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SUMMARY 

 
 
Mathematical models of the wet drum magnetic separator are being developed 
for use in the simulation of dense medium plants, and as an aid to maximising 
operational efficiency. This paper describes the results of some experiments 
with a 900 x 700 mm unit operated with magnetite and ferrosilicon media. The 
factors controlling effluent loss and product density are considered in terms of 
the properties of the ferromagnetic particles, and the experimental trends 
interpreted in terms of a qualitative description of the processes involved in the 
recovery and loss of magnetics in the separator. These concepts will be used to 
formulate a quantitative model of the separator. 
 
 
Key Words:  Dense medium separation; magnetic separator; medium loss; 
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INTRODUCTION 
 
 
The wet drum magnetic separator is a machine with really only two process 
outcomes that matter to us as dense medium plant operators. These are 
functions of about a dozen variables. Some of them are effectively constant for 
a particular machine, such as the magnetic field (depending on who maintains 
the machine). Others are machine settings such as pickup gap, over which we 
have some control but which we often don't exercise. Finally, there are the 
process variables such as feed rate (which we tend to push to the point of 
overflow), and medium solids quality (which for the purpose of this discussion is 
always of the highest order). There exists in nature some function, f(V), which 
given a particular value of all the influencing variables (and we don't necessarily 
know what these all are!) will give the process outcomes for that set of 
variables. The aim in developing a mathematical model of a process is to find a 
model function of some subset of variables, fm(V*), which is a reasonable 
approximation of the natural function. To do this we must first develop 
conceptual models. The conceptual model identifies the set of variables and 
suggests the nature of the function. 
 
A useful first step in developing a conceptual model is to look at the data. The 
data used here, and their means of collection, have been described in detail 
elsewhere by Rayner and Napier-Munn (1994, !995). These data come from 
both a number of surveys of production dense medium plants and from a series 
of factorial experiments using a small industrial scale Eriez separator at the 
JKMRC (900 mm diameter x 700 mm width). The latter has resulted in a data 
set of over two hundred tests. A key issue in this work was the high level of 
experimental precision obtained and the rigorous statistical treatment of the 
data. 
 
 
 
MAGNETICS RECOVERY 
 
 
The performance of the separator deteriorates with increased throughput. This 
is not surprising - in fact it is almost axiomatic that the performance of a 
separator deteriorates with throughput. This is shown in Figure 1, which 
illustrates the influence of Bypass Valve setting on Effluent Magnetics. In seven 
of the eight factorial experiments the bypass setting had an effect on the 
effluent magnetics, which was significant at the 95% level. In each case 
reducing the flow to the separator reduced the concentration of magnetics in the 
separator effluent. 
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Figure 1: The influence of bypass valve position on effluent magnetics (700 mm unit) 

 
There is clearly an important relationship between pickup gap and effluent 
magnetics content: a significant effect was found in all factorial experiments. 
This is illustrated in Figure 2. In general, where the effluent magnetics content is 
low it is increased by an increase in pickup gap, but when the effluent 
magnetics content is high it is decreased by an increase in the pickup gap. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: The influence of pickup gap on effluent magnetics content (700 mm unit) 

 
Half of the factorial experiments were done using magnetite as the magnetic 
solid rather than ferrosilicon. There were several reasons for this, not the least 
of which was that the dropping of a tonne of magnetite on the ground causes far 
less fiscal anguish than the dropping of the same amount of ferrosilicon. 
 
Figures 3 and 4 provide further information as to the way the separator works. 
These graphs relate to the properties of the magnetite which is lost, but which is 
recovered from the effluent samples by Davis Tube separation. Similar data are 
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not available for ferrosilicon because the much higher recovery of ferrosilicon 
generally meant that insufficient was recovered from the 151 effluent sample for 
either Satmagan magnetic analysis or Microtrac size analysis. Magnetite, being 
a natural product, has some characteristics, which differentiate it markedly from 
the synthetic ferrosilicon. The greater homogeneity of the ferrosilicon means 
that there is little differentiable material as is the case with magnetite. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Relationship between magnetics loss and tailings  

magnetics Satmagan susceptibility 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Relationship between magnetics loss and tailings magnetics size 
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If it is the fish John West rejects that makes John West the best then it is the 
magnetite that the wet drum magnetic separator rejects that tells the most about 
its inner workings, and leads to a conceptual model which explains all the data. 
 
In these figures the results at high feed solids (10-17%) are separated from 
those at low feed solids (2%), as there appears to be some fundamental 
difference in behaviour at these conditions. The trend line shown on each figure 
is drawn through the forty-eight data points from the high feed solids 
experiments. 
 
A line of best fit of the form y = a + b/x is shown for the main trend line; in each 

case the value of a was set equal to the value for the feed (which was 

measured), so these lines are in fact one-parameter fits. At high losses of 
magnetics they are constrained to be asymptotic to the feed value, and this 
assumption appears to fit the data very well. 
 
For the high concentration feeds, Satmagan values of the magnetics which are 
lost are lower than the feed, as would be expected. The trend line has some 
characteristics of a grade/recovery curve. When only a small amount of 
magnetic material is lost, it is the least susceptible material having the lowest 
Satmagan value. As more magnetite is lost it is less differentiated from the feed 
until at about 2 to 3 percent loss it is virtually identical to the feed. 
 
Conventional wisdom tells us that finer particles are more prone to loss in any 
separator where body forces (proportional to r3) such as magnetic attraction are 
opposed to surface forces (proportional to r2) such as hydrodynamic drag. This 
would lead to the conclusion that the lost magnetite should be finer than the 
feed. How then do we develop a conceptual model to explain the observed fact, 
illustrated in Figure 4, that it is not? 
 
According to Sir Arthur Conan Doyle, speaking through the fictional Sherlock 
Holmes, when all that is not so has been eliminated, that which remains must 
be that which is so. Clearly we must eliminate for the case of high feed solids 
any mechanism which acts on individual particles. 
 
Magnetic lines of force may be considered as analogous to an electric current. 
As the latter will tend to pass through a better conductor, so too will the former 
tend to pass through a material of higher susceptibility. Dispersed particles of 
ferromagnetic material in a magnetic field will have any lines of force passing 
through them as illustrated in Figure 5. A very high field gradient is generated 
up-field and down-field from the particle, as the lines of force converge and 
diverge. In order to minimise the energy of the system, by forming a continuous 
low-resistance path for the magnetic lines of force, these particles are attracted 
to each other and tend to form aggregates elongated along the lines of 
magnetic forces. Ives (1978) has shown that for flocculation caused by forces 
such as magnetic or electric attraction, orthokinetic flocculation, the rate of 
change in the number of particles is proportional to the square of the number of 
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particles present. That is to say the formation of aggregates is a second order 
rate process, and the rate of formation of aggregates will be proportional to the 
square of the concentration of magnetic particles present in the slurry. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Magnetic lines of force passing through an 
isolated ferromagnetic particle 

 
Under the influence of sufficiently large applied fields, and 0.01T is sufficient, 
ferromagnetic grains tend to associate in long chains. For aggregates to form, 
the flocculation time must be less than the residence time in the separator 
(Svoboda, 1987). The flocculation time can be made quite short by exposing the 
particles to a reasonably large magnetic field. The strength of the aggregates 
once formed must be sufficient to resist rupture due to hydrodynamic forces. As 
illustrated in Figure 6, flocculation is almost totally complete at a magnetic 
induction of 70mT. The tensile strengths of magnetic flocs depend on their 
shape. For an elongate aggregate of aspect ratio 10, the tensile strength will be 
6.25 kPa for material having a coercive force of 2000 Am-1, and 25 kPa for 
material having a coercive force of 4000 Am-1; that is, the tensile force is 
proportional to the coercive force squared (Lantto, 1977). Note that as an 
aggregate is strained its elongation ratio increases and so too does its tensile 
strength - thus resisting the applied stress. 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6: Effect of the applied magnetic field on the degree of flocculation of 

ferromagnetic particles (after Svoboda, 1987) 
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Lantto (1977) reports data for a natural magnetite which show that finer grains 
have a higher coercive force than coarser grains; these data are reproduced in 
Table 1. Finer particles are more coercive because they have a lesser number 
of domains. The technological consequence of this is that finer particles will 
form magnetic flocs of higher tensile strength. 
 
 

Table 1: Magnetic Properties of Natural Magnetite as a Function of Grain Size 
(after Lantto, 1977) 

 

Grain Size Fe K Jmax HC  

(mm) (%)  (T) (A/m) 

+44 66.7 6.16 0.452 4000 

44-16 69.1 5.47 0.402 4500 

16-8 67.0 2.26 0.163 4800 

-8 65.8 1.38 0.106 5200 

 
 

Aggregates once formed will move more rapidly (proportionally to their size) 
under the influence of the applied field. Indeed given their elongate nature some 
aggregates may form with one end in contact with the magnet; in such a case 
all member particles of the aggregate may be considered to have been 
captured. Individual particles, which become part of an aggregate, and the 
bigger the aggregate the better, have a greater chance of becoming attached to 
the magnet during the finite time available as they pass through the wet drum 
magnetic separator. 
 
When the concentration of magnetic particles in the feed to the wet drum 
magnetic separator is very high, large aggregates are formed almost 
immediately. These aggregates are of a size comparable to the width of the 
pickup gap, and so the distance of a particle from the magnet is not a factor in 
its capture probability, although residence time in the wet drum magnetic 
separator and magnetic susceptibility of the particle may be. This is in accord 
with observed experimental results. An increase in the width of the gap in the 
pickup or separating zone was found to be beneficial to separation efficiency in 
all high pulp density tests but not for low pulp density or high non-magnetics 
content feeds. 
 
A wide pickup gap is beneficial for high solids content feed but bad for low 
solids content feeds because of the different capture mechanisms, which are 
active. With high pulp density feeds the predominant capture mechanism is the 
formation of aggregates. As these aggregates form across the entire gap, 
distance from the magnet is not an issue. There is, however, a benefit due to 
increased residence time in the separating zone, which results from the wider 
gap (simple volumetric considerations show that the residence time is 
proportional to gap width). With low pulp density feed a wider gap is bad 
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because the formation of aggregates proceeds very slowly and what 
aggregates do form are very small. Most particles are not aggregated and are 
therefore captured singly. While there is no doubt some benefit due to 
increased residence time, this is outweighed by the greater average distance 
which must be travelled by particles to be captured across a gap in which the 
mean field strength is lower. The effect of non-magnetics will be to hinder the 
motion of particles and thus to slow the formation of aggregates. 
 
In the relation between tailings magnetite qualities (size or magnetic 
susceptibility) and loss of magnetics there are two clusters of data - one for the 
high pulp density tests and one for the low pulp density tests (Figures 3 and 4). 
Again this difference results from a difference in the capture mechanism 
predominating for each of these different feed conditions. The tailings 
magnetics from the high pulp density feeds are coarser than the feed while 
those from low pulp density feeds are finer. 
 
In the high pulp density collection environment the dominant collection 
mechanism is the formation of stringers by the aggregation of magnetic 
particles. These than behave as single large units. Particle size is irrelevant 
since the initial distance between particles is very small, and any particle can 
join an aggregate. Only magnetic susceptibility is a determinant of collection 
efficiency. 
 
But if size is irrelevant why is there a size effect in the data? Because size is 
correlated with susceptibility! Coarse magnetite grains are more likely to be 
aggregates containing non-magnetic materials, while finer grains are more likely 
to be entirely magnetite. In an environment where susceptibility is the sole 
determinant of collection efficiency there will be an apparent size effect by 
which coarse grains will be preferentially lost. Rayner et al (1976) observed this 
phenomenon in Davis Tube recoveries of different size fractions of a magnetite 
sample. Although different size fractions exhibited different recoveries, this was 
explained in terms of the different mineralogy of each size fraction rather than 
size per se. At low solids concentration (as in secondary separator feed) the 
distance between particles will militate against the formation of stringers or 
aggregates, and there will be both a susceptibility and a size effect. This is seen 
in the data presented, where the magnetite lost is both finer and less 
susceptible than the feed. This observation conforms well to measurements of 
final (secondary separator) losses in coal preparation plants, in which the 
magnetics are generally finer than the in-circuit medium. 
 
So the conceptual model of the collection mechanism is that at high 
concentration of magnetic solids, these flocculate very rapidly under the 
influence of the applied field and are almost immediately captured. The capture 
efficiency is very high. Size per se is not involved in this process although 
magnetic susceptibility is. Increasing the pickup gap increases the residence 
time in the collection zone of the separator while reducing the average magnetic 
intensity index across the collection zone. Since magnetic flocculation proceeds 
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rapidly even at quite low field strengths this latter is no great negative while the 
extra residence time is beneficial in collecting some of the few remaining 
magnetic grains not immediately collected. It is this residence time effect which 
results in impaired performance at higher throughput. At low pulp density the 
rate of flocculation is too slow for useful flocs and to form, and thus capture is 
effectively a single particle process. This causes a distance disadvantage to 
small particles. Collection is optimised by a small gap width, bringing all 
particles close to the magnet, even at a residence time penalty. 
 
 
 
CONCENTRATE DISCHARGE 
 
 
The second important process outcome of a wet drum magnetic separator is the 
solids content of the concentrate. For our coal-washing brethren this is 
absolutely critical, since in most coal washeries this is the only overdense 
stream returning to the circulating medium. Without a sufficiently dense 
magnetic separator concentrate it becomes increasingly difficult to maintain the 
required circulating medium density. In a ferrosilicon plant it is often the case 
that the magnetic separator concentrate is less dense than the circulating 
medium. But this places an extra load on the densification circuit, which in turn 
leads to ferrosilicon loss. So, regardless of whether the concentrate density is 
above or below the circulating medium density, an increase in concentrate 
solids content will always be a good thing in so far as it reduces the load on the 
densification circuit. 
 
It has been the received wisdom that the process by which the concentrate 
solids content is enhanced, that is by which it is dewatered, is due to 
compression in the discharge zone. Indeed, in most descriptions of the wet 
drum magnetic separator, this zone is referred to in those terms - as the 
"squeeze gap" for example. However the medium in this zone, being 
discharged at about the circulating medium density, is fluid. It cannot be 
squeezed! 
 
Figure 7 shows that, in general, widening the discharge gap gives a drier 
concentrate. This was observed as a significant effect in five of the factorial 
experiments. The opposite effect was observed in one experiment, although 
here the gap range was small. The experiment with the lowest percent solids 
was the one where the effect was the greatest, even though the range in gap 
width was small. 
 
Figure 8 shows quite emphatically that opening the bypass valve, and reducing 
the volumetric feed rate, increases the concentrate solids content. This was 
seen as a significant effect in seven of the eight factorial experiments. The 
effect was greatest at lower values of the dependent variable that is the wettest 
concentrates gained the most benefit from reduced flowrate. In the experiment 
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where a significant effect was not found, that done with 22.5% ferrosilicon feed, 
the concentrate solids content was very high at both high and low feed rate. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: The influence of discharge gap on concentrate solids content 

(700 mm unit) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8: The influence of bypass valve position on concentrate solids 
(700 mm unit) 
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It is reasonable to assume that the entire discharge zone is full of medium. 
There is a zone above the level of the liquid in the tank where water, not being 
attracted to the magnet, will drain from this medium. A drainage process such 
as this will be influenced by three things. Firstly: the initial conditions define how 
much water is to be removed - a wetter start means a wetter finish. Secondly: 
the time available during which drainage can occur since drainage is a rate 
process - the more time available for drainage the drier the concentrate. Finally 
material parameters of the solids including density and also those which control 
the movement of water through a bed of solids such as size distribution and 
shape. 
 
Most under control of these is the residence time in the drainage zone, although 
initial conditions are clearly influenced by the way in which a separator is used. 
The two experiments at low feed solids content gave, for each material, the 
lowest concentrate solids content. Residence time (RT) may be estimated by: 
 
  RT = V/Q       (1) 
 
where V is the volume of the drainage zone, and 

Q is the volumetric flow rate 
 
The volume of the drainage space may be represented as a constant, controlled 
by the physical design of the machine, plus some function of a range of 
machine and process parameters. Examination of the geometry of the drainage 
space shows that although the volume of effluent flowing over the weir 
(controlled by spigot setting and volumetric feedrate) and the pickup gap have 
an influence on the volume, this is very small (and may be considered 
negligible) compared to the influence of the discharge gap. 
 
For the Eriez machine used in this work the volume of the drainage in mm3 per 
unit length is given by: 
 

 V = 780 + 260 x D      (2) 

 

where   x D   is the discharge gap in mm. 

 
The residence time will be decreased by an increase in the volumetric flow rate 
through the discharge zone. This will occur when the feed rate to the separator 
is increased, as is observed in the data. 
 
Thus the conceptual model of the discharge of material is that magnetic solids 
as a dilute slurry are lifted out of the bath of the separator upon which they 
begin to drain. This drainage continues until the concentrate overflows the 
discharge lip. Drainage is enhanced by increased residence time in the 
drainage zone, which in turn is controlled by the volume of the discharge zone 
and the throughput. 
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This model has been used successfully in practice. In the Warkworth coal 
washery low density magnetic separator concentrate had been a cause of 
severe operating difficulties in maintaining the required circulating medium 
density. An increase in the discharge gap to 37 mm (apparently from the 
standard 19 mm) raised the density of the concentrate from 1.8 RD to 2.1 RD.  
This resulted in a substantial easing of the process difficulties (Lee, 1995). 
 
 
 
CONCLUSION 
 
 
Conceptual models for both important process outcomes of the wet drum 
magnetic separator - magnetics recovery and product density - have been 
developed, based on an assessment of experimental data. The models are 
sensible and accord well with the data. Work is continuing to develop 
mathematical models based on the conceptual models and to fit the data to 
these models. The conceptual models, both of which conflict with conventional 
wisdom, are able to be used in the adjustment of operating magnetic separators 
to optimise their performance. Primary separators will benefit from a wider 
pickup gap than has previously been recommended; 50 mm is a good starting 
point. For secondary separators this will be considerably less, perhaps 15 to 20 
mm. In both, the discharge gap can profitably be widened to around 35 to 40 
mm. 
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