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SUMMARY 

 
Rheological flow curves and sedimentation curves have been obtained for 
various grades of Samancor milled and atomised ferrosilicon, and used to 
provide curves of apparent viscosity and stability vs pulp density. The flow 
curves were derived by applying a new turbulence correction procedure and 
rheology model to data from a Debex on-line viscometer. The stability data were 
obtained from simple sedimentation tests in a measuring cylinder. The paper 
includes a discussion of the properties of viscosity and stability, guidelines for 
the selection of an appropriate grade of ferrosilicon for a particular application, 
and a representative bibliography of papers relevant to the field. 
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INTRODUCTION 
 
 
The rheology of dense media is well known to be an important property in 
determining the quality of the density separation in either static bath separators 
such as drums, or dynamic separators such as cyclones (Napier-Munn, 1990). 
It is generally accepted that viscosity should be minimised to achieve efficient 
separations (particularly in the finer sizes), commensurate with maintaining a 
sufficient stability to prevent excessive segregation of the medium in the 
process or in handling within the plant. The two properties, viscosity and 
stability, are directly correlated. Some previous work on the measurement of 
viscosity and stability of ferrosilicon media includes Govier et al (1957), KIassen 
et al (1964), Aplan and Spedden (1964), Collins B. et al (1974), Valentyik and 
Patton (1976), Collins D. et al (1983), Ferrara and Schena (1986) and Williams 
(1989). 
 
Despite recognition of their importance and despite many measurements of 
these properties over the years, viscosity and stability are generally not 
quantitatively considered when designing a dense medium process, or when 
determining its optimum operating condition. This is partly because viscosity is 
difficult to measure, and the measurements difficult to interpret, and partly 
because until recently there was no way of relating rheology to separator 
performance. 
 
The JKMRC has for some years been using the Debex on-line viscometer, and 
its derivatives such as the Zylab experimental viscometer, to measure medium 
viscosity in the course of accumulating partition data from pilot and full-scale 
DMS plants. This information has been incorporated in process models of 
drums and cyclones, which have been developed in the course of this work, 
described in Napier-Munn (1991), Baguley and Napier-Munn (1990), and Scott 
and Napier-Munn (1992). In using the models, it is thus necessary to define a 
medium viscosity to permit partitioning performance to be quantitatively 
predicted. 
 
In addition to the use of models for design and optimisation, operators adopt 
general guidelines in the selection of ferrosilicon grades for particular 
applications, based largely on minimising viscosity and maximising stability for 
the particular operating density required for the separation being attempted. 
This has usually taken the form of using what worked in similar applications in 
the past, moderated by the general body of experience and advice available, 
and cost considerations. 
 
Both in the use of the models, and in the application of general guidelines for 
the selection of commercially available ferrosilicon grades, it is therefore 
necessary to have quantitative information on the relationship between 
viscosity, stability and density for the various grades available. Accordingly, at 
the request of Samancor Limited, the JKMRC has determined these properties 
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for five grades of milled and four grades of atomised (spheroidal) material 
marketed by Samancor. The stability was determined by the direct 
measurement of settling rate. The viscosity was determined by the direct 
measurement using a Debex viscometer (incorporating a new correction 
procedure for the generation of the flow curve), and interpolation using a new 
model, which predicts the viscometer output, given the properties of the 
suspension being measured (size distribution, solids concentration and 
temperature). 
 
This paper discusses these properties of viscosity and stability in simple terms, 
describes how the new rheological data were obtained, summarises the data, 
and presents some guidelines for the selection of ferrosilicon grades on the 
basis of their rheology. It should be noted that the data presented here are 
provisional. Work is continuing on a comprehensive measurement of all 
Samancor's grades, and the new data will be published when it is available. 
 
 
 
VISCOSITY, STABILITY AND THEIR IMPORTANCE 
 
 
MEDIUM VISCOSITY 
 
 
Viscosity is a measure of the medium's resistance to flow - its consistency. It is 
determined largely by the concentration, shape and size distribution of the 
solids making up the medium. For non-Newtonian suspensions such as 
ferrosilicon media, the viscosity varies with the rate of shear and therefore can 
only be fully defined through the shear rate - shear stress flow curve. For 
convenience, an apparent viscosity is usually defined at a particular shear rate, 
which has some relevance to the process under consideration (Napier-Munn, 
1990). 
 
A high viscosity results from: 
 
 

 high medium density (high solids concentration) 

 fine particle size distribution 

 irregular shaped particles (milled grades) 

 the presence of low density contaminating solids 

 magnetisation of the medium. 
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A low viscosity results from: 
 
 

 low medium density 

 coarse particle size distribution 

 smooth, rounded particles (atomised grades) 

 a clean, de-magnetised, uncontaminated medium. 
 
 
Once the ferrosilicon grade has been selected, the most important variable 
affecting the viscosity is the medium density, determined by the solids 
concentration. The relationship between viscosity and solids concentration is 
very non-linear, as Figures 7-10 show (typical of most slurries). 
 
At low densities, there is little change of viscosity with density, but there comes 
a point at which viscosity increases rapidly with density. In practice it is unwise 
to operate beyond or even close to this point because the medium viscosity is 
then very sensitive to density, and can rapidly reach levels at which separating 
efficiency is reduced. 
 
Apart from ferrosilicon of a particular grade (shape and size), the solids present 
in a medium often include fine contaminants from the ore being treated. 
Because these will nearly always be of lower density than the ferrosilicon, a 
contaminated medium will need to contain a higher solids concentration to 
achieve the same medium density, and will therefore have a higher viscosity 
than a clean medium. 
 
The viscosity is an important property of the medium, but because it is difficult 
to measure, its influence on the separation is not always well understood. In 
general, however, high viscosity media are undesirable because they reduce 
the velocity of the mineral particles being separated, increasing the chance of 
particle misplacement and thus reducing the efficiency of the separation 
(Napier-Munn, 1990). 
 
 
 
MEDIUM STABILITY 
 
 
The stability of the medium is the tendency of the medium solids to settle out. 
All conventional dense media are inherently unstable because the solids (e.g. 
ferrosilicon) have a higher density than the liquid in which they are suspended 
(water). The reciprocal of the rate at which the medium solids settle out under 
gravity is a measure of the stability. 
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A high stability results from: 
 
 

 high medium density 

 fine particle size 

 irregular shaped particles 

 the presence of low density contamination. 
 
 
A low stability results from: 
 
 

 low medium density 

 coarse particle size 

 smooth, rounded particles 

 a clean, uncontaminated medium. 

 
 
It is therefore clear that stability and viscosity are positively correlated - a 
medium with a high viscosity will have a high stability, and vice versa. Any 
factor which affects one will also affect the other. 
 
Stability is important in determining the behaviour of the medium in the 
separator. In general, it is desirable to have a stable medium because if the 
solids settle out too readily, then separators, pipelines and pumps will sand up. 
Askew (1994) has pointed out that compressibility (indicated by the bed depth 
at the end of a sedimentation test) is a good indicator of how easily ferrosilicon 
can be re-slurried after compacting; the higher the compressibility, the harder it 
is to shift (other things being equal). 
 
With an unstable medium, strong density gradients will also be set up in the 
separator itself, which usually inhibits an efficient separation. Such density 
gradients are reflected in a difference in the density of the underflow and 
overflow medium streams from the separator. The difference between the 
underflow and overflow medium densities (or sometimes the feed and underflow 
densities) is called the differential.  Low or zero differentials are desirable in 
bath-type separators, in order to reduce the incidence of artificial middlings - 
those ore particles of intermediate density which tend to accumulate in the bath. 
In cyclones, some positive differential (instability) is desirable to assist in the 
sorting process, but it should not normally exceed 400-500 kg.m-3. Media are 
much more unstable in a cyclone because they are subjected to sedimentation 
forces many times those in a bath separator. 
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The differential in a dynamic separator, and particularly the underflow medium 
density, are very diagnostic of the condition of the separation, and operating 
conditions including the medium grade can often be tuned to optimise the 
differential and so maximise the separation efficiency (Collins D. et al, 1983; 
Napier-Munn, 1991; Scott and Napier-Munn, 1992; Napier-Munn et al, 1992). 
 
 
 
THE DETERMINATION OF RHEOLOGICAL PROPERTIES 
 
 
VISCOSITY 
 
 
The viscosity of Samancor milled grades 65D, 100D and 270D and atomised 
grades Cyclone 60 and Cyclone 40 was measured using the Debex on-line 
slurry viscometer described by Reeves (1985) and Napier-Munn et al (1989). 
The full specifications of these materials are given in current Samancor 
literature. Sub samples of each grade were taken for stability measurement 
(see below) and size analysis. 
 
The viscometer was operated with the medium recycled continuously through 
the measuring chamber via a slurry pump. Measurements were made over a 
range of medium densities, controlled by adding medium solids or water to the 
circulating medium. The actual density was determined both by Marcy Scale 
and by directly weighing samples of the medium wet and dry. At each density, 
the viscometer was operated at several bobbin rotational speeds, and the 
instrument output (an mV reading), bobbin speed (rpm), and slurry temperature 
were recorded. 
 
To smooth the data, and to interpolate values for the 48D, 150D, Special 
Coarse and Special Fine grades, which were not measured directly, the 
empirical MV-model developed by Shi (1993) was fitted to the Debex rpm-mV 
data. This model, a polynomial function of bobbin speed, is of the general form: 
 
 

 MV = MV0 + K1  HD   + 
SIZE

vCK2  
2
 + K3 

3
   (1) 

 
 
where 
 
 
 MV = predicted mV reading of viscometer 

 MV0  is an empirical function of Cv, SIZE and slurry temperature, 
   related to the yield stress of the slurry 
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 HD  is an empirical function of Cv, SIZE and temperature 

  = bobbin rotational speed (radians/s) 

 SIZE = a variable related to the mean size of the FeSi 

 Cv = solids concentration by volume. 

 
 
The MV-model enabled values of mV to be predicted for any chosen medium 
size distribution and density for a range of bobbin speeds; the size distributions 
of all the grades were taken from the Samancor specifications shown in Table 1 
(measurements of the actual samples used were found to be very close to 
these specifications). The predictions were made at a standard slurry 

temperature of 35C. 
 
 

Table 1: Size distribution of the ferrosilicon grades used with  
the MV model to predict the pulp viscosity 

 

Ferrosilicon Grade 
Average 

% passing 45 m 

270D 90 

150D 77 

100D 63 

65D 51 

48D 31 

C40 87 

C60 79 

Special Fine 44 

Special Coarse 36 

 
 
The RPM and mV results were then converted to the equivalent shear rates and 
shear stresses (the flow curve) using a method also developed by Shi (1993), 
which requires calibration of the viscometer with Newtonian fluids, and which 
includes a correction for the turbulent flow in which the measurement is made. 
Examples are shown in Figure 1. 
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Figure 1: Typical shear stress - shear rate curves for 270D ferrosilicon  
at various pulp densities 

 
 

The apparent viscosity, ai , could then be determined for any medium density 

and selected shear rate as ratio of local shear stress, i , to local shear rate, 


S i: 

 
 

 ai = i /


S i 

 
 

Graphs of a vs medium density were prepared for two selected shear rates: 
150 s-1,  which is believed to be representative of separations in cyclones, and 
10 s-1, which is believed to be more representative of separations in baths 
(Figures 7-10). The computational route is illustrated diagrammatically in Figure 
2. 
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Figure 2: Diagrammatic summary of the steps taken to calculate the apparent viscosity 
for milled and atomised ferrosilicon, at selected shear rates and densities. 

 
 
 
STABILITY 
 
Each density of medium measured in the viscometer was sampled, and the 
sample placed in a 250 ml measuring cylinder. This was inverted ten times, and  
 

 
 

Figure 3: Typical sedimentation curves for 270D medium at various pulp densities 
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then allowed to stand. The sedimentation of the mud line was timed against a 
ruler attached to the cylinder, and plotted as distance (cm) vs time (seconds) 
(e.g. Figure 3). The reciprocal of the gradient of the initial linear part of each 
curve was then taken as the stability (s.cm-1). These are plotted as functions of 
density for the various milled and atomised grades in Figures 11 and 12 
respectively. 
 
 
 
DATA AND DISCUSSION 
 
 
Figures 4 and 5 show the fit of the MV-model to the experimental RPM - mV 
data, for milled and atomised ferrosilicon respectively. The fit is good in both 
cases. It is worth pointing out that it has been shown that the same set of MV-
model parameters are appropriate for a wide range of DMS media and grinding 
slurries tested in JKMRC research, suggesting that such slurries have similar 
rheological behaviour. A notable exception was atomised ferrosilicon, 
presumably because of the difference in particle shape. 
 
As a test of the computational method, an independent measurement was 
made of the RPM - mV relationship for Special Coarse ferrosilicon, using the 
Debex instrument. Flow curves were constructed using Shi's 
calibration/correction procedure, and the resulting viscosity-density curve 
plotted. This is compared with the curve predicted from the MV-model 
procedure in Figure 6. The agreement is seen to be good. 
 

 
 

Figure 4: Comparison of calculated MV model output to the experimental Debex 
viscometer measurements for milled ferrosilicon 
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Figure 5: Comparison of calculated MV model output to the experimental Debex 
viscometer measurements for atomised ferrosilicon 

 

 
 

 
 

Figure 6: comparison of apparent viscosity for Special Coarse ferrosilicon for the MV 
model predicted data and experimental data 

 
 
Figures 7 - 10 represent the apparent viscosity-density curves for the milled and 
atomised material, at the two different shear rates, for use in medium selection, 
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or in process models. Dense media generally exhibit dilatancy, with a yield 
stress (Figure 1). It is worth noting the much higher apparent viscosities 
prevailing at the lower shear rate, due to the dominant effect of the yield stress 
at low shear rates. In practice this is compensated by the fact that bath 
separators are generally confined to coarse particles, but it does illustrate why it 
is desirable to process fines in high shear devices such as cyclones. 
 
 

 
 

Figure 7: Apparent viscosity curves of milled ferrosilicon at a  

shear rate of 150s
-1

 for various pulp densities 

 
 
 

 
 

Figure 8: Apparent viscosity curves of atomised ferrosilicon at a  

shear rate of 150s
-1

 for various pulp densities 
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Figure 9: Apparent viscosity curves of milled ferrosilicon at a  

shear rate of 10s
-1

 for various pulp densities 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Apparent viscosity curves of atomised ferrosilicon at a  

shear rate of 10s
-1

 for various pulp densities 
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Figure 11: Stability curves for milled ferrosilicon at various pulp densities 

 
 
 
 
 
 

 
 
 

Figure 12: Stability curves of atomised ferrosilicon at various pulp densities 
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SELECTION OF THE MEDIUM 
 
 
The most important factor which must be taken into account when selecting a 
medium grade for a particular application is the operating density. This will be 
determined by the separation which is desired, the characteristics of the feed 
ore, and the nature of the separation vessel being used. 
 
Once the operating density has been selected, it is the stability and viscosity 
which will then determine the appropriate ferrosilicon grade. The ideal medium 
is one with high stability and low viscosity. Any selection involves a compromise 
between these two mutually exclusive properties. 
 
The following general guidelines should be followed: 
 
 

 For very high operating densities (say above 3.2 RD), only atomised 
grades can be used, as the milled grades are too viscous at the high 
solids concentrations required; compare Figures 7 and 8. 

 Atomised grades may also be appropriate where corrosive conditions or 
highly porous ores (leading to high medium losses and thus operating 
costs) are suspected. 

 Otherwise, milled grades are to be preferred because of their lower cost. 

 Dynamic separators require finer grades than bath separators, because of 
the greater tendency to instability (large differentials) in dynamic 
separators. High pressure dynamic vessels (large static heads or high 
pump delivery pressures) require finer grades than low pressure systems, 
to preserve stability. 

 Deep bath separators in which relatively quiescent conditions prevail (e.g. 
cones) require finer grades than shallow baths (e.g. drums) in which the 
greater turbulence helps to maintain stability. 

 Other things being equal, coarser grades are preferred to finer grades 
because under most conditions medium losses occur preferentially in the 
finer sizes. The coarser grades are also often cheaper. 

 The separation of fine ore particles in dynamic separators requires the use 
of finer grades than those appropriate for coarse separations, because 
high differentials are particularly deleterious to fine particle separation. 
However, this should not be at the expense of excessive viscosities, which 
are also damaging to fine particle separations. 

 The appropriate grade will often change with the life of the plant. At 
commissioning, before any of the separators, pipelines, pumps, transfer 
points, or indeed the medium itself, have been "run in", a finer grade is 
sometimes more appropriate than at a later stage. 
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 Mixtures of grades may be necessary to achieve the right combination of 
properties. Some research suggests that the correct bi-modal size 
distribution gives the desired properties of high stability and low viscosity. 

 Other factors to take into account include the following: 

 

- Most plants operate with varying degrees of fine solids contamination 
in the medium. This is due to incomplete washing, or in-circuit 
breakdown of the feed ore, which is a function of operating efficiency, 
plant design, age of the plant, ore type, etc. Contamination will act to 
increase the viscosity and stability of a given grade of ferrosilicon. 
Figure 13, for example, shows the viscosity-density relationship for 
fresh and contaminated 150D ferrosilicon in the Mount Isa Mines 
Lead-Zinc Pre-Concentrator. Some operators deliberately permit 
some natural contamination to stabilise particularly coarse grades of 
ferrosilicon. Work has also been done on the control of rheology by 
additives (Klassen et al, 1964) but this is not usually practiced 
commercially. 

 

 

 

Figure 13: The viscosity-density relationship for fresh and contaminated 
150D medium (from Napier-Munn and Scott, 1990) 

 

 

- Residual magnetisation of the medium, caused by passage through 
the magnetic separators, increases viscosity. It can be reduced using 
demagnetisation coils. Figure 14 demonstrates this effect. Atomised 
ferrosilicon generally requires higher demagnetising fields than the 
milled material. 
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- The chemical and metallurgical properties of the ferrosilicon are 
important in determining its loss from the circuit (Hunt, Hansen and 
Davy, 1986; Williams and Kelsall, 1992). Specifications are given for 
important properties such as resistance to corrosion and magnetic 
susceptibility (Blair, 1985; Hunt et al, 1986; Guerney, 1994). Care 
should be taken in operations to limit corrosion by providing the 
appropriate oxygenated conditions (Hunt, et al, 1986; Guerney, 1994). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 14:   The effect of using a de-magnetisation coil on the viscosity of 
in-circuit medium (from Napier-Munn and Scott, 1990) 

 
 
A useful guide to medium selection is of course current practice in other similar 
plants. However the golden rule is to select the medium to optimise the process, 
and then design the plant to handle the medium. 
 
 
 
CONCLUSIONS 
 
 
This work has shown that viable rheological information can be obtained for 
ferrosilicon dense medium suspensions with the Debex on-line slurry 
viscometer, using an appropriate calibration and turbulence correction 
procedure. Equivalent information can be obtained from the MV-model, 
assuming model parameters are known; this is valuable when experimental 
data are not available. It is interesting to note that in other JKMRC research it 
has been found that a single set of MV-model parameters describes well the 
rheology of a wide range of slurries including grinding mill pulps and milled 
ferrosilicon media. Separate parameters are required for atomised media, due 
to their different shape. 
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Figures 7 - 10 present a summary of the apparent viscosity-density 
relationships for Samancor grades of milled and atomised ferrosilicon, and 
Figures 11 and 12 show the stability of the milled and atomised grades. 
 
The paper has outlined some issues to be considered when selecting a grade 
or source of ferrosilicon. It is not possible unequivocally to define a particular 
grade as being suitable for some typical application, since every application is 
different, and many different factors must be taken into account, some of which 
are discussed in the paper. However, it is expected that the new data, more 
rigorously derived than in the past, will assist in placing the practical experience 
of selecting ferrosilicon grades on a more reliable quantitative platform. 
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