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Abstract: Recent investigations of particle behavior and segregation phenomena in a cyclone underline
that little is known about particle distribution within a heavy medium separation. For this purpose, density
profiles in a heavy medium cyclone (HMC) is measured with techniques such as computational fluid
dynamics (CFD) in combination with discrete element modelling (DEM), electrical resistance
tomography (ERT), X-ray tomography, particle dynamics analyzer (PDA) etc. Along with these modern
efforts of determining the performance of HMC, traditional methods depending on empirical inferences
based on experimental data are still important and in progress. The aim of this research was to investigate
the possibility of using HMC for the concentration of problematic ores which are not coarsely aggregated.
Towards this purpose, current empirical methods were applied to experimental data which were derived
from float-sink tests of selected heavy minerals and Fe, Mn, and Cr ore samples. Low density difference
between particles made the enrichment difficult using other gravity methods like jigs and shaking tables.
After determining physical and mineralogical properties of the samples, appropriate size fractions were
prepared for float-sink tests. Combination of sodium polytungstate and tungsten carbide powder were
used to prepare non-toxic heavy liquids with density up to 3.5 g/cm?®. Using the sink-float test results and
existing empirical models for high-density DMC plants simulations were performed. The results of the
simulations followed by experimental studies showed that HMCs are applicable to process Fe, Mn, and
Cr ores with acceptable grade and recovery.
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Introduction

Dense medium cyclones (DMCs) provide more precise separation than other gravity
processing methods, especially when the amount of material float/sink within +0.1
density range is above 10% (Burt, 1984;Wills and Napier-Munn, 2006).

The DMCs are used extensively in coal preparation plants. They have been
installed in over one-quarter of the coal preparation plants worldwide (Reeves, 2002).
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De Korte (2000) reported that approximately 93% of 58 coal preparation plants in
South Africa employ DMCs.

Although the number of applications is not comparable to that of coal, DMCs are
also applied to a variety of metalliferous and industrial minerals (Burt, 1984). Iron ore
beneficiation (Krige, 1987; Mason and McSpadden, 2002), diamond preconcentration
(Dardisl and Mack, 1987; Rylatt and Popplewell,1999; Waanders and Rabatho, 2004),
lead-zinc and silver beneficiation (Scott, 1985), copper ore preconcentration (Walter
et al., 1999), andalusite ore beneficiation (Munnih, 1994), chromite concentration
(Burt, 1984; Francis, 2009), fluorspar preconcentration (Burt, 1984), manganese
concentration (Sassos, 1984), and tungsten preconcentration (McNiel, 1982) are
examples of DMC use in mineral beneficiation.

The amenability of dense medium separation is evaluated by using heavy liquid
tests (Burt, 1984). However, the availability and use of high-density liquids such as
Clerici’s solution is limited or prohibited in many countries. A promising alternative is
sodium polytungstate—tungsten carbide powder mixtures with densities up to 4 g/cm®
(Koroznikova et al., 2007).

For better phenomenological understanding of the process, computational fluid
dynamics (CFD) in combination with the discrete element method (DEM) and
empirical models based on parameters such as density, turbulence, and cyclone
dimensions are used (Narasimha et al., 2007; Azadi et al., 2010; Kepa, 2013; Elsayed
and Lacor, 2013). Even though the CFD-DEM method is a thriving and promising
engineering tool, further development is still needed to predict DMC performance.

On the other hand, empirical models have been improved over the past few decades
in order to predict the metallurgical performance of a given unit (Scott, 1988). Such
models enable prediction of the effects of alternative operating procedures without the
need for a mass of planned test work. However, these models require a large quantity
of experimental data. Complications in calculations involving parameters such as the
presence of swirling turbulence or an air core and segregation of the medium and
particles are challenging. Furthermore, the presence of multiple phases, i.e., air, water,
mineral/coal, and magnetite/ferrosilicon particles of different sizes, densities, and
other properties make DMC modeling extremely complicated (Scott et al., 1990).
Although there is still not an ultimate model for low- and high-density separation,
current models for specific operations have been substantially improved.

Most of the existing models are based on low-density operations and are useful for
coal washing plants. In the case of high-density operations, certain models have been
published to predict the performance of DMCs for the preconcentration of lead-zinc
ore in the Mount Isa concentration plant (Scott, 1988). In addition, DMC models for
diamond ore have been studied (Scott et al., 1990).

Except for a few earlier applications in chromite and magnesite, current application
of DMCs in Turkey is limited to coal washing, although its application would be
beneficial for some problematic ores (Aghlmandi, 2014). In that study, application of
DMC:s for iron, manganese, and chromite ores were evaluated using simulations.
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Experimental studies

Materials

The samples of iron, manganese, and chromite ores were selected because gravity
separation methods such as jigging and shaking tables are not efficient. After
determining the physical and mineralogical properties of the samples, the samples
were prepared in appropriate size fractions for the sink—float tests. The results of the
initial particle-size distribution analysis of the samples are shown in Fig. 1.
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Fig. 1. Particle-size distribution of samples

The Fe content of the iron ore sample was 31.9%. The X-ray diffraction (XRD)
analysis revealed that the ore consisted of hematite (Fe,O3) with density of 5.26,
goethite [FeO(OH)] 3.3-4.3, and silicates 2.6-2.8 g/cm®. The overall density of the
sample was measured as 3.18 g/cm®. The iron ore sample was screened to —9.5+4.75
mm, —4.75+1.18 mm, —1.18+0.212 mm, and —0.212 mm size fractions for sink—float
tests.

The density of the manganese ore sample was measured as 3.07 g/cm®, and the Mn
content of the sample was 25.47%. The XRD analysis showed that the main
manganese mineral in the sample was pyrolusite (MnO,), with density of 4.4-5.06
g/cm?, and that the main gangue mineral was quartz (2.65 g/cm®). The manganese ore
sample was screened into four size fractions (—16+5 mm, —5+1 mm, —1+0.2 mm, and
—0.2 mm) for sink—float tests.

The chromite ore sample was obtained from rod mill discharge of an operating
mine in the Adana region of Turkey. The ore consisted of magnesiochromite
((Mg,Fe)(Cr,Al),04) with density of 4.2 glcm®, magnesite (MgCOs, 3-3.2 glcm?),
chromite (FeCr,0,, 4.5-4.8 g/cm®), lizardite (Mgs(Si,Os)(OH,), 2.38 glcm?®), and
chrysotile [Mgs(Si,0s)(OH),, 2.53 g/cm®). The mean density of the feed sample was
2.58 glem®.
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Chromite ore has a challenging mineralogy. Because of low amount of free
particles which leads to a small degree of liberation, the sink—float tests at coarser size
fractions were not satisfactory. Therefore, size reduction to -1.18 mm was performed.
The degree of liberation (Table 1) and size-by-size Cr,O; distribution (Table 2) were
determined for different size fractions.

Table 1. Degree of liberation for different size fractions of chromite ore

Size Fraction (um)Degree of Liberation (%)

—850+600 3.89
—600+425 26.77
—425+300 35.21
-300+212 53.39
—212+150 71.97

Table 2. Cr,053 content of different size fractions of chromite ore sample

Size Fraction (um)Weight (%)Cr,05 (%)Cr,0;3 Distribution (%)

—1180+425 18.28 3.53 11.48
—425+212 24.75 5.84 25.71
—212+150 13.44 7.50 17.93
—150+106 7.83 9.19 12.80
—106+75 7.64 9.00 12.23
—75+53 4.36 7.42 5.75
—53+38 3.60 6.10 3.91
—38 20.10 2.85 10.19
Total 100.00 5.62 100.00

Table 1 clearly shows that the liberation would be incomplete unless the fine
grinding is applied. In this case, however, too much fine material would be generated,
increasing the losses in gravity concentrators such as spirals and shaking tables. The
total reserve in the area is 200 Tg divided among several mines having similar
mineralogy. Considering the lower feed grade, high operating costs, and declining
chromite prices, DMCs are expected to recover more material at this coarse particle-
size range or remove barren gangue for further processing.

Methods

Heavy liquids have been widely used in the laboratory for the appraisal of gravity
separation techniques. Most high-density heavy liquids are organic and highly toxic,
and thus working with them requires close attention, even in a laboratory environment
(Burt, 1984). Aqueous solutions of sodium polytungstate (SPT) have certain
advantages over organic liquids in that they are non-volatile and non-toxic with
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densities of up to 3.1 g/cm?®. For higher densities, Koroznikova et al. (2007) developed
a technique using a finely ground tungsten carbide (TC) suspension in SPT to obtain
densities up to 4 g/cm®.

In this study, a tetrabromoethane (TBE) and acetone mixture was used to prepare
the heavy liquids with density of 2.7 and 2.9 g/cm®. The suspensions of sodium
polytungstate (SPT) and tungsten carbide powder (TC) were used to prepare the heavy
suspensions with density of 3.2 and 3.5 glcm®.

The SPT-TC suspension was prepared as follows. An SPT solution with a 2.5
glem® density (viscosity will be somewhat low for fine particle separation) was
prepared. About 20-30% of the SPT solution was transferred into a separate container
and stirred. The TC powder was added very slowly to make a homogenous
suspension. The TC-SPT suspension was mixed with the remaining SPT solution to
obtain the desired density.

Results and discussion

After preparation of heavy liquids at the desired densities, the sink—float tests were
performed. In the case of coarse samples (+1 mm), a normal beaker was used, but for
fine size fractions (—1 mm) a special funnel was used. The results are presented in
Tables 3-5 for iron, manganese, and chromite ores, respectively.

Table 3. Sink-float- results for the size fractions of iron ore sample

Cumulative to Sinks

Size Product  Weight (%) Fe (%) Recovery (%
ght (%) 0) y (6) Density (g/cm®) Weight (%) Fe (%) Recovery (%)

Sinks 3.5 27.78 70.74 56.97 35 2778  70.74 56.97
g -3.5+3.2 13.09 47.43 17.99 3.2 4087  63.28 74.96
2 32429 16.18 27.87 13.08 2.9 5705 53.23 88.04
:{ -2.9+2.7 11.35 13.55 4.46 2.7 68.41  46.65 92.50
2 Floats 2.7 31.59 8.19 7.50 100 34.50 100
Total 100 3450 100
Sinks 3.5 32.82 67.71 63.73 35 3282  67.71 63.73
E —3.5+3.2 12.17 48.12 16.79 3.2 4499 6241 80.52
= —3.2+29 13,54 25.56 9.92 2.9 5853  53.89 90.44
I —2.9+2.7 9.59 12.81 3.52 2.7 68.12  48.11 93.97
‘; Floats 2.7 31.88 6.60 6.03 100 34.87 100
Total 10000  34.87 100.00
c Sinks 3.5 38.58 61.68 68.94 35 3858  61.68 68.94
€ —3.5+3.2 10.78 4351 13.59 3.2 4936  57.71 82.53
E —3.2+29 17.26 25.68 12.84 2.9 66.62  49.41 95.37
g —2.9+2.7 433 9.13 1.14 2.7 7095  46.95 96.51
;- Floats 2.7 29.05 4.14 3.49 100 3451 100

Total 100.00 3451 100.00
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The difficulty in gravity concentration processes can be evaluated using heavy-
liquid test results. When the amount of near-gravity particles is higher than 10%, it is
difficult to obtain good results with jigs, tables, spirals, and other gravity methods; the
only efficient gravity method is heavy medium separation (Wills and Napier-Munn,
2006). Table 6 shows the amount of near-gravity particles for difference ores at
different size fractions which calculated based on the sink-float test results.

It is apparent from Table 6 that the amount of near-gravity particles in all these
ores is more than 10% in most of the size fractions. Therefore, these ores are relatively
difficult to beneficiate with the above mentioned gravity methods, and thus the use of
DMC is inevitable for their beneficiation.

Table 4. Sink—float results for the size fractions of manganese ore sample

: Weight Cumulative to Sinks
Size  Product (%g) Mn (%) - Recovery (%) Density (g/cm®) Weight (%) Mn (%) Recovery (%)
Sinks 3.5 10.25 41.05 14.96 35 10.25 41.05 56.97
c —3.5+3.2 24.46 40.27 35.01 3.2 34.71 40.50 74.96
£ -32+29 30.16 39.42 42.26 2.9 64.87 40.00 88.04
é —2.9+2.7 5.69 10.61 2.15 2.7 70.56 37.63 92.50
' Floats2.7  29.44 5.37 5.62 100 28.13 100
Total 100 28.13 100
Sinks 3.5 19.69 40.35 34.31 35 19.69 40.35 63.73
c —3.5+3.2 12.05 39.88 20.76 3.2 31.74 40.17 80.52
E -3.2+2.9 28.10 32.91 39.94 29 59.84 36.76 90.44
J‘f, —2.9+2.7 5.09 8.52 1.87 2.7 64.93 34.55 93.97
Floats2.7  35.07 2.06 3.12 100 23.15 100
Total 100.00 23.15 100.00
Sinks 3.5 14.19 37.33 26.67 35 14.19 37.33 68.94
g 35432 20.84 33.22 34.86 3.2 35.02 34.88 82.53
& -32+29 26.58 25.94 34.72 2.9 61.60 31.03 95.37
2 2.9+2.7 2.22 10.73 1.20 2.7 63.83 30.32 96.51
‘ Floats 2.7  36.17 1.40 2.55 100.00 19.86 100

Total 100.00 19.86 100.00
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Table 5. Sink—float results for the size fractions of chromite ore sample

Cumulative to Sinks

Size Product Weight (%) Cr,0s (%) Recovery (%)  Density Weight (%) Cr,0s (%) Recovery (%)

(g/em?)
Sinks 3.5 1.25 45.82 18.89 35 1.25 45.82 18.89
g —3.5+3.2 0.65 31.17 6.63 3.2 1.90 40.83 25.53
Srf -3.2+2.9 2.38 22.18 17.38 2.9 4.29 30.45 4291
g —-2.9+2.7 3.18 13.77 14.41 2.7 7.47 23.34 57.32
; Floats2.7 92.53 1.40 42.68 100 3.04 100
Total 100 3.04 100
£ Sinks 3.5 6.50 50.25 68.95 3.5 6.50 50.25 68.95
§ —3.5+3.2 2.73 22.15 12.76 3.2 9.23 41.94 81.71
§ -3.2+2.9 1.08 16.95 3.87 29 10.32 39.32 85.57
& —2.9+2.7 3.09 12.21 7.95 2.7 13.40 33.08 93.52
S Floats27 8660 035 6.48 100 4.74 100
' Sinks35 100 4.74 100
Table 6. The amount of near-gravity particles for different ores
Cum. Sinks Weight (%)
Size fraction (mm)  _0.1 of Separation +0.1 of Separation Difference
density density
-9.5+4.75 51.50 40.78 10.63
Iron ore —4.75+1.18 54.00 45.00 9.00
—1.18+0.212 61.00 49.36 11.64
-16+5 69.00 55.40 13.60
Manganese ore —5+1 63.75 51.00 12.75
-14+0.2 64.00 53.50 10.50
. —1.18+0.425 33.46 20.08 13.38
Chromite ore
-0.425+0.212 71.62 61.55 10.07

Simulation studies

All the DMC models are based on partition curves. A typical partition curve is given
in Fig. 2.

The probable error of separation or the Ecart probable (Ep) is defined as half the
difference between the density where 75% is recovered to sinks and that at which 25%
is recovered to sinks. The Ep value generally increases with the increasing separation
density and decreases with coarser sizes.
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Fig. 2. Typical partition curve for sink product

Several mathematical expressions have been suggested in literature to describe the
partition curve (Whiten, 1966; Rong and Lyman, 1895). One of the most widely used
expressions is given in Eg. 1 (Scott, 1988):

1
Y, = 1)

1.099(p50-P ;)
1+exp[$

Ep ]

where Y; - weight fraction of density species pj in the feed which reports to underflow
Pso- Separation density
E, - probable error.

In the case of high-density separation, the Ep value can be calculated by the
following equations:

Ep=Z+K.d"(n=-1) ()
Z =19.6 + 0.16Ap — 6.3Vmo 3)
In(k) = 6.87 + 0.59 In(x) + 0.30 In(D,) (4)

where Ap is the density differential in the cyclone, Vmo is the volumetric medium-to-
ore ratio, p is the heavy-medium viscosity, and D, is the cyclone diameter.

In this study, the values of Z and K were taken as 4 and 52, respectively. They were
calculated for 400 mm DMC of a diamond plant and were used to predict the Ep
values for different size fractions (Scott et al., 1990). The values are presented in
Table 7.

In this research, the Lave 1.0 program developed by Orhan et al. (2010) at the
Department of Mining Engineering of Hacettepe University was used to carry out the
simulation. The program uses the JKMRC model based on Eq. 1. For the size
separation, the Whiten efficiency curve was used (Whiten, 1966).
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Table 7. Calculated Ep values for different size fractions

Iron ore Manganese ore Chromite ore
fraScIt?gns I\giez&(lan Calculated frailt?sns I\giez?en Calculated frasclt?gns Mean size Calculated Ep
(mm) (mm) Ep (mm) (mm) Ep (mm) (mm)
—9.5+5.0 7.25 0.011 —-16+5 10.5 0.009 -1.1+0.4 0.80 0.069
-5.0+1.0 3.0 0.021 —5+1 3.0 0.021 -0.4+0.2 0.31 0.172
-1.0+0.2 0.6 0.091 -1+0.2 0.6 0.091

In the simulation studies, a simple circuit consisting of a sizing screen and a DMC
was considered (Fig. 3). The Ep values are given in Table 7, and the separation
densities from 2.5 g/cm?® to 3.5 g/cm® in 0.1 g/cm® increments were used. The grade
and recovery figures against the separation density for iron, manganese, and chromite
ores are given in Figs. 4, 6, and 8, respectively. Figure 11 shows the relationship
between grade and recovery for all ores.

Sizing Screen I

Heavy Medium
———— Cyclone

,1 ]

Fig. 3. Schematic illustration of the circuit used in the simulation studies
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Fig. 4. Grade and recovery changes
as a function of separation density for iron ore
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Using the data presented in Fig. 4, a separation density of 3.1 g/cm® was
determined to be the optimum value. It is possible to obtain a concentrate having
60.46% Fe with 79.98% Fe recovery. Figure 5 shows the simulated performance of the
circuit at 85 Mg per hour feed capacity.

Tonnage o
(Mg per hour) Grade (%)
Ovenall HMC
85.00 | 34.86 Recovery(%) Recovery(%)
100 -
1 70.30 | 34.68 I 38.05 | 12.83
82.28 - 1648 | 20.02
o ——
l
v
14.70 | 35.72 3225 | 6046
) - 65.80 | 79.98

Fig. 5. Simulated performance of DMC plant for iron ore at a density of 3.1 g/cm®
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Fig. 6. Grade and recovery changes as a function
of separation density for manganese ore density

A separation density of 2.9 g/cm® was the most favourable for the manganese ore
circuit. A concentrate with 38.99% Mn grade and 93.02% Mn recovery that contained
63.31% of the heavy medium plant’s feed was achieved. In addition, 36.80% of the
cyclone feed with 5.03% Mn grade was rejected at this separation density. Figure 7
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shows the simulated flowsheet for manganese ore with a 20 Mg per hour feed capacity
and a separation density of 2.9 g/cm®.

Tonnage o
%
(Mg per hour) Grade (%)
Overall HMC
20.00 | 25.47 Recovery(%) Recovery(%)
100 -
»
=
1690 | 2651 6.22 | 5.03
88.04 _ 6.14 | 698
——dy.
3.08 19.78 10.70 | 38.99
11.96 - 81.90 | 93.02

Fig. 7. The simulated performance of the DMC plant
for manganese ore at a density of 2.9 g/cm? density
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O 1 1 1 1 1 1 1 1 1 1 1 0

24 25 26 27 28 29 3 31 32 33 34 35 36
Density (g/cm3)

Fig. 8. Grade and recovery changes as a function of separation density for chromite ore density

For chromite ore, two separation densities, namely 3.5 g/cm® and 2.9 g/cm®, were
studied. Figure 9 shows the simulated flowsheet at a separation density of 3.5 g/cm®. A
concentrate with 44.75% Cr,0z and 51.44% recovery was obtained using DMC.
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Tonnage
Grade (%
(Mg per hour) rade (%)
Overall HMC
Recovery(%) Recovery(%o)

3.95 | 81.59 | 2.01
16.05 | 48.56

3.88 | 4475

109.53 6.25
66.96 -

16.99 | 51.44

Fig. 9. The simulated performance of the DMC plant for chromite ore at a density of 3.5 g/cm®

The simulation results for the pre-concentration of chromite ore are shown in Fig.
10. In this case, 25% of the plant feed was removed with a 1% Cr,0; content and 15%
metal loss.

Tonnage o
Yo
(Mg per hour) Grade (%)
Overall HMC
195 5.24 Recovery(%) Recovery(%)

8547 | 3.95 | 4725 | 109
5.04 | 15.25

33.04 -

ﬁ .

SP=2.9 1

3822 | 749
28.00 | 84.75

109.53 6.25
66.96

Fig. 10. The simulated performance of the DMC plant for chromite ore at a density of 2.9 g/cm®

Application aspects

Based on the simulation results, the full mass balance including the medium was
calculated. Then, using the approach proposed by Bosman (2006), the dimensions of
the DMC cyclones were calculated. Bosman presented a series of equations to
calculate the main parameters for DMC application. They are given in Table 8.
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Fig. 11. Relationship between grade and recovery for different samples

Table 8. Equations used in DMC sizing (Bosnan, 2002)

Form y X a n
y =ax" Slurry capacity (m*/h) Cyclone diameter (mm) 0.000149 2.193722
y =ax" Spigot capacity (m®/h) Spigot diameter (mm) 0.004425 1.616769
y=ax" Breakaway size (mm) Cyclone diameter (mm) 5.09E-0.5 1.665890
y =ax" Top size (mm) — square Cyclone diameter (mm) 0.58638 1.001154

y=ax" Top size (mm) —rectangular ~ Cyclone diameter (mm) 0.037327 1.000175

For the iron ore, a DMC having a 500 mm diameter was calculated to be sufficient.
The medium/ore ratio was taken to be 5, and the pressure was taken to be 12xdiameter
(182 kPa). The breakaway size was calculated to be 1.6 mm. For the manganese ore, a
300 mm diameter cyclone was sufficient for the volumetric flow. The medium/ore
ratio was taken to be 5 and the pressure was taken to be 9x diameter (77 kPa).

One the other hand, the very problematic nature of chromite ore required special
arrangements. A 2x250 mm DMC operating at a pressure of 20x diameter (162 kPa)
satisfied the requirements for both volumetric flow and breakaway size. On the other
hand, medium recovery circuit is complicated because of the finer particle size. The
preconcentration application at lower densities removes only 25% of the original feed.
Therefore, it is more sensible to obtain a final concentrate that has a lower grade than
that usually required. This could be blended with the fine-size concentrate.

Conclusions

A mixture of SPT and TC was found to be convenient for heavy liquid testing, with
densities up to 3.5 g/cm® and particle sizes down to 0.2 mm. An iron ore concentrate
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having 60.46% Fe was produced with 65.8% overall recovery. The DMC recovery is
expected to be 80%. A manganese concentrate having 39% Mn was produced with
81.9% overall recovery. The DMC recovery is expected to be 93%. Although the
mineralogy was very unfavorable, based on simulation results it was possible to obtain
a chromite concentrate with 44.75% Cr,03; with a 17% overall recovery. The DMC
only recovery was approximately 50%. The simulation was found to be a valuable tool
for evaluating the performance of DMCs.
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