
in the pans corresponding to a magnetic product. This is 
probably due to non-selective entrainment of fine parti-

Where kW


 is the mass of ore in pan k and ; ;i j kx  is 
the proportion of ore in pan k that belongs to the i;j size/
magnetic susceptibility class. The ^ indicates a mass bal-
ance reconciled estimate and the subscript F indicates 
the feed stream. The value of z (position of fall) is calcu-
lated from the position of the collecting pans (Figure 7). 

Experimental test work conducted on the pilot 
plant magnetic separator (Figure 7)

The effects of the separator operating conditions on the 
distribution of falls are assessed for the twelve considered 

Table 3: Tested operating conditions of the pilot plant separator.

Test (#) Drum Speed 
(m/min)

Magnetic field Feed rate (kg/min)

1 24 Low 2.1
2 96 Low 7.9
3 24 Low 18.2
4 96 Low 60.0
5 24 High 2.7
6 96 High 8.4
7 24 High 16.4
8 96 High 42.3
9 24 Low 2.3
10 24 High 17.1
11 72 Low 31.1
12 72 High 29.3
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Figure 8: Observed distribution of falls for two rotation speeds (S) for a LOW magnetic field (H) (Magnetic susceptibility 
indicated on graph are in cm3/kg).
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magnetic susceptibility of particles in their analysis. The 
distribution of falls for fine particles is also affected by 
the rotation speed of the drum. The graphical analysis of 
the behaviour of the particles is complicated by the fact 
that both size and magnetic susceptibility influence the 
distribution of falls. Since the purpose of the experimen-
tation program is to calibrate a model for the magnetic 
rotary drum concentrator to be used in a plant simulator, 
and not necessary to generate a fundamental analysis of 
the behavior of the particles in a magnetic field, the dis-
cussion is limited here to the presentation of the results 
of the experiments.

The effect of the magnetic field on the particle pro-
jections is shown in (Figure 9) for two particle sizes with 
low and high magnetic susceptibility. The effect of the 
magnetic field is more important for fine particles (- 0.21 
mm) than coarse (+ 3.35 mm). Increasing the magnetic 
field slightly increases the distance of falls of the particles 
within a low magnetic susceptibility class. The particles 
with a strong magnetic susceptibility behave in a differ-

cles by coarse magnetic particles. The observed distribu-
tions of falls also show that for a low magnetic (0-8 cm3/
kg) susceptibility fine particles have a stronger probabil-
ity to report to the concentrate than coarse particles due 
likely to a mechanical entrainment by magnetic particles. 
Particles of intermediate sizes (not shown in Figure 8) 
exhibit an intermediate behaviour between the coarse 
and fine particles.

Increasing the drum rotation speed from 24 (Figures 
8a and Figure 8b) to 96 m/min (Figures 8c and Figure 
8d) influences the distribution of falls. Coarse particles 
(+ 3.35 mm) with a weak magnetic susceptibility are 
more efficiently rejected at high drum rotation speed. 
On the other hand coarse particles with a high mag-
netic susceptibility are projected toward magnetic pans 
more efficiently at high rotation speed [13] also report-
ed a combined effect of the rotation speed and the ore 
particle size, but these authors did not incorporate the 
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ure 11). The effect of the feed rate on the particle pro-
jections is marginal for the considered test range. The 
absence of significant effect may have been caused by the 
considered speeds of rotation that have limited the thick-
ness of material on the drum surface and reduced the en-
trainment of fine particles or the resistance to the projec-
tion of particles of intermediate size. The situation may 
however be different in the case of drum overloading as 
the drum speed of rotation and geometry influence the 
capacity of the separator [3].

There are few papers dealing with the effect of particle 
size and magnetic susceptibility on dry magnetic separa-
tion and even less papers dealing with the effect of the op-
erating parameters of a rotary drum magnetic separator 
as a function of these particle characteristics. The results 
shown here indicate that the behaviour of the particles in 
the magnetic field of a rotary drum should be analyzed 
by accounting for their size and magnetic susceptibility 
and not using only particle size as this variable is readily 
measured [11,13]. [11] found that recovery of gangue in 
a wet magnetic separator increases with increasing par-
ticle size. The effect is attributed to insufficient liberation 
of gangue and magnetic minerals. However, the maxi-
mum particle size in the feed of the magnetic separator 
used by Ersayin is less than 0.15 mm which is finer than 
the finest considered size interval of - 0.21 mm in the 
study presented here [13] suggest also a liberation effect 
to explain the improved recovery achieved using a Dry 
High Intensity Magnetic Separator applied to a hema-
tite-limonite iron ore.

Empirical model for the distribution of falls
The distribution of falls is modelled using the “S” 

shape empirical function [25] of Eq. 6

( )
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    (6)

The fall position is given by z that takes a value be-
tween 0 and 1 which is a normalized position between 
the position of fall of non-magnetic and magnetic mate-
rials (Figure 7). The adjustable parameters for each size 
interval i and magnetic susceptibility class j are ;i jβ  and 

50; ;i jz . The ;i jβ  describes the sharpness (slope) of the 
separation curve for the particles in the i;j class. The larg-
er the ;i jβ  the steepest is the distribution of falls. The 
parameter z50 gives the position that receives 50% of the 
particles of the magnetic susceptibility class j in a size in-
terval i. The closer to 1.0 is the z50 parameter, the less the 
tendency of the particles to fall into the non-magnetic 
(tailings) compartments. Two typical examples of curve 

ent manner than the particles with a lower magnetic sus-
ceptibility as the increase of the magnetic field leads to 
slightly shorter projections for these particles. This is felt 
to be caused by the fact that the magnetic field opposes 
a stronger resistance to the projection of the particles as 
they escape the drum. These results are consistent with a 
discussion presented by [24] concerning the strength of 
the magnetic field for a HGMS (High Gradient Magnetic 
Separator).

The effect of the drum rotation speed for a HIGH 
magnetic field is shown in (Figure 10) for fine (- 0.21 mm 
and coarse (+ 3.35 mm) particles. Increasing the drum 
rotation speed increases the distance of the projections 
of particles with a strong magnetic susceptibility (+ 212 
cm3/kg) and reduces the projection distance of weakly 
magnetic susceptible particles (0-8 cm3/kg). This action 
promotes recovery and grade of the magnetic product as 
recognized by [13]. Tuning of the rotary drum speed is 
thus an efficient way to modulate the recovery of par-
ticles with intermediate magnetic susceptibility. This is 
one reason for which the drum rotation speed and posi-
tion of the gates on the magnetic separator are common-
ly used for the control of these units [21].

The effect of the feed rate for a LOW magnetic field 
and a drum rotation speed of 96 m/min is shown in (Fig-
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The next step in the model calibration is to relate the 
β(i;j) and z(50;i;j) parameters to the magnetic separator oper-
ating conditions, i.e. the feed rate, drum rotation speed 
and magnetic field. A step wise regression method is used 
to extract the operating variables that have an impact the 
distribution of falls. A total of 36 regressions (6 for the 
particle size classes times 6 for the magnetic susceptibili-
ty classes) provide the parameters of the empirical mod-
els for the 50; ;i jz  (Eq. 7) and ;i jβ  parameters (Eq. 8)

50 50 50 5050; ; 0; 0; 0; 0; =  +  +  + i j z z z zz b b S b H b W  	         (7)

; 0; ; ; ; =  +  +  + i j S H Wb b S b H b Wβ β β ββ  	         (8)

Where S, H and W stand respectively for the drum 
rotation speed, magnetic field and feed rate to the sep-
arator. The bk parameters are calibrated by a standard 
regression technique. The estimated dependencies be-
tween the 50; ;i jz  parameters and the speed of rotation 
are provided in (Tables 4 and Table 5). A plus sign (+) 
indicates that the parameter value increases significantly 
with the corresponding operating condition, while a mi-
nus sign (-) indicates a significant decrease of the param-
eter with increasing the operating condition. A zero (0) 
indicates that the parameter is not significantly affected 
by the operating variable. For instance, the z50 for the 
+ 3.35 mm particles in the magnetic susceptibility class 
0-8 × 10-6 m3/kg is negatively affected by the separator 
rotation speed but its value is not significantly influenced 
by the magnetic field nor the feed rate. It was not possible 
to establish any significant influence of the tested factors 
the ;i jβ  parameter of the model [21]. The results of (Ta-

fitting results are shown in (Figure 12). The calibration 
for the magnetic susceptibility class 22-46 × 10-6 m3/kg 
of the + 3.35 mm particles yields good results while the 
“S” shape empirical model of Eq. 6 may not be adequate 
for the 8-22 × 10-6 m3/kg and 3.35/2.36 mm class of par-
ticles which exhibits a linear and not a S shape distribu-
tion of falls.

Size class:

 1 = + 3.35 mm

 2 = 3.35/2.36 mm

Susceptibility class:

 2 = 22-46 × 10-6 m3/kg

 3 = 8-22 × 10-6 m3/kg
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Figure 12: Model calibration results for the distribution of the 
fall positions.

Table 4: Statistically significant interactions between the z50 parameters and the magnetic separator drum rotation speed (S); 
magnetic field (H) and feed rate (W).

Magnetic susceptibility class (× 106 m3/kg)
Size (mm)    0-8  8-22 22-46 46-109 109-212 +212
Top Bottom S H W S H W S H W S H W S H W S H W
  3.35  - 0 0  -  + 0 0  + 0  + 0 0  + 0 0 0 0 0
3.35 2.36  - 0 0  -  + 0 0  + 0  + 0 0  + 0 0 0 0 0
2.36 1.18 0 0 0 0  + 0  + 0 0  + 0 0  + 0 0  + 0 0
1.18 0.60 0 0 0 0  + 0  + 0 0  + 0 0  + 0 0  0 0 0
0.60 0.21  - 0 0 0  + 0  + 0 0  + 0 0  + 0 0  + 0 0
0.21 0.00  - 0 0 0  + 0  + 0 0  + 0 0  + 0 0  + 0 0

+: Positive significant effect; -: Negative significant effect; 0: No significant effect.
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ulated to obtain the middling stream composition that 
feeds the tertiary separators. Since there is no circulating 
load the programming of the simulator is straightfor-
ward and Microsoft TM Excel is used for that purpose.

The input variables for the simulator of the circuit of 
(Figure 2) are:

The feed rate to the primary separators;

The size/magnetic susceptibility distribution of the 
particles in the feed and the mineral composition of the 
particles within each size/magnetic susceptibility class as 
given in (Table 3);

The positions of the gates on the primary, secondary 
and tertiary separators of (Figure 2) that are used in con-
junction with the distribution of falls to estimate the re-
ject, concentrate and middling streams;

The drum rotation speed of the primary, secondary 
and tertiary separators of (Figure 2);

The magnetic field generated by the permanent mag-
nets of the primary, secondary and tertiary separators of 
(Figure 2).

Validation of the simulator
The data of only one sampling campaign is avail-

able for the circuit of (Figure 4) and it is compared to 
the simulation results in (Table 5). The mass flow rates 
and species concentrations are given in relative values of 
measured minimum and maximum values observed for 
each variable. Results are satisfactory considering that 
the distribution of falls are calibrated with data obtained 
from tests conducted on a pilot magnetic separator rath-
er than using data collected from the plant as it is usually 
the case. The main discrepancy is found for the middling 
stream of the secondary separators which impacts the 
quality of the simulation results for the tertiary separa-
tor. The reasons for this discrepancy are not yet identi-
fied but it is felt to be caused by the nature of the materi-
al flowing in this stream. Indeed the processed material 

bles 4) are valid for the range of tested conditions given 
in (Table 3).

The results of Table 4 show that the z50 can be ma-
nipulated through an action on the drum rotation speed. 
The direction (sign) of the action changes with the mag-
netic susceptibility. Indeed increasing the drum rotation 
speed should reject more efficiently particles with a low 
magnetic susceptibility (0 to 8 × 10-6 m3/kg), while it 
positively affects the recovery of particles with a higher 
magnetic susceptibility. The magnetic field has a signifi-
cant influence on the z50 of particles within the 8 to 22 × 
10-6 m3/kg magnetic susceptibility class which is the only 
class that does not exhibit a correlation with the drum 
rotation speed. The effect of the magnetic field appears to 
be non-significant for the other magnetic susceptibility 
classes. The effect of the feed rate on the z50 is not sig-
nificant for the tested range of operating conditions. The 
shape of the separation curves, i.e. the β parameter, is not 
significantly influenced by the operating conditions.

Implementation of the Model into a Simulator
The implementation of the dry rotary drum magnetic 

separator model into a simulator is described and some 
simulation results are presented to validate of the meth-
od and illustrate its application for process control and 
optimization.

Simulator of the magnetic separation plant
Each magnetic separator of the plant of (Figure 2) 

is modelled using a distribution of falls of the particles 
that is calculated from the empirical models of Eq. 6 for 
which the z50 and β parameters are calculated from the 
drum rotation speed, the magnetic field and the feed rate 
as per Eqs. 7 and 8.

The flow and characteristics of the feed to the sec-
ondary separators are dependent of the operation of the 
primary separators so it necessary to simulate the prima-
ry units whose reject becomes the feed of the secondary 
separators. Similarly, the secondary units should be sim-

Table 5: Results of a sampling campaign and simulator results (Obs.: Observed from sampling; Sim.: Simulator results).

  Solids split (5) Fe (%) TiO2 (%) SiO2 (%) Al2O3

Stream Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim.
Circuit feed 100.0 100.0 37.2 37.2 33.2 33.2 7.1 7.1 3.9 3.9
1st Sep. conc. 86.4 86.3 42.0 41.9 37.8 37.9 1.0 0.7 0.4 0.8
1st Sep. reject 13.6 13.7 6.4 7.1 3.7 3.6 45.5 47.0 26.0 23.0
2nd Sep. conc. 0.3 0.2 38.5 41.4 34.4 36.2 4.1 2.7 3.1 1.8
2nd Sep. middlings 1.0 0.9 30.3 22.3 25.9 15.9 13.2 25.7 10.4 14.5
2nd Sep. reject 12.3 12.6 3.8 5.5 1.2 2.2 49.0 49.2 27.7 24.0
3rd Sep. conc. 0.7 0.1 36.8 38.8 32.1 34.4 6.2 4.7 5.7 3.0
3rd Sep. reject 0.3 0.8 17.4 20.7 12.5 14.1 28.1 27.7 20.4 15.6
Plant reject 12.3 13.4 4.1 6.4 1.5 2.9 48.5 47.9 27.6 23.6
Plant concentrate 87.4 86.6 41.9 41.9 37.8 37.9 1.1 0.7 0.4 0.8

All values are given as relative values (Value-Minimum)/(Maximum-Minimum) for each variable.
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it would require to change the magnets on the separa-
tors. The simulator is used to study the impact of these 
operating variables on the circuit concentrate grade and 
recovery of magnetic minerals.

This analysis was carried out starting with the nom-
inal operating conditions given in (Table 6). Then a 27 
factorial design or 128 tested conditions [26] with the 7 
identified operating variables is applied to the simulator. 
The variations applied to the factors are given in (Table 
6) and range from 5 to 10% of their nominal value. Each 
condition of (Table 6) is applied to the simulator and the 
simulated concentrate grade and circuit recovery values 
are recorded for the analysis. Using the 128 simulation 
results, it is possible to construct the grade recovery map 
for TiO2 shown in (Figure 13). The results show that the 
nominal operating condition lies on a grade recovery line 
and that the applied changes to the operating variables 
are not sufficient to push the operation toward a more 
optimum region (Figure 13). Such displacement may 
require a modification to the grind size or to the heat 
treatment of the ore. The simulation result is an indica-

may contain unliberated particles which are not included 
in the description of the ore in the current version of the 
model.

A preliminary process optimization study
There are seven variables that can be manipulated by 

the operators to adjust the operation of the circuit:

The drum rotation speed of the primary separators;

The position of the reject gate of the primary separa-
tors;

The drum rotation speed of the secondary separators;

The position of the reject gate of the secondary sep-
arators;

The position of the middling gate of the secondary 
separators;

The drum rotation speed of the tertiary separators;

The position of the reject gate of the tertiary separa-
tors.

It is assumed that the action taken to the primary and/
or secondary separators is the same on the three parallel 
units (Figure 2). The magnetic field is not modified as 

Table 6: Portion of the 27 factorial experimental design applied on the factors to simulate their impact on the circuit performances.
Factorial design

Test # Primary Separators Secondary Separators Tertiary separators
Speed Gate Speed Gate 1 Gate 2 Speed Gate

0 0 0 0 0 0 0 0
1 -1 -1 -1 -1 -1 -1 -1
2 -1 -1 -1 -1 -1 -1 1
3 -1 -1 -1 -1 -1 1 -1
4 -1 -1 -1 -1 -1 1 1
5 -1 -1 -1 -1 1 -1 -1
6 -1 -1 -1 -1 1 -1 1
7 -1 -1 -1 -1 1 1 -1
8 -1 -1 -1 -1 1 1 1
9 -1 -1 -1 1 -1 -1 -1
10 -1 -1 -1 1 -1 -1 1
11 -1 -1 -1 1 -1 1 -1
12 -1 -1 -1 1 -1 1 1
13 -1 -1 -1 1 1 -1 -1

Variations of the factors

  Nominal Low High
Primary Separators      
Speed (RPM) 37 34 40
Gate (%) 58 54 62
Secondary Separators      
Speed (RPM) 26 23 29
Gate 1 (%) 47 43 51
Gate 2 (%) 93 90 96
Tertiary Separators      
Speed (RPM) 26 23 29
Gate (%) 81 78 84
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separator drum to increase the recovery of materials with 
intermediate magnetic susceptibilities and by opening 
the gate to compensate the negative impact of reducing 
the speed on the primary separator concentrate grade. 
These actions bring the plant concentrate grade back to 
the target grade but at the expenses of a recovery loss of 
0.4% (see Table 7) compared to the target value.

Conclusion
A model for a dry magnetic rotary drum separator is 

proposed and used to simulate a magnetic separation cir-
cuit for an ilmenite ore. The simulator is calibrated with 
data from tests conducted on a pilot plant magnetic sep-
arator rather than by using data from the sampling of the 
actual plant. The approach gives good results providing 
that the ore is characterized according particle size and 
magnetic susceptibility. The use of a description of the 
position of falls as function of particle size and magnet-
ic susceptibility that is related to the magnetic separator 
operating conditions is a prerequisite to simulate the ef-
fect of the position of the gates on the performances of 
the equipment. Work is now progressing to extend the 
model to wet magnetic rotary drum separators that are 
commonly used in the iron ore industry.

The proposed model is used to simulate the operation 
of a circuit consisting of several interconnected magnetic 
separators and was used to simulate various options to 
improve the control of the plant. In the light of the ob-
tained results the plant is now revising the control strat-
egies currently used for the circuit.
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