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SIZE-DEPENDENT MODEL TO DETERMINE THE EFFECTS OF OPERATIONAL PARAMETERS
ON THE PERFORMANCE OF THE FALCON CONCENTRATOR

The present study modelled the effects of operational parameters on the performance of the Falcon
concentrator. For this purpose, the Falcon L40 concentrator was tested in narrow particle-size fractions
(=600 + 425 pm, =425 + 300 pm, —300 + 212 pm, =212 + 150 pm, —150 + 106 pm, and —106 + 75 pm)
at different washing water pressures and artificial gravity forces generated by a spinning bowl. The test
samples were prepared artificially, comprising 2% magnetite (Fe304) and 98% calcite (CaCO3) by weight.
The recovery and grade values of the 60 experimental conditions were investigated and compared for dif-
ferent operational parameters, including particle-size distributions, water pressures, and artificial gravity
forces. Two empirical models were developed using non-linear regression analysis to indicate the effects
of the operating parameter of the Falcon concentrator on its recovery and grade values. The operational
parameters were found to impact the separation performance considerably. Therefore, the Falcon con-
centrator should operate under optimum conditions, which can be easily predicted using these models, to
achieve improved recovery and grade values.

Keywords: Falcon concentrator; gravity concentration; artificial gravity force effect; empirical model

1. Introduction

Gravity separation methods have gained significant attention because they do not require
any chemicals or excessive heating, and they are environmentally friendly. In addition, gravity
separation methods do not require complicated operational processes, have easy control units,
and produce clean concentrates and tailings at low costs. However, gravity separation has the
disadvantage of lower efficiency with 100-um particles [1-4]. Therefore, concentrators using
centrifugal force for separation, such as spirals for finer sizes, have been used for more than half
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a century in the mineral processing industry. The Falcon concentrator (enhanced gravity separa-
tor) is generally considered superior to all the traditional gravity separation methods in terms of
separation efficiency in finer sizes owing to its application of high artificial gravity force [5-6].
It has been used in industrial operations to upgrade metal and mineral ores, such as gold, sulfide,
tin, and titanium. It can also be used to concentrate gold, platinum group metals, mineral sands,
chromite, tin, tantalum, tungsten, iron ore, cobalt, and various other metals and minerals with
adequate specific-gravity variation [7-8].

The Falcon concentrator creates an artificial gravity force with a fast-spinning bowl, which
causes the separation of fine-sized minerals based on their density differences [9]. The magnitude
of this artificial gravity force depends on the rotation speed (Fig. 1; data were obtained from the
Falcon L40 manual).
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Fig. 1. Relationship between concentrator bowl spin frequency and generated artificial gravity force
for gravity separation

The artificial gravity force can be increased by approximately 300 times compared to the
force of gravity of the Earth [10-11].

The resultant force, which acts on an individual particle, depends on several hydrodynamic
and physical forces such as the artificial gravity force, the mass of the particle, linear velocity,
radius of the Falcon bowl, angle between the horizontal axis and bowl, and Earth’s gravity force;
whereas the water force depends on the water pressure and total cross-sectional area of the wa-
terhole. When the slurry is fed into the separator from the top, it is first drained as a thin film
on the separator wall, and then the heavier particles replace the lighter particles. If the resultant
force acting on an individual particle according to its mass is greater than the water force, the
particle adheres to the concentrator wall; otherwise, it escapes from the concentrator [12-13].
Therefore, particles can be separated based on their differential sedimentation rates faster than
the usual settling time, even for fine particle sizes. This action transports the heavy particles
toward the interior channels of the container, whereas the light particles are transported out of
the bowl with water [14-15].

The parameters of the Falcon concentrator that affect the separation performance include
particle size, artificial gravity force, solid ratio, and water pressure. These factors play a signifi-
cant role in the separation efficiency, and the operational conditions of the concentrator have
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unique effects that vary for each particle size [16-17]. Therefore, the Falcon concentrator must
be operated under optimum conditions that vary for different particle-size distributions. Accord-
ingly, models have been developed to determine the specific operational conditions for mineral
processing methods to achieve better recovery and grade values. Developing a model is extremely
important to determine the effects of process parameters on the operational performance of the
Falcon concentrator. By using the model, more efficient processes can be developed; valuable
minerals that cannot be recovered using traditional gravity separation methods can be reclaimed
into the economy; and a new alternative can be introduced to the inefficient gravity enrichment
methods, especially for finer grain sizes.

2. Material and methods

An L40 Falcon concentrator was used for the tests. The concentrator has maximum capaci-
ties of 0.25 t/h for solids and 2.3 m® for slurries, and it can consume 1.2 m? of washing water
when the water pressure is 3 bar. The Falcon L40 enhanced gravity concentrator was designed
for laboratory testing; it has a bowl with a diameter of 30 mm at the bottom and 95 mm at the
top at 73.5° angles, a height of 110 mm, and a total surface area of 0.03 m* (Falconer 2003).
The Falcon concentrator and an upside view of its bowl are shown in Fig. 2.

Fig. 2. Falcon L40 concentrator and top view of the concentrator bowl

For the tests, artificial samples were prepared manually at a ratio of 2% magnetite (Fe;0y)
and 98% calcite (CaCOj;) by weight. These samples were chosen as experimental material to
eliminate the unrecovered particle performance losses, prevent the effects of model calcula-
tions, and facilitate easy analysis of test results. The model is size-dependent and depends on
operational parameters, such as washing water pressure and centrifugal force. However, all other
material parameters, such as the grade and recovery, were kept constant so that the relation-
ship between the particle-size distribution and ratio of artificial gravity force to washing water
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pressure (G/P) could be neglected. In the tests, 2% magnetite was used because the amount of
magnetite should not exceed the inside volume of the Falcon bowl at the laboratory scale. How-
ever, the amount should not be too small because of the sensitivity of the analysis. Therefore,
an average grade (2%) was selected. The basic methodology used for the Falcon L40 tests are
as follows. First, the sample was crushed or ground to a target size as needed, sieved to narrow
particle-size distributions, mixed with water to create a slurry, and then agitated in an overhead
tank. The slurry was fed from the mixing tank into the concentrator at a consistent rate while the
equipment was on. Once the test was complete, the target minerals, which had higher specific
gravities, were collected along the concentration bed of the bowl as concentrates. In contrast,
the gangue minerals, which had lower specific gravities and were washed out by water, were
collected in a separate container as tailings.

The Falcon separator was tested with six different size fractions: =600 + 425 pm,
—425 +300 pm, =300 + 212 pm, =212 + 150 pm, =150 + 106 pum, and =106 + 75 pm under
varying operational parameters, such as artificial gravity force (20-305 g) and washing water
pressure (1.5-0.5 bar). The feed solids content was kept constant at 45% by weight.

The performance of the Falcon concentrator depends on specific test conditions; for example,
all the materials were washed out even at a minimum washing water pressure (0.5 bar) because
of'the artificial gravity value of 305 G, which was maximum in finer sizes (=75 pm). In contrast,
the concentrator was choked up by low artificial gravity force values even at the 1.5 bar washing
water pressure, which was maximum in coarser sizes (+600 pm). Therefore, the limits of the
particle-size intervals were determined to be between 600 um and 75 um for this artificial feed.
Thus, the minimum washing water pressure and maximum artificial gravity forces were used
for finer sizes, whereas the maximum water pressure and minimum artificial gravity forces were
used for coarser sizes. The experiments showed that the effects of artificial gravity force (G) and
water pressure (P) are inversely proportional. Therefore, a new parameter, G/P, was defined to
comparatively evaluate the test results and was used as the main parameter in the model. Thus,
the relationships between G/P, recovery, and grade values at different particle-size distributions
were investigated, and models were developed by fitting the original data, recoveries vs. G/P,
and grades vs. G/P, with the simulated data for different particle-size distributions.

All studies were conducted using batch tests. Concentrate and tailing discharge units were
present in the system. First, the samples were fed directly into the separator, and then the products
were separated and collected as concentrates and tailings. The products were then dried and weighed
for analysis. Magnetite was obtained using a roll magnetic separator and weighed. Before each
test, the equipment was cleaned, controlled, and then operated according to the new test condi-
tions. All tests were performed using the same method. The test conditions are listed in TABLE 1.

TABLE 1
Test conditions for determining the performance of the Falcon concentrator
Particle Size (um) Water pressure (bar) Artificial gravity force (G)

—600 + 425 1.5 20-78

—425 +300 0.5/1/1.5 20-123
=300 +212 0.5/1/1.5 20-176
=212+ 150 0.5/1/1.5 20-305
—150 + 106 0.5/1/1.5 20-305
-106 + 75 0.5/1/1.5 123-305
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3. Results and discussion

The recovery values are proportional to the G/P parameter, and this dependency indicates
differences in the particle size of the feed. However, the general tendencies of these relationships
were uniform. Therefore, the first step in developing a model was defining the recovery values as
a function of the G/P parameter and then implementing this relationship into a simple empirical
equation (Eq. (1)). Additionally, the actual and simulated recovery values were fitted (Fig. 3).

G/P vs Recovery
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Fig. 3. Fitting of actual recovery and simulated recovery data for different particle sizes versus the ratio
of artificial gravity force to washing water pressure (G/P)

In Fig. 3, the lines represent the simulation data, and the dots represent the actual data. In ad-
dition, the coefficients a, b, and ¢, calculated by non-linear regression analysis, were modelled
to determine their relationships with the particle-size distributions and fitted by minimising the
total square of differences between simulated and actual recovery values (Figs. 4, 5, and 6).

The geometric mean was used for particle sizes in the model calculations.

R(sim) = al:b—exp[—cx(%jﬂ (1)

where R (sim) is the simulation (calculated) value of recovery, G is the artificial gravity force,
and P is the water pressure.

a, b, and c are the coefficients that were calculated by non-linear regression analysis sepa-
rately for each particle-size distribution. In the model, the physical implication of the product
(a. b) of the constants ¢ and b is defined as the speed at which the maximum recovery values are
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Fig. 4. Relationship between coefficient a and particle-size distribution in the empirical equation representing
the particle recovery values as a function of the G/P parameter
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Fig. 5. Relationship between coefficient b and particle-size distribution in the empirical equation representing
the particle recovery values as a function of the G/P parameter

reached for the determined particle size in its asymptote. Moreover, the constant ¢ represents
the maximum recovery asymptote of the determined particle size. The particle size and constant
¢ exhibited a linear relationship.

Where Egs. (2), (3) and (4) indicate the mathematical expression of a, b and ¢ coefficients
in Fig. 4, 5 and 6, respectively, while the x values indicate particle sizes.

a=y=36,741Inx — 105,05 )
b=y=-0244Inx +2,0224 3)

c=y=10"x-0,0044 4)
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Fig. 6. Relationship between coefficient ¢ and particle-size distribution in the empirical equation representing
the particle recovery values as a function of the G/P parameter

The simplest relationship between G/P and recoveries is exponential, whereas that of particle-
size distribution with coefficients a, b is logarithmic, and that with c is linear. The coefficients
a, b, and ¢ can be determined using Figs. (4), (5), and (6) for a specific particle size, and the
recovery values can then be calculated using the model presented in Eq. (1).

However, the grade values are also related to the G/P parameter, and a different model was
required to define this relationship. In the developed model, the grade values were defined as
a function of G/P as in Eq. (1), and this relationship was implemented into a different empirical
equation (Eq. 5). In addition, the actual and simulated grade values were fitted (Fig. 7).
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Fig. 7. Fitting of actual grade and simulated grade values for different particle sizes versus the ratio
of artificial gravity force to washing water pressure (G/P)
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In Fig. 7, the lines represent the simulation data, whereas the dots represent the actual data.
In addition, the coefficients d, e, and f, calculated by non-linear regression analysis, were modelled
to determine their relationships with the particle-size distributions and fitted by minimising the
total square of the differences between the simulated and actual grade values (Figs. 8, 9, and 10).
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Fig. 8. Relationship between coefficient d and particle-size distribution in the empirical equation representing
the particle grade values as a function of the G/P parameter
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Fig. 9. Relationship between coefficient e and particle-size distribution in the empirical equation representing
the particle grade values as a function of the G/P parameter

Grade(sim) = {d +ex exp( fx (%m )

where Grade (sim) is the simulation (calculated) value of grade, G is the artificial gravity force,
and P is the water pressure.
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Fig. 10. Relationship between coefficient f and particle-size distribution in the empirical equation representing
the particle grade values as a function of the G/P parameter

d, e and f are the coefficients that were calculated separately for each particle-size distri-
bution by non-linear regression analysis. In the model, the physical implication of the product
(e. f) of the constants e and f'is defined as the speed of reaching the minimum grade values for
the determined particle size in its asymptote. Moreover, the constant d represents the point of
location of the minimum grade asymptote with the particle-size distribution.

Where Egs. (6), (7) and (8) indicate the mathematical expression of d, e and f coefficients
in Figs. 8, 9 and 10, respectively, while the x values indicate particle sizes.

d=y=284596x"17%¢ (6)
e =y =45453¢ 00 @)
f:y =2x 10—6x—1,7356 (8)

The relationship between the G/P parameters and grades is exponential, whereas that of
the particle-size distribution with coefficients d and f are power functions, and that with e is
exponential. The coefficients d, e, and f'can be determined from Figs. 8, 9, and 10 for a specific
particle size, and the grade values can then be calculated using the model presented in Eq. (5).
The model parameters (constants) can be changed for different ore types, which are dependent on
their physical properties, such as density, recovery size, and grade. In this study, the particle-size
dependence of the Falcon concentrator efficiency was determined, which is often ignored in the
industry. This dependency is also expressed mathematically in the present study.

5. Conclusion

In this study, Falcon separator experiments were conducted under different operational
conditions (artificial gravity, water pressure, and particle size) with artificial feed, prepared manu-
ally at a ratio of 2% magnetite (Fe;0,) to 98% calcite (CaCOs) by weight. The performance of
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the Falcon concentrator depends on some specific test conditions; for example, all the materials
with finer sizes (—75 um) were washed out, whereas the concentrator choked up for coarser sizes
(+600 pm). Thus, the minimum washing water pressure and maximum artificial gravity force
were used for finer sizes, whereas the maximum water pressure and minimum artificial gravity
force were used for coarser sizes. Therefore, the limits of the particle-size intervals were deter-
mined to be between 600 um and 75 pm for this artificial feed. These models were developed to
be particle-size-dependent. However, if the models are applied to ores that have higher density
differences between valuable minerals and tailings, the particle-size limits may be extended to
finer grain sizes. Moreover, the models would require improvements to apply density differ-
ence as a parameter. Thus, more useful models can be developed for Falcon concentrators. The
experiments show that the effects of artificial gravity (G) and water pressure (P) are inversely
proportional. Therefore, a new parameter, G/P was defined to comparatively evaluate the test
results and was applied as the main parameter in the models.

Thus, the relationships between the G/P parameter, recovery, and grade values for different
particle-size distributions were investigated, and a simple empirical model was developed by
minimising the total square of differences between the simulated and actual values to calculate

recoveries that is Recovery(sim) = a{b—exp(—cx [%}H and another empirical model was

G
developed to calculate grades as Grade(sim) = {d +ex exp( fx (FJH

In an investigation on Gumushane-Mastra gold ore, the particle size effect on fractional
recovery was examined and revealed that the 53-micron particle size had a critical value for
concentration due to the liberation degree of ore [18]. Also, another investigation on ultrafine
particles fluid dynamics model in Falcon concentrator had indicated that the probability of par-
ticle trajectory depends on the fluid velocity, particle diameter and the azimuthal direction for
recovering a particle with the Falcon [19]. In a gold mine in Texada-Island, Canada, the pilot
plant was established by an earlier Falcon concentrator model that was B12 and exposed that
under 74 microns feed had the best results [20]. Although a few scientific investigations focus on
the particle size effect on Falcon concentrator performance, none of them have revealed a model
which depends on particle size. On the other hand, this study presents an improvable empirical
size-dependent model.

Based on this experiment, Figs. 4, 5, and 6 can be used to determine the coefficients a, b,
and ¢, and the recovery values can be calculated using the model presented by Eq. (1) for a specific
particle size. Moreover, the coefficients d, e, and f coefficients can be determined from Figs. §, 9,
and 10, and the grade values can be calculated by the model represented by Eq. (5). The effective
performance of the models can be verified by investigating Figs. 3 and 7 (where the simulated/
calculated data are presented as lines and the actual data are indicated by dots).

Acknowledgments

This work was supported by the Scientific and Technological Research Council of Turkey (TUBITAK)
under project ID 215M144.



(1

(2]

[3]

[4]

(3]

(6]

(7]

(8]
(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

www.czasopisma.pan.pl P@N www.journals.pan.pl
&

References

A.A. Korkmaz, Modeling of the Effect of Falcon Concentrator Parameters Lignite Deashing with Taguchi Or-
thogonal Design. Int. J. Coal Prep. Util. 41 (11), 767-75 (2021).
DOL: https://doi.org/10.1080/19392699.2021.1951718

R. Burt, The Role of Gravity Concentration in Modern Processing Plants. Miner. Eng. 12 (11), 1291-1300 (1999).
DOIL: https://doi.org/10.1016/S0892-6875(99)00117-X

R.Q. Honaker, D. Wang, K. Ho, Application of the Falcon Concentrator for Fine Coal Cleaning. Miner. Eng. 9
(11), 1143-1156 (1996). DOLI: https://doi.org/10.1016/0892-6875(96)00108-2

J.F. Turner, Gravity Concentration, Past, Present and Future. Miner. Eng. 4 (3-4) 213-223 (1991).
DOI: https://doi.org/10.1016/0892-6875(91)90131-E

N. Aryasuta, M.S. Jena, N.R. Mandre, Application of Enhanced Gravity Separators for Fine Particle Processing:
An Overview. J. Sustain. Metall. 7 (2), 315-39 (2021). DOI: https://doi.org/10.1007/s40831-021-00343-5

B. Zhang, Y. Fan, H. Akbari, M.K. Mohanty, P. Brodzik, P. Latta, J.C. Hirschi. Evaluation of a New Fine Coal
Cleaning Circuit Consisting of a Stack Sizer and a Falcon Enhanced Gravity Concentrator. Int. J. Coal Prep. Util.
31 (2), 78-95 (2011). DOI: https://doi.org/10.1080/19392699.2010.537987

R. Subrata, A. Chatterjee, Characterisation and Separation of Pyritic Sulfur from Limestone Using Falcon Con-
centrator. Miner. Process. Extr. Metall. Rev. 130 (4), 292-301 (2021).
DOIL: https://doi.org/10.1080/25726641.2019.1633500

F. Boylu, Modeling of Free and Hindered Settling Conditions for Fine Coal Beneficiation through a Falcon Con-
centrator. Int. J. Coal Prep. Util. 33 (6), 277-289 (2013). DOLI: https://doi.org/10.1080/19392699.2013.818986

F. Orug, S. Ozgen, E. Sabah, An Enhanced-Gravity Method to Recover Ultra-Fine Coal from Tailings: Falcon
Concentrator. Fuel 89 (9), 2433-2437 (2010). DOI: https://doi.org/10.1016/j.fuel.2010.04.009

A. Falconer, Gravity Separation: Old Technique/New Methods. Sep Sci Technol. 12 (1), 31-48 (2003).
DOI: https://doi.org/10.1080/1478647031000104293

N.A. Aydogan, M. Kademli, Effect of Operational Conditions on Falcon Concentrator Performance with Different
Particle Size Fractions Part. Sci. Technol. 38 (5), 636-640 (2020).
DOL: https://doi.org/10.1080/02726351.2019.1573867

M. Kademli, N.A. Aydogan, An Extraction of Copper from Recycling Plant Slag by Using Falcon Concentrator.
Gospod. Surowcami. Min. 35 (1), (2019). DOI: https://doi.org/10.24425/gsm.2019.128202

C. Marion, H. Williams, R. Langlois, O. Kokkilig, F. Coelho, M. Awais, N.A. Rowson, K.E. Waters. The Potential
for Dense Medium Separation of Mineral Fines Using a Laboratory Falcon Concentrator. Miner. Eng. 105 (May),
7-9 (2017). DOL: https://doi.org/10.1016/j.mineng.2016.12.008

0. Kokkilig, R. Langlois, K.E. Waters, A Design of Experiments Investigation into Dry Separation Using a Knelson
Concentrator. Miner. Eng. 72 (March), 73-86 (2015). DOI: https://doi.org/10.1016/j.mineng.2014.09.025

R.Q. Honaker, High Capacity Fine Coal Cleaning Using an Enhanced Gravity Concentrator. Miner. Eng. 11 (12),
1191-1199 (1998). DOL: https://doi.org/10.1016/S0892-6875(98)00105-8

W. Xia, G. Xie, Y. Peng. Recent Advances in Beneficiation for Low Rank Coals. Powder Technol. 277, 206-221
(2015). DOL: https://doi.org/10.1016/j.powtec.2015.03.003

A.A. El-Midany, S.S. Ibrahim, Does Calcite Content Affect Its Separation from Celestite by Falcon Concentrator?
Powder Technol. 213 (1), 41-47 (2011). DOI: https://doi.org/10.1016/j.powtec.2011.07.003

O. Onel, M. Tanriverdi, The Use of Falcon Concentrator to Determine the Gravity Recoverable Gold (GRG)
Content in Gold Ores. Inz. Miner. January-June. (2016). DOI: https://doi.org/10.29227/IM-2016-01-28

J.S. Rabotin, B. Kroll, E.C. Florent, Fluid dynamicsbased modelling of the Falcon concentrator for ultrafine particle
beneficiation. Miner. Eng. 23 (4), 313-320 (2010). DOI: https://doi.org/1010.1016/j.mineng.2009.10.001

F.F. Lins, M.M. Veigat, J.A. Stewart, A. Papaliai, R. Papalia, Performance Of a New Centrifuge (Falcon) In Con-
centrating A Gold Ore From Texada Island, B.C.,Canada. Miner. Eng. 5, 10-12 (1992).

DOIL: https://doi.org/10.1016/0892-6875(92)90153-z



	Krzysztof Tajduś￼1*, Anton Sroka￼2, Mateusz Dudek￼2, 
Rafał Misa￼2, Stefan Hager￼3, Janusz Rusek￼1
	Effect of the Entire Coal Basin Flooding on the Land 
Surface Deformation

	Esma Kahraman￼1*
	Statistical Models for Predicting the Mechanical Properties 
of Limestone Aggregate by Simple test Methods

	Yulong Liu￼1,2, Lei Huang2, Guicheng He1, Nan Hu1, 
Shuhui Zhou2, Qing Yu1, Dexin Ding1*
	Damage and Stability Analysis of Sandstone-Type Uranium Ore Body 
Under Physical and Chemical Action of Leaching Solution

	Jakub Janus￼1*, Jerzy Krawczyk￼1
	Defining the Computational Domain and Boundary Conditions 
for Fluid Flow in a Mining Excavation

	Gangyou Sun￼1, Yuandi Xia￼2, Qinrong Kang￼2, 
Weizhong Zhang￼2*, Qingzhen Hu￼2, Wei Yuan￼2
	Application of BLSS-PE Mine 3D Laser Scanning Measurement System 
in Stability Analysis of a Uranium Mine Goaf

	Łukasz Bołoz￼1*, Zbigniew Rak￼2, Jerzy Stasica￼2
	Failure Rate of Longwall System Machines 
by the Type of Failure – Case Study

	Ben Li￼1, Shanjun Mao￼1*, Haoyuan Zhang￼1, 
Xinchao Li￼2, Huazhou Chen￼2
	Automated Real-Time Absolute Positioning Technology on Intelligent 
Fully Mechanised Coal Faces Using the Gyro RTS System

	Namık Atakan Aydogan￼1, Murat Kademli￼1*
	Size-Dependent Model to Determine the Effects of Operational Parameters on the Performance of the Falcon Concentrator 

	Panshi Xie1,2, Baofa Huang1,2*, Yongping Wu1,2, Shenghu Luo2,3, 
Tong Wang1,2, Zhuangzhuang Yan1,2, Jianjie Chen4
	Dip-Angle-Effect-Based Deformation and Failure Law of Steeply 
Dipping Stope Roofs with Large Mining Heights 

	Wacław Dziurzyński￼1*, Jerzy Krawczyk￼1, Teresa Pałka￼1,
Andrzej Krach￼1, Przemysław Skotniczny￼1
	Methane hazard during the closure of mine excavations 
in liquidated mine – numerical simulation


