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Abstract 
Beneficiation of low-grade ore is of critical importance in order to meet the growing demand for coal and mineral industries. 
But, low-grade ores require fine grinding to obtain the desired liberation of valuable minerals. As a result, production of fine 
particles makes the beneficiation process difficult through conventional gravity separators. Hence, alternative beneficiation 
techniques are being investigated for upgradation of metal values from low-grade ores. The gravitational force effecting the 
separation is replaced by the centrifugal force to usher in enhanced gravity separators. The objective of the present paper is 
to summarize the applicability aspect of enhanced gravity separators for different mineral systems including non-ferrous, 
precious, ferrous, and industrial minerals. These mineral systems include run off mine ore, secondary products like tailings 
and plant slags, etc. For this purpose, the design, operational features, types, and separation mechanism of enhanced gravity 
separators, such as Falcon concentrator, Knelson concentrator, multi-gravity separator (MGS), and Kelsey Jig, are discussed. 
Based on our review, research scope and future possibilities of enhanced gravity separators are also proposed.
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Introduction

Enhanced gravity concentration is a physical separation 
process, where centrifugation is employed to separate the 
fine valuable minerals from the gangue minerals, based 
on the difference in their specific gravities. The applied 
centrifugal force is multiple times higher than the gravi-
tational force, which aids in the increased differential set-
tling of particles and their subsequent separation [1–5]. 
This process is comparatively superior to the traditional 
gravity-based separation in terms of performance, separa-
tion efficiency, and treatment of finer feed particle size 
ranges. It is well known that, over the past few decades, 
the need to treat fine disseminated complex ores ensued a 
deterioration in the performance efficiency of the conven-
tional gravity separators [6–9]. Given this inadequacy, sur-
face-based separation process, i.e., froth flotation because 
of its selective separation capability in the finer size ranges 
earned wide industrial applications [10]. However, froth 
flotation has its inherent demerits viz. costly reagents, 
hydraulic entrainment, economic unviability, and environ-
mental issues. Thus, enhanced gravity separators (EGSs) 
have been designed and developed to fill the inadequacy 
gaps between the conventional gravity units and the froth 
flotation process [2].

From the literature, it may be seen that previous studies 
were primarily centered on developments, general operat-
ing guidelines, and modeling of enhanced gravity separa-
tors [2, 11, 12]. However, this paper presents a systematic 
description on applicability of different enhanced gravity 
separators such as Knelson concentrator, Falcon concentra-
tor, multi-gravity separator, and Kelsey jig in minerals and 
coal processing and the influence of process parameters on 
their separation efficiency. It also addresses the identifica-
tion of optimum conditions for the beneficiation of different 
minerals in terms of their principles, design, and operational 
parameters, using respective enhanced gravity separators.

Fundamental of Enhanced Gravity 
Concentration

Gravity concentration is an established unit operation in 
mineral processing, where the separation of target minerals 
from gangue minerals is based on the difference in their spe-
cific gravity. Feasibility of gravity concentration is simplis-
tically calculated, using the concentration criterion (C.C), 
which can be expressed as follows:

where Dh,Dl,Df  represent the specific gravity of heavy min-
eral, light mineral, and the fluid, respectively [2, 13].

As complete liberation is not economically justifiable, 
there are still unliberated minerals present after comminu-
tion. In this state, the concentration criterion is inadequate 
to predict accurate estimation of the feasibility of gravity 
concentration. Thus, researchers have recently developed 
and suggested a modified concentration criterion for bet-
ter prediction of the degree of separation and selection 
of the unit operation [14]. Abaka-wood et al. described 
the detailed derivation of the mathematical equation in 
their paper. The proposed modified concentration criterion 
(MCC) can be expressed as follows [14]:

where MCxz = modified concentration criterion of separating 
‘x’ mineral from ‘z’ mineral where both ‘x’ and ‘z’ are in an 
interlocked state with ‘y’ mineral.

RSxy = Resultant-specific gravity of the x–y composite 
particle.

RSzy = Resultant-specific gravity of the z–y composite 
particle.

The conventional gravity concentration process is 
restricted in its applicability, where high interlocking 
between valuable and gangue minerals exist which can be 
described as follows:

	 (i)	 Extreme sensitivity of the process to the presence of 
ultrafine slimes, which increase the slurry viscosity 
and reduce the sharpness of separation.

	 (ii)	 Difficulty in controlling the required pulp density

In the later stage, equipments like Pinched sluice, Spi-
ral, Reichert cone, and Dyna- whirlpool are developed and 
these equipments are capable of high capacity applica-
tion at low operational cost for a wide range of miner-
als, such as tin, gold, tungsten, fluorspar, coal, magnetite, 
heavy sands, and so on. [13]. However, the relatively low 
separation efficiency, inability to treat very fine particles, 
and the need for repetitive operational cycles to achieve 
the desired grade reduce their applicability in fine parti-
cle processing. The studies conducted at Virginia Tech 
suggested that density-based separation processes are 
superior to surface-based processes for the upgradation 

(1)C.C =
Dh − Df

Dl − Df

(2)MCxz =
RSxy − Df

RSzy − Df



317Journal of Sustainable Metallurgy (2021) 7:315–339	

1 3

of fine coal [15]. Therefore, it can be suggested that effi-
cient fine particles processing, as a continuous process, 
can be achieved by enhanced gravity separators [16]. The 
employment of centrifugal force is responsible for rapid 
changes in the particle movement inside the separation 
chamber, thus causing enhanced accuracy of classification 
[17, 18]. It is the pre-dominant factor that influences the 
particle settling velocity as well as the effective size range 
over which efficient separation can be achieved. Settling 
velocity decreases with decreasing particle size; there-
fore, centrifugal force is employed to enhance the inertia 
of fine particles and hasten the settling velocity and time 
to accentuate the separation efficiency [16, 19]. Figure 1 
depicts the distinct difference in particle settling velocity, 
under normal gravitational force and centrifugal force. The 
inherent advantages of EGS, from the environment and 
economic aspects, are as follows:

(a)	 No reagent or chemical usage
(b)	 No heat treatment
(c)	 Simple mechanism of operation
(d)	 Maintenance and low labor requirement.

This condition can be created within the equipment 
chamber through methods such as:

	 (i)	 Centrifugation (By increased rotational speed)
	 (ii)	 Pneumatic (By injection of air pressure)

From the literature, it may be seen that the gravitational 
force is directly proportional to particle mass, i.e., if the 
particle size is smaller than 1 mm, particle mass decreases 
accordingly, which retards the separation process and 
makes it less efficient [2].

In gravity separation,

This implies that the force acting on a particle in a static bath 
is directly proportional to ‘g.’

But in case of enhanced gravity separation,

where Fc , v, and R represent the centrifugal force, tangential 
velocity, and radius of the centrifugal separator.

So in a centrifugal field,

From the above equations, it may be observed that particles 
in a centrifugal field experience much higher force than the 
particles present under the influence of standard gravita-
tional force. Thus, the separation efficiency is more in the 
case of enhanced gravity concentration.

When a particle of mass ‘m’ is subjected to a centrifugal 
field, it experiences radial movement with certain angular 
velocity. Mathematically, it can be depicted as follows:

where � and r represent angular velocity and the particle 
radius, respectively.

Relative centrifugal force (G) is termed as the ratio of 
the centrifugal field to the gravitational field which can be 
expressed as follows:

(3)Fg = mg

(4)Fc =
mv2

R

(5)F𝛼

(
V2

R

)
> g

(6)FC = m�2r

(7)Fg = mg

(8)G = Fc
/
Fg

=
�2r

g

Fig. 1   Effect of centrifugal 
force on particle settling veloc-
ity [2]
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The sedimentation of a solid particle in an infinite fluid can 
be calculated from the centrifugal coefficient, which can 
be described as the ratio of terminal velocity of a particle 
to centrifugal acceleration. With Vt representing terminal 
velocity of a particle, � and r represent angular velocity and 
the particle radius, respectively. �,m ,  and r0 represent num-
ber of revolution per minute, mass of the particle, and radius 
of particle in infinite fluid, the following case is applicable 
only for solids in infinite fluid.

Particle Dynamics in Enhanced Gravity 
Concentration

In gravity concentration, a particle experiences gravitational 
force, according to its size, density, and buoyancy force 
due to the surrounding medium. However, in the case of 
enhanced gravity concentration, additional forces viz. drag 
force, centrifugal force, and Bagnold forces act on the par-
ticle, besides the gravitational force (Fig. 2). These added 
forces hasten the particles to settle and regulate their move-
ment inside the separator. The centrifugal force influences 
the stratification of particles according to their size and 
density, whereas the drag force exerted by water pressure 
regulates the intactness of the stratified bed by allowing the 
retention of the heavier particles inside the chamber and 
rejection of the lighter particle to the overflow [17, 20].This 
indicates that combined effect of the centrifugal and drag 
forces results in the rearrangement of particle bed strata 
and influences the particle movement along with the grade 
and recovery of products in the EGS. Ferrara explained that 
the particles are subjected to three distinct forces within the 

(9)

Cent.Coeff . =
Vt

�2r
=

mr�2

6��r0
×

1

�2r
=

m

6��r0

(
∵Vt = mr�2

)

rotating tube wall, i.e., centrifugal, fluid drag, and frictional 
force. The expression for particle motion in the centrifugal 
field derived by is as follows [21]:

where � , k , � , and Q represent angular velocity, coefficient 
of non-sphericity of a particle, coefficient of friction between 
the particle, and tube wall and the flow rate of fluid through 
the tube, respectively, dp is particle diameter,

up is particle settling velocity, � is fluid viscosity, and �p 
and �f  are particle and fluid density, respectively.

It is also difficult to regulate the radial movement of a 
particle in high pulp density. In gravity-based separation, 
coarse light particles report to the bottom before fine heavy 
particles because of their high terminal velocity. Such layer 
inversion causes interference in particle separation and poor 
separator performance efficiency [22, 23]. Different EGSs 
such as Knelson concentrator, Falcon concentrator, multi-
gravity separator, and Kelsey jig, with their operating prin-
ciples, applicability, and salient features are discussed in the 
following sections.

Knelson Concentrator

Knelson concentrator is a compact, enhanced gravity separa-
tor, where centrifugation and fluidization water pressure are 
the two critical parameters involved in fine minerals sepa-
ration. The insertion of water introduces the fluidized bed 
through the perforated wall of the bowl. Under the combined 
effect of water current and enhanced gravitational force, 
separation is achieved where displacement of lower den-
sity particles occurs, so that the heavier particles can form a 
consolidated bed and are trapped in the concentrating ring, 
while lighter particles are rejected as overflow product, as 
shown in Fig. 3 [24, 25]. It was first introduced as a semi-
batch unit in 1982 and has gone through several iterations 
of design [26]. Knelson concentrator is generally operated 
at 60–100 g’ in most applications, although it can go up to 
180 g’ [27, 28]. The Knelson concentrator is also classified 
into two types, i.e., batch and continuous type. The differ-
ence between batch and continuous type concentrators is 
presented in Fig. 4.

Particle Dynamics in a Knelson Concentrator

Based on the mechanistic approach adopted in previously 
carried out work on the Knelson concentrator, it is noted that 
optimum fluidizing water pressure behaves as a functional 

(10)
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Fig. 2   Forces acting on a particle in a gravity concentration, b 
enhanced gravity concentration [2]
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unit of the feed size distribution and feed material density 
[29]. Theoretical analysis implies that as the feed particle 
starts moving in a helical motion within the concentrator, it 
experiences four types of forces namely [24, 30];

	 (i)	 Centrifugal force
	 (ii)	 Drag force
	 (iii)	 Bagnold force
	 (iv)	 Buoyancy force

Centrifugal force helps to maintain the circular path 
motion of the particles, which is described earlier in Eq. 6:

where Fc, m, r, and ω represent centrifugal force, the mass 
of the particle, radius of trajectory, and angular velocity, 
respectively.

From Eq. 2, it is known that as the solid particles have 
higher specific gravity than water, they move towards the 

Fc = mr�2

Fig. 3   Schematic diagram of 
Knelson Concentrator [24, 25]

Fig. 4   Comparison between batch and CVD Knelson Concentrator
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bowl periphery outwardly and come in contact with the flu-
idizing water; hence, it experiences drag force (Fd) which is 
expressed as follows:

Similarly, Fd, Cd, ρf, Vf, and A represent the drag force, drag 
coefficient, fluid density, fluid velocity, and cross-sectional 
area of the particle, respectively.

In addition to these forces, the solid particles also expe-
rience Bagnold force due to inter-particle collision inside 
the fluidized bed. When a particle bed is subjected to shear 
stress, dilation of the bed occurs, which generates a dispersive 
pressure.

Here Fb 
(

dv

dy

)
 and C depict Bagnold force, shear rate, and 

concentration of solids, respectively.
So, to maintain the dynamic equilibrium in order to retain 

the particle within the concentration chamber, the required 
force is

Variation in this equilibrium causes either retention of the 
particle in the concentrator chamber or upward flow to the 
tailing stream. Along with other operating conditions, cycle 
time also plays a vital role in maximizing recovery without 
causing overloading to avoid loss of recovery [24]. Coulter 
and Subhasinghe concluded that particle retention in con-
centrating rings is dependent on the factor ‘X,’ which is the 
ratio of drag force and the net force ( Fc ). Particle retention is 
inversely proportional to this factor [24]. As the drag force is 
higher at high ‘X’ value, it leads to the overflow of the parti-
cle, and at low ‘X’ value, centrifugal force is higher, which 
causes retention of the particle. Coulter and Subhasinghe 
mathematically expressed the volumetric material retention, 
Vi by using a synthetic mixture of magnetite and silica in a 
laboratory Knelson concentrator, as follows [24]:

where Voi is the maximum volume of material retained under 
a particular condition, fi  is the volume fraction of mineral 
in the feed, and X* is the critical value of the factor at the 
transition between the two regions and n is an exponent. 
Ghaffari and Farzanegan (2017) proposed a similar model 
for retained mass and two-component feed separation [31, 
32] as follows:

(11)Fd = Cd ∗ A ∗
1

2
�f ∗ V2

f

(12)Fb�

(
dv

dy

)2

, d2, �p,C

(13)Fc = Fb + Fd

(14)Vi = Voifi exp

[
−

[
Xi

X∗
i

]n]

where Rvmax , b , c , and d are model parameters, �W is the 
fluidization water pressure, �si and �W are the densities of ith 
solids and water, respectively, Dij is the size of ith material 
in jth size class, r is the radial location, and ω is the angular 
velocity of the bowl.

Falcon Concentrator

Falcon Concentrator is an enhanced gravity separator used 
to treat fine as well as ultrafine sized particles (up to 3 µm) 
[2, 11, 33]. It operates on the principle of flowing film con-
centration, in which the feed slurry acts as a flowing film. 
Feed slurry is injected near the bottom of the cone and is 
accelerated up the cone wall by the centrifugal field [15]. 
Homogenization of feed particles by the impeller helps in 
transporting the particles in the flowing film, before their 
reporting either to the outlet or getting trapped inside the 
retention zone in response towards centrifugal force. Moreo-
ver, differential settling velocity of the particles promotes the 
separation over fluidization water in this type of concentrator 
[11, 34]. The schematic diagram of the falcon concentrator is 
shown in Fig. 5. A quantitative comparison of the available 
data about different EGS, the falcon concentrator, reported 
in the literature, provides the lowest separation density (D50) 
as a result of its ability to provide a maximum centrifugal 
force of 300 g’s [35]. In the treatment of floatation tailings, 
cyclone overflow, sulfides ore, or synthetic mixture, falcon 
shows its efficiency [36]. Falcon concentrator is consid-
ered to be more effective in treating heavy particles of up 
to 25 µm and gangue particles of up to 75 µm [36]. Falcon 
concentrator is divided into three types and are depicted in 
Fig. 6.

Based on the structural analysis of Falcon concentrator, 
the product can be divided into three parts, i.e., (i) overflow, 
(ii) top groove, and (iii) bottom groove [37].

Heaviest particles settle at the bottom groove, medium-
density particles remain in the top groove, and lighter par-
ticles are removed as overflow. It shows that separation is 
achieved based on particle density and motion. Randomness 
in the movement of a single particle affects the apparent 
regularity of the overall movement of the particles as well 
as the separation [37]. Kroll- Rabotin et al. proposed a fluid 
dynamic model that is useful in quantitative prediction of 
the performance evaluation of UF Falcon concentrator [38]. 
It primarily helps in calculating the partition function and 
understanding the physics of the separator, which is sug-
gested as follows.

(15)

Rij = �si

⎡
⎢⎢⎣
Rv max − b exp

�
−c

�
3PW

2
�
�si − �W

�
Dijr�

2

��d⎤
⎥⎥⎦
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Fig. 5   Schematic diagram of 
Falcon Concentrator [2, 11]

Fig. 6   Types of Falcon Concentrator [33]
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where Cp is the partition function, � is calibration constant, 
bowl geometry ( R0 = base radius, L = particle travel length, 
� = opening angle, Lbowl = bowl length).

If a particle travels a length L inside the chamber, then � 
can be expressed as follows:

This model was further modified so that it can be applica-
ble for both dilute suspension and high solid concentration 
inside the separator chamber.

where � is calibration constant, � is the solid volume fraction 
of feed stream, and �s is suspension density.

Multi‑gravity Separator

Keen interest for enhanced gravity separators was generated 
after realizing the successful efficacy of the multi-gravity 

(16)

Cp = min

(
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9
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(
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r2
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�−1R2−�
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4�

9
�(1 − 1.6�)Q−1�2
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p
�−1R2−�

0
cos

�

2
L1+�
bowl

, 1

)

separator (MGS) in the Turkish Chromite plant and Renison 
Ltd., Australia [39, 40]. Multi-gravity separator is one of the 
fine particle gravity separator whose principle is similar to 
the conventional shaking table except that the centrifugal 
force is employed to enhance the separation efficiency. Con-
tinuous rotation and shearing effect of shaking cylindrical 
drum are responsible for the migration of heavy particles 
towards the slurry filter to form a semi-solid layer at the 
inner wall of the drum. In contrast, lighter particles are car-
ried by the wash water as tailings. It may be visualized as a 
rotating horizontal shaking table, as shown in Fig. 7. Fur-
ther, a small amount of wash water is added to the heavy 
discharge end of the drum to wash out any entrained low-
density particles.

Kelsey Jig

Kelsey jig is a modernized version of the conventional jig with 
an additional implementation of centrifugal force which aids 
the effectiveness of the separation, thus allowing finer and 
more near gravity particles to be separated [11]. It is capable 
of producing a centrifugal field up to 100 g`s. It is especially 
suited for separating the fine mineral particles with a relatively 
small difference in specific gravity. The separation efficiency 
of Kelsey jig depends upon particle bed depth over the ragging 
screen and hydrodynamic velocity profile of water through the 
screen. It contains a cylindrical screen which is rotated co-
axially with the rotor, as shown in Fig. 8. Water is introduced 

Fig. 7   Schematic diagram of multi-gravity separator [2]
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externally to incorporate fluidization so that the stratification 
phase takes place. Mechanical pulsators located within each 
hutch create oscillations in the bed that differentially accelerate 
particles based on the differences in their density [15]. This 
results in heavy particles passing through the ragging bed and 
spigot to a concentrate launder by the mechanism of hindered 
settling and interstitial trickling; meanwhile, the lighter frac-
tions flow across the ragging material and are recovered at the 
top of the unit as tailings.

Kelsey jig is successfully demonstrated for the beneficiation 
of mineral sands, tin, gold, nickel, Iron ore, manganese, coal, 
platinum, chromite, base metals, and Scheelite. In the case of 
Kelsey jig, higher spin frequency causes a higher centrifu-
gal force, and it ensues into higher particle momentum. It is 
also vital that the compactness of the ragging bed inside jig 
is dependent on spin frequency and pulsion rate. So a distur-
bance in ragging bed and change in spin frequency invariably 
affects particle behavior. The separation efficiency of Kelsey 
jig is dependent on particle momentum both qualitatively and 
quantitatively as the passage of a particle through a screen is 
influenced by the change in particle behavior. Thus, Concha 
and Andromeda expressed particle settling velocity by using 
the slip velocity model to study the particle momentum as 
follows [41]:

Singh and Das further calculated f1 and f2 for different solid 
concentrations at a varied spin frequency and particle den-
sity, where mp is a particle momentum [42].

This equation is applicable for multi-mineral system where 
intermediate density particle affects jig efficiency.

(19)
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Fig. 8   A cross-sectional view of Kelsey Jig [2, 11]
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Application of Enhanced Gravity Separators 
in Minerals and Coal Processing

Non‑Ferrous and Precious Minerals

Gold

Knelson concentrator was originally developed for the 
beneficiation of alluvial gold placer deposits [43–45]. Due 
to its very high density, gold particles that are present in 
ppm levels can easily be separated from their associated 
lighter gangue particles. Knelson concentrator resulted in 
an improvised concentrate grade of 75–80% from a feed 
grade of 35% of alluvial gold [46]. Recently, Olyaei et al. 
[45] noticed that the presence of metallic mercury absorbs 
metallic gold during the cyanidation process, thus reducing 
gold recovery. So they opted for a combined technique of 

Knelson concentration and cyanidation method to separate 
gold from the metallic mercury. The final results showed 
that recovery of gold, silver, and mercury was enhanced 
to 93.3%, 42.17%, and 42.1% from a feed of 1.5, 7.5, and 
160 g/t, respectively. Further treatment of Knelson concen-
trator tailings in the cyanidation process reduced the mer-
cury content to 53 µg with an increment of 1.5% in gold 
concentrate [45]. Subsequently, for improved metallurgical 
performance in the pilot-scale (Fig. 9), Knelson CVD can 
be used both as a concentrator and cleaner circuit to treat 
flotation tailings to recover gold particles [47].

From 1986 to the present, Falcon concentrator has also 
been used to recover coarse gold particles occurring in a 
liberated state. Gold concentrates obtained from such a unit 
is referred to as gravity-recoverable gold. Investigations on 
gold recovery using Falcon concentrator have been reported 
[48–50]. Gold-bearing minerals of -74 µm can be recovered 
by Falcon concentrator at low water pressure, moderate pulp 

Fig. 9   Knelson CVD in the 
processing of flotation tailings 
of gold-bearing sulfides [47]
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density, and high centrifugal field (200 g) [49]. According to 
the availability of the ore treated, Falcon Concentrator can 
act as a batch or continuous unit operation in the gold recov-
ery circuit. A comparative study using both Knelson and Fal-
con concentrators for gold recovery indicated that the Knel-
son concentrator performed better as a pre-concentrator for 
the recovery of fine free gold particles. However, Knelson 
concentrator proved to be ineffective in the case of ultrafine 
flaky gold, i.e., below 15 μm present in flotation feed and 
products. Batch knelson concentrator is more versatile for 
precious minerals recovery within grinding circuit whereas 
continuous Falcon is a good scavenging unit for fine heav-
ies with better yield [51]. From the study, it can be inferred 
that Knelson concentrator is better for enrichment whereas 
Falcon is a good recovery unit for fine gold processing.

PGE Mineral

Conventional gravity concentrators are not efficient for treat-
ing PGE ore due to its occurrence in ultrafine sizes and com-
plex mineralogical associations. Several researchers have 
worked on the knelson concentrator to study its effective-
ness in the pre-concentration of PGE ore [52–54]. It can be 
seen from Fig. 10 that, at a condition of low ‘g’ force with 
high fluidization pressure, platinum and palladium contents 
of 13.95 ppm with a yield of 3.54% were achieved [53]. So, 
it is clear that Knelson concentrator is mostly used where 
the amount of fine heavy fraction is minimal in the total 
feed, i.e., 500gm/t or 0.05% of total weight [13]. As the PGE 
group of minerals are very heavy minerals and sparsely dis-
tributed, higher ‘g’ force is not required for particle settling. 
Rather high fluidization pressure is necessitated so that the 
feed particles can remain in suspended state, thus providing 
an opportunity for selective separation of fine heaviest parti-
cles to remain within the chamber by displacing the gangue 
minerals and enhance the enrichment ratio.

Copper/Copper‑Cobalt Tailings

Given the waste processing imperatives, the retreatment of 
tailings has garnered much attention over the past few dec-
ades. Recovery of copper and cobalt from the flotation tail-
ings offers a potential application in the industries. Katwika 
et al. [8] carried out studies on the Knelson concentrator 
using the flotation tailings of copper–cobalt ore of NCK 
mines, Democratic Republic of Congo. Usually, comminu-
tion- flotation- classical gravity concentration route is fol-
lowed for the beneficiation of copper and cobalt. However, 
coarse grinding and inefficiency of gravity separation lead 
to the metal loss in the tailings. Katwika et al. tried Knel-
son concentrator on the industrial scale and reported an 
enhanced grade with improved recovery of Cu and Co from 
65 to 86.09% and 67 to 86.96%, respectively [8].

The recovery of copper from blast furnace slag was also 
reviewed [55]. The study was focused on extracting the cop-
per nuggets from the plant slag using different feed sizes (− 
300, − 150, − 150 + 75, − 75 µm). In this case, the slag was 
treated in a jig. The tailings of the jig were re-treated in the 
shaking table and the tailings of the table were concentrated 
in a Falcon concentrator. It revealed that, in the coarser frac-
tion (− 300 µm), the copper recovery was 15.07% with an 
enriched grade of 4.51% whereas, in the finer size ranges 
(− 150, − 150 + 75, − 75 µm), a copper grade of 6.5% with 
14.81% recovery was achieved. In the above work, high 
grade was obtained at fine sizes, and high recovery was 
achieved at the coarser size. Low liberation and flaky-shaped 
copper particles led to low beneficiation in case of coarser 
size. Still, the concentrate can be added to the mainstream of 
copper recycling plant and can be re-used. Thus, knowledge 
of ore mineralogy, i.e., particle characteristics is crucial for 
obtaining a better separation. In this case, however, better 
results may be accomplished by grinding the material further 
and re-treating with Falcon concentrator.

Tungsten

Tungsten is a rare metal with numerous applications in the 
field of light bulb filaments, X-ray tubes, radiation shielding, 
super alloys, and military applications in penetrating projec-
tiles, etc. In order to minimize the water requirement, due 
to water scarcity and disposal of used water, research work 
has already been undertaken on the pneumatic processing of 
Knelson concentrator [56, 57]. The equipment was modified 
for pneumatic separation by an additional fitting of a special-
ized rotating union and regulator for controlling air pressure 
in the inner bowl. Comparing the wet and dry separation 
of Knelson concentrator, Greenwood et al. showed that a 
mean tungsten recovery of 94.92% with a grade of 30.96% 
WO3 was achieved in wet processing and 69–78% recovery 
with a grade of 6–15% WO3 was achieved in the case of dry 

Fig. 10   Effect of G’ force on grade and recovery of PGE ore at 4 psi 
[53]
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processing [56]. It shows that separation efficiency is poor in 
case of dry processing. Still, low grades with high recovery 
can be obtained at low air pressure, and high grade with 
low recovery is achieved at slightly higher air pressure. It 
means that variation in air pressure enables the retention of 
the heavy particles in pneumatic separation system. Though 
reasonable recovery was achieved,  concentrate grade was 
not upgraded enough. It may be due to the absence of fluid-
ized bed owing to which selective separation could not take 
place. Zhou et al. experimentally established suitable condi-
tions for different size ranges for higher recovery, which is 
shown in Table 1 [57]. 

Scheelite (CaWO4), an important ore of tungsten, is found 
in association with calcium-bearing silicates. Scheelite is 
mainly beneficiated through direct flotation, but for the 
reduction of the consumption of toxic reagents, R&D efforts 
were made on pre-concentration study through desliming 
using falcon concentrator before flotation for better flota-
tion separation efficiency [58]. Comparative studies were 
carried out on using Falcon SB and Falcon UF, with the 
conventional hydrocyclone. Results showed that Falcon 
SB performed better than Falcon UF and hydrocyclone 
with ~ 98% gangue rejection, > 70% WO3 recovery, > 4.5% 
WO3 enrichment ratio, and a yield of around 15% from a 
feed of 1% scheelite. Falcon SB exhibited a better perfor-
mance efficiency than Falcon UF, owing to the balancing 
force between centrifugal force and fluidized water pres-
sure. Though the Falcon UF exerts a higher ‘g’ force, in 
this case, higher ‘g’ force and air pressure had a negative 
effect on pre-concentration and desliming efficiency. Hence, 
Foucaud et al. suggested that Falcon concentrator (SB or 
C) can easily replace hydrocyclone as a pre-concentrator 
before flotation and is capable of reducing sevenfold rea-
gent steps in flotation. Metal value loss in the tailings can 
also be recovered by installing Falcon as a scavenger unit 
[58]. From the above study, Falcon concentrator was found 
effective for up to a feed size of the desliming purpose, the 
feed size was maintained at − 150 µm. Further studies can 
focus on its applicability to treat finer Scheelite feed size for 
the enrichment of WO3 and the performance efficiency of 
Falcon UF concentrator.

While treating tungsten in multi-gravity separator, it has 
been reported that MGS has significantly high separation 
sensitivity to rotational speed. Though the test showed an 
increase in WO3 content with an increase in wash water, tilt 
angle, shake frequency, and amplitude, the percentage of 
yield also decreased [39]. Recovery decreases with too steep 
a tilt angle and increases with an increase in tilt angle up to 
a specific limit. The tilt angle is to be set according to the 
feed particle size range as the performance of MGS will not 
be effective as the feed size gradually decreases from 40 µm 
to less than 20 µm. Therefore, optimum conditions are to 
be arrived at and maintained according to the feed material 
characteristics to obtain a concentrate of the desired grade 
with a high recovery of tungsten [39].

Clemente et al. reported that Kelsey jig can effectively 
treat tungsten slimes tailing in a two-stage treatment for an 
acceptable rougher concentrate grade. It was observed that 
a concentrate grade of 30% WO3 with a recovery of 60%. 
Ragging parameters affected the concentrate grade while 
spin frequency controlled the product recovery [59].

Lead–Zinc

Generally, Lead–Zinc ores undergo processing through the 
grinding-froth flotation route to obtain lead and zinc concen-
trates of desired quality. It is noticed that in some deposits, 
the presence of graphite creates difficulties during lead flota-
tion as graphite also reports to the froth with galena because 
of its inherent hydrophobic nature. Considering the density 
difference between graphite and galena, multi-gravity sepa-
rator (MGS) could be an option for graphite rejection from 
lead–zinc ore [60, 61]. Uday Bhaskar et al. described, in 
their work, a lead concentrate with a grade of 40.4% Pb and 
a maximum recovery of 75% with 93.9% graphite rejection 
was obtained from a feed of 19.8% lead and 9.8% graphite 
[61]. Graphite content below 2% was also achieved which 
is industrially acceptable. From their study, it was observed 
that drum rotational speed and wash water have significantly 
influenced the lead grade and graphite rejection. The effect 
of drum rotation on the grade of lead and graphite is shown 
in Fig. 11. Though jigging is an effective option for recovery 
of coarse lead particles (> 1000 µm and − 1000 + 250 µm), 
multi-gravity separator is suitable for better separation of 
finer-sized feed (250–500 µm). So, it can be suggested that 
MGS can be a productive option for tailing retreatment 
where traces of gold is present [62].

Goktepe reported that the MGS was able to treat flotation 
tailing of a lead-mine waste. It was observed that a product 
of 12% of Pb from a feed of 3.86% Pb at a drum tilt angle of 
8° at a feed size of 106 µm. The significant recovery of Pb 
metal from tailings indicated that metal contamination of 
ground water and toxicity levels of tailings can be effectively 
reduced [63]. Till now, processing of lead–zinc ore using 

Table 1   Optimum conditions at different size ranges for dry process-
ing of tungsten using Knelson concentrator [56]

Size (µm) Condition Levels

Coarse
(− 425 + 150)

Motor power (Hz)
Pressure (psi)

Lower (< 30%)
High (> 10psi)

Middle
(− 150 + 53)

Higher (> 50%)
High (> 11psi)

Fine
(− 53)

Highest (> 60%)
High (> 11psi)
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MGS is only reported, so a pre-concentration/ scavenging 
using Knelson/Falcon needs to be studied to determine the 
better fine particle separator for lead–zinc ore.

Tantalum

Tantalum is a type of refractory metal that is used in labora-
tory equipment, electronic gadgets, and alloys and, in some 
cases, as a substitute for platinum. Ghorbani et al. [64] inves-
tigated the recovery of tantalum and niobium from a tailing 
material using different gravity separation techniques. From 
the study, it was observed that Knelson concentrator is effi-
cient for the recovery of − 125 µm particles at 60 g’ force 
and 6 psi water pressure. A recovery of 63.6% tantalum and 
40% niobium was achieved through this centrifugal separator 
[64]. MGS can also be used as a separator for the recovery 
of ultrafine tantalum particles. It is an economical option 
in plant operation in the tantalum industry as it can be pos-
sible to replace 12 holmen fine tables with just two MGSs 
easily. Though a high enrichment ratio was not achieved, 
it is still an economically viable and efficient separator for 
ultrafines [65].

Industrial Minerals

Rare Earth Minerals

Rare earth minerals are emerging as a marketable product, 
for their extensive use in catalysts, magnets, alloys, glasses, 
and nuclear materials. Rare earth minerals are generally 
beneficiated through physical separation techniques, such 
as gravity concentration, magnetic separation, electrostatic 
separation, and froth flotation [66–68]. The relatively high 

density of rare earth minerals, less content, and finer sizes 
make them a suitable feed material for different enhanced 
gravity separators. Numerous research works have been 
reported using both Knelson and Falcon concentrator for 
upgradation and recovery of REE minerals [14, 67–73]. It 
was found that both highest grade Zircon and Iron oxide can 
be obtained with Knelson in combination with low-intensity 
wet drum magnetic separator, at a very coarse size fraction 
(+ 1700 µm) [68]. It can be deduced that not only in fine 
size ranges, Knelson concentrator also imparts a significant 
force on very coarse-sized material. As recovery and grade 
in case of heavy rare earth minerals are more than that of 
light rare earth minerals in Knelson non-magnetic product, 
further researches can be carried out on the complete recov-
ery of all the valuable constituents [68]. The studies carried 
out by Abaka-wood et al. showed that when REE minerals 
are in unliberated association with Iron-Oxide-Silicate tail-
ings, selective separation of REE minerals is quite tricky 
[14]. The tests were conducted on three size ranges, i.e., 
150 + 75 µm, − 75 + 38 µm, and − 38 µm. It was noted that 
selective separation efficiency of tabling is higher than the 
Knelson concentrator for all the sizes except − 38 µm as 
presented in Fig. 12. This may be attributed to the similar 
specific gravity range of Iron ore and REE minerals (~ 5). 
Also, the separation efficiency of the Knelson concentrator 
is sensitive to the process parameters, feed size distribution, 
and mineral assemblage of the studies ore. The optimization 
of process parameters is to be established in order to achieve 
the desired product. A detailed investigation may be car-
ried out for identifying the factors affecting the performance 
of the knelson concentrator on feeds with different mineral 
associations, relative density difference, and the extent of 
liberation.

However, researchers suggest that Falcon concentrator 
can be a potential option for treating very fine rare earth 
minerals [67, 71, 73, 74]. Slimes of rare earth minerals were 
treated both on the modified concentrator using a dense 
medium and a laboratory-scale centrifuge, for comparative 
analysis of value recoveries [73]. The centrifuge is a stand-
ard laboratory-scale unit while the falcon concentrator is 
a modified unit, with a lid to seal the bowl and a moldable 
plastic to fill the bottom of the bowl, so that it will be able to 
create a flat base for ease of emptying. It was observed that 
the heavier particle like zircon (sp. gravity 4.6–4.7) reported 
to the inner groove and lighter particles (silica with sp. grav-
ity 2.2–2.6) to its overflow. It was also noted that similar 
grades of zircon (3.5% and 4%) from a feed of 1.2% zircon 
were obtained in the case of both centrifuge and falcon sepa-
ration, respectively. However, recovery of Zr and Fe was 
significantly low, which is 48.4% and 31.4% in the case of 
Falcon than the centrifuge where the recovery of Zr and Fe 
was 70.8% and 46.9%, respectively [73]. Low recovery in 
Falcon concentrator may be due to low ‘g’ force as compared 

Fig. 11   Effect of drum rotation on the grade of lead and graphite in 
multi-gravity separator [61]
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to the centrifuge. Low-density difference between valuable 
and gangue minerals and lower ‘g’ force might not have 
given the particles the chance to be retained to the wall and 
report as a concentrate. This necessitates further studies on 
Falcon concentrator for a deeper understanding of the parti-
cle–fluid interaction to yield maximum recovery at optimum 
‘g’ force as well as recovery ultrafine particles.

Cassiterite

Beneficiation of cassiterite ore was studied using different 
gravity separators like Knelson concentrator, spiral, jig, and 
table for the recovery of tin [75]. Performance efficiency of 
jig and table for generating both high grade and recovery of 
tin was more than Knelson. Alternately, Knelson concen-
trator performed better than a spiral concentrator. Despite 
maintaining the critical operating conditions and having an 
inherent density difference, the separation efficiency of the 
Knelson concentrator was found to be lower due to the feed 
size [75]. Particle size < 500 µm is not suitable for process-
ing in the fine gravity separators as they are case-specific to 
feed size as well as the feed size distribution. Beniuk et al. 
[76] studied Kelsey jig both as a cleaner and as a scavenger 
unit for treating table concentrate and gravity separator tail-
ings of tin as a feed stream [76]. They suggested that treating 
table concentrate on Kelsey jig can be subsequently helpful 
in eliminating the leaching process for environmental sus-
tainability. Also, beneficiating gravity separator tailing by 
centrifugal jig will be a strategic option to reduce the burden 
on the flotation process for tailing reprocessing which would 

reduce collector dosages and improve product grade without 
changing plant recovery [76].

Bentonite

Bentonite is mostly used as a binder in the pelletization 
process. The scope of the falcon concentrator for industrial 
applications is extended by its utility as a purifier of benton-
ite. Treating low-grade bentonite in falcon concentrator, at 
maximum centrifugal force, minimum water pressure, and 
feed rate produced an enriched value of smectite content, 
swelling values, and cation exchange capacity (CEC) [77, 
78]. Falcon concentrator effectively removed most of the 
non-clays like quartz, calcite, thus producing a purified ben-
tonite [77].

Magnesite

Magnesite is generally associated with dolomite, calcite, 
silica, and other carbonate and oxide minerals. In order to 
separate magnesite from the gangue minerals, magnesite ore 
is calcined at the calcination temperature of magnesite, so 
that distinct differences between specific gravity and hard-
ness between dolomite and magnesite can be attained [79]. 
Based on this specific gravity difference, magnesite can be 
separated from dolomite by gravity separation. As traditional 
gravity separators are inefficient to treat fine-sized material 
of -150 µm, an enhanced gravity separator, multi-gravity 
separator, was tried and found to be effective [80]. Mag-
nesium oxide can successfully be recovered from calcined 
magnesite with a grade of 78.14%, recovery of 66.58% from 

Fig. 12   The enrichment ratio 
of mineral phases after treating 
unclassified Iron-Silicate Tail-
ings in Knelson and Tabling 
[14]
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− 150 µ feed, at an optimum condition of wash water flow 
rate of 3 l/min, shake frequency of 4.8 cps, shake amplitude 
of 15 mm, tilt angle of  4º, and drum speed of 200 rpm [79].

Ferrous Minerals

Hematite

Although much literature is not reported on iron ore benefi-
ciation using EGS, some, however, research attempts have 
been made on beneficiation using MGS. MGS was found to 
be inefficient in producing a blast furnace grade or DR grade 
concentrate in a single-stage operation [81]. Nonetheless, 
a pellet-grade concentrate (66.67%) could be achieved by 
beneficiating sub-grade iron ore of about 40% Fe in a two-
stage MGS cycle (rougher and cleaner stages) at an optimum 
condition [82]. In the case of iron ore beneficiation, drum 
inclination affected separation efficiency more than shake 
amplitude [83]. Fe grade increased with a higher value of 
drum inclination and drum speed, because increment in 
drum inclination helps increased downward motion of par-
ticles so that lighter particles descend. At the same time, 
heavy Fe settles at the top portion of the drum. Also, increas-
ing the drum inclination above an optimum limit results in 
a non-selective separation and reporting of both heavy and 
lighter fractions to the tailing launder. Fe % decreases with a 
lower drum speed. However, it is also observed that to settle 
heavy-density particles, large amplitude is required. There-
fore, if the stroke length changes visa-a-vis drum speed, a 
sharp decrease in grade is found to be prominent [83].

Apart from MGS, Kelsey jig and Knelson concentrators 
were also used for treating iron ore. Knelson concentrator 
performed poor separation efficiency because of the low 
yield and inherent design feature for discharge of concen-
tration with the specific time interval which eventually led to 
its lesser usage in industries [84]. From the study reported, 
it may be noticed that Kelsey jig was found to be effective 
and it was able to produce a concentrate of 61–65% in a 
single-stage operation at low spin frequency and moderate 
pulsation level [85].

Banded Hematite Jasper

In the current scenario, the presence of high alumina and 
silica content in the Indian Iron ores is an added concern for 
the Indian steel industry, apart from the low Iron content. 
Besides the common Iron ores like hematite and magnetite, 
banded haematite jasper (BHJ) also contains a considerable 
amount of Iron. Experiments were carried out in order to 
remove the clay substance from BHJ and study the efficacy 
of Falcon concentrator for the same. It was observed that 
fine iron particles with high aluminous clay content can be 
effectively treated with the Falcon concentrator. The studies 

by Nayak and Pal showed that the Falcon can produce a 
concentrate with a grade of 61.80% Fe and a yield of 62.40% 
from a feed of 35.29% Fe at the low bowl speed and high 
water pressure [86].

Laterite

Depletion in high-grade nickel sulfide ore, in contrast to the 
growing global consumption is making nickel-bearing lat-
erite ores an attractive option for nickel production. Thus, 
upgrading nickel content by gravity concentration, before 
the hydro metallurgical or pyro metallurgical processing, 
is necessitated. Application of the falcon concentrator for 
nickel was studied, taking into account the different types 
of laterite ores. From the study, it was noted that the com-
bination of magnetic separation with Falcon concentrator 
was helpful in upgrading the nickel content to an acceptable 
level. In these types of ores, nickel was mostly associated 
with the silicate minerals. So magnetic separation was opted 
to recover the non-magnetic material, which mostly con-
sisted of silicate minerals, followed by the Falcon concen-
trator. Nickel concentrate of 1.5% grade with 70% recovery 
from a feed of 1.1% Ni was obtained using Falcon concentra-
tor [87]. The size analysis of the falcon product revealed that 
Ni content was higher in finer size ranges.

Chromite

Gul Akbar Sen reported that Knelson concentrator could be 
a promising equipment for chromite beneficiation at fine size 
ranges [88]. He observed that fluidization water pressure has 
significant effect on both grade and recovery of chromite as 
compared to other parameters. From his study, a concentrate 
of 43% Cr2O3 with a recovery of 72% was achieved from a 
feed grade of 24.9%. So it may be concluded that Knelson 
concentrator is also efficient in treating oxide minerals at low 
g’ force, high fluidization water pressure, and low feed rate. 
It also indicated that knelson concentrator can effectively 
separate low-density materials.

Extensive research work has been carried out to explore 
MGS applications in diversified fields in the mineral indus-
tries [89–92]. Tripathy et al. experimentally stated that a 
maximum grade of 45.69% chromite with 56.41% recovery 
can be obtained from a 21.03% grade feed [90]. It was con-
cluded that the grade of concentrate is sensitive to shake 
amplitude and wash water flow rate. At the same time, the 
drum tilt angle and rotational speed were responsible for 
high recovery. So an optimum condition of moderate drum 
speed (200 rpm) and a drum tilt angle of 4º with a metal-
lurgical grade of chromite, i.e., > 40% with 60% recovery 
was achieved [90]. To obtain a maximum grade of chromite 
concentrate by MGS, low drum speed, higher tilt angle, 
and optimum wash water flow rate are necessitated. Further 
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studies using MGS for better recovery of chromite showed 
that 47.74% grade with a maximum recovery of 73.71% 
could be obtained [93]. From the above studies, it can be 
inferred that in order to obtain high recovery, maximum 
wash water flow rate and drum speed are required [93]. Fur-
ther statistical design of experiments was also conducted fol-
lowing the Taguchi method to optimize the process param-
eters to obtain desired chromite concentrate. A drum speed 
of 200 rpm, tilt angle-1º, wash water flow rate at 1 l/Min, 
and shake amplitude of 10 mm are to be maintained for best 
results [93].

Other Minerals

Colemanite

Colemanite is the chief source of boron, which is used in the 
manufacturing of heat resistant glass, cosmetic, medicinal, 
and other industries. Applicability of Knelson concentrator 
has been studied, by its use as a scavenger or cleaner unit for 
colemanite [94, 95]. As the density difference between cole-
manite and clay minerals is almost negligible, so the studies 
were focused on particle size/ mass. The preliminary report 
by Savas [95] suggested that the better results were obtained 
both at − 3000 µm and − 500 µm with a concentrate of B2O3 
content of 34.2% and recovery of 78.3% from a tailings B2O3 
grade of 24.8%. However, acceptable results of 24.8–42.5% 
grade, with more than 70% recovery, were obtained par-
ticularly at two size ranges (− 3000 µm and − 1000 µm), 
emphasizing that the feed particle size is equally significant 
as other process parameters. Nevertheless, size reduction 
to − 500 µm caused only marginal improvement on con-
centrate grade and recovery as compared to coarser frac-
tion [95]. Separation efficiency is low in the finer size range 
due to the possibility of intermixing of colemanite with 
clay materials and rejection of fine colemanite along with 
clay particles. Secondly, as it is a tailing sample, the desired 
mineral content is relatively low. A significant increase in 
B2O3 grade and recovery from colemanite tailings can be 
achieved at high bowl speed and high water pressure, so as to 
mitigate environmental pollution threats and avoid any type 
of health hazards [95]. From the study, it may be concluded 
that colemanite, at size fraction of > 500 µm, can be effec-
tively treated by knelson concentrator. Scrubbing/desliming 
followed by enhanced gravity concentration, i.e., knelson 
concentrator route, can be opted to enrich the colemanite 
content.

Celestite

Celestite is the primary source of strontium, which is used 
in fireworks, metal alloys, special glasses, medicine, dryers, 
pyrotechnics, and paints. Celestite is generally associated 

with calcium sulfates (gypsum, anhydrite, halite) and car-
bonate minerals (calcite). The process of obtaining celestite 
concentrate on the removal of impurities is complex and 
energy-consuming. At least 90% of SrSO4 grade is required 
to fulfill the quality demand of the industries; this leads to 
the studies on the need for an efficient and economical pro-
cessing device with the utility of Falcon concentrator and 
MGS. Owing to the difference in the specific gravity of cal-
cite (~ 2.71) and celestite (~ 3.95), the falcon was considered 
for effective separation. During the treatment of celestite in 
falcon concentrator reported by El-Midany and Ibrahim [17], 
it was noticed that at high bowl speed directed to non-selec-
tive entrapment of particles and high back-water pressure led 
to inconsistent grade with low recovery. It was inferred that 
the optimum condition for a good grade and high recovery 
is low bowl speed and moderate wash water pressure. At 
this optimum condition, 95% of calcite was removed, and 
celestite concentrate with only 4% calcite was obtained [17].

From the statistical design of experiments, it was deter-
mined that, to obtain a SrSO4 grade of 96.91% from 65.08%, 
the optimum conditions were at the drum speed of 150 rpm, 
tilt angle of 6º, and shake amplitude of 20 mm. Further to 
obtain a grade of 98.35%, the optimum conditions were 
drum speed of 250 rpm, tilt angle of 2º, and shake ampli-
tude of 10 mm [96]. Increasing both shake amplitude and 
tilt angle caused an increment in SrSO4 content in the con-
centrate, which decreased when the drum speed increased. 
Similarly, a sharp increase in tilt angle is responsible for 
90% recovery of concentrate at low drum speed. However, 
an increase in drum speed beyond the optimum condition 
has an adverse effect on the recovery. Drum rotational speed 
helps the feed particles to retain inside the chamber. In con-
trast, tilt angle with shake amplitude is useful in the down-
ward motion of the particles based on their sp.gravity and 
subsequent report to the tailings. It is understood from the 
studies that concentrate recovery and grade are dependent 
upon drum speed, tilt angle, and shake amplitude, respec-
tively, in case of celestite treatment. It was concluded that 
increasing the drum speed with lower tilt angle and shake 
amplitude gives the maximum recovery of concentrate [96].

Oil Sands

Oil sands are sediments, mainly composed of water, clay 
minerals, sand, and bitumen. Bitumen is one type of fos-
sil fuel component, which is upgraded to produce gasoline. 
Comparative study on the pre-concentration of the oil sands-
flotation-retreatment tailings, using falcon concentrator and 
froth flotation was reported by Liu et al. [18]. The pre-con-
centration step was opted to recover titanium and zirconium 
from the tailings. They found that froth flotation was able 
to recover 90% heavy minerals in bulk flotation, without 
any reagent at 85 °C. However, the concentrate contained a 
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significant amount of clay minerals and bitumen (over 90%) 
[18]. The Falcon concentrator was efficient in producing a 
concentrate rich in heavy minerals with 90% product recov-
ery, while rejecting maximum slimes, water, and bitumen 
(> 30%). It may be due to the higher centrifugal force, low 
back water pressure, and the low specific gravity of bitumen 
which rejected the light bitumen to the tails. In contrast, the 
heavy titanium and zirconium were retained inside the cham-
ber. The study concluded that a Falcon concentrator could 
be efficiently used to treat coarser-sized feed (20–200 µm), 
as compared to the flotation feed, whose d50 was around 
38 µm. Hence, a Falcon concentrator is a suitable option 
to pre-concentrate oil sands froth retreatment tailings. For 
further reduction of residual bitumen content in the concen-
trate, fine liberation of bitumen in optimized conditions may 
be recommended.

Coal Cleaning

Although flotation is commonly implemented in today’s coal 
preparation plants, however, it is found to be less effective in 
the case of oxidized coals [38]. Also, classical gravity con-
centrators like jig, heavy media separator are inefficient to 
treat fine coals and they are considered to be cost intensive. 
Therefore, attention has been shifted towards the physical 
separation process to replace the problem of the physico-
chemical approach. In this regard, different studies have 
been carried out using different enhanced gravity separator 
as reported in the literature [35, 42, 97–99]. A compara-
tive study on the performance of different EGS for fine coal 
cleaning is given in Table 2 [15]. From the table, it may be 
understood that Kelsey Jig performed better with a higher 
percentage of combustible recovery of coal (96.9%) followed 
by Falcon, multi-gravity separator, and Knelson concentra-
tor, respectively, with very good coal recovery, i.e., > 80% 
and sulfur rejection(> 60%). This may be attributed to mod-
erate pulsion frequency in achieving low ash product [42]. 
Here, it may be stated that increased centrifugal force affects 

the porosity of ragging bed and particle movement. Depth 
of ragging bed acts as a hindrance for particles’ movement 
through the screen because of this, the interstitial movement 
of particles occurs which subsequently leads the lighter par-
ticles to be discharged the underflow along with the heavy 
particles [42]. Kelsey jig is found to be superior to spirals, 
and Altair jig for treating ultrafine, which establishes that 
centrifugal separation is superior to conventional gravity 
separation. Kelsey jig can be a substitute for the conven-
tional gravity separator for a size range of − 2000 + 37 µm 
coal fines at a combustible recovery of 96.9% with ash rejec-
tion of 43.6% [100–102].

From the study, it is evident that, in the size range below 
1 mm, Falcon is preferable to Knelson as the Falcon unit is 
capable of treating higher feed flow rates despite a smaller 
bowl diameter (i.e., 25 cm versus 30 cm) than the Knelson 
Concentrator [35]. It is understood that Falcon is capable 
enough to selectively remove ash-bearing particles from 
the inner portion of the solid bed through the underflow 
valves, while the coarse and fine coal particles are still in 
the exterior portion to migrate to the overflow, at high solid 
concentration [16, 103]. In the case of coal, containing high 
inorganic component (total sulfur and pyritic sulfur content), 
this can be substantially decreased, at a top size of + 20 µm 
in the Falcon at high bowl speed and moderate back-water 
pressure [104]. Uslu et al. (2012) carried out experiments 
on an oxidized coal sample, and the highest separation effi-
ciency was achieved with 91.60% pyritic sulfur removal 
and 60.94% ash removal at a size range of − 500 + 300 µm, 
respectively [25]. In case of Knelson concentrator, higher 
rejection of pyritic sulfur resulted at high bowl speed due 
to higher density of pyritic sulfur compared to the lower 
density of ash forming minerals. From the above studies, it 
may be said that though satisfactory results were obtained 
with different EGS, Falcon, and Knelson concentrators are 
more preferable for achieving better combustible recovery, 
in case of coal (> 75 µm) with high sulfur content and min-
eral matter [19]. For the finer size range (< 75 µm), higher 
centrifugal force than usual would be needed to act as a cata-
lyst for improved separation [103, 105, 106]. But separation 
efficiency of Falcon concentrator is relatively low in case 
of ultrafine plant tailing (below 20 µm) [107]. So the focus 
has been shifted to the flocculated ultrafine coal feed, where 
the feed size increased by the addition of flocculants. This 
causes increased feed size with the dissemination of inor-
ganic content and helps in accelerating the settling velocity 
under the effect of centrifugal force and water pressure [19].

Coal recovered from the tailings using MGS, although 
the recovered coal contained a comparatively high amount 
of ash (approx.22.83%) with a low recovery of 49.32% 
[98]. Though multi-gravity separator does not employ high 
rotational speed as compared to the Knelson or Kelsey jig, 
it showed the highest ash rejection percentage at 72.9%, 

Table 2   Comparative studies on different enhanced gravity separators 
[15]

Separator Coal sample
(Size range)

Combustible 
recovery (%)

Ash 
rejection 
(%)

Total sulfur 
rejection 
(%)

Falcon Illinois No. 5
(65*400 mesh)

88.3 68.1 72.5

Kelsey Jig Wirringham
(32*400 mesh)

96.9 43.6 –

Knelson Illinois No. 5
(65*400 mesh)

84.2 69.1 70.3

Mozley Pittsburgh No. 8
(65 mesh *0)

86.1 72.9 74.4
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followed by Knelson, Falcon, and Kelsey Jig. However, 
analyzing the applicable size range, MGS was found less 
effective to separate ultrafine clay slimes, which reported to 
the clean coal product [35].

Recently, numerical modeling and simulation have been 
extensively used to understand the separation mechanism 
in the Knelson concentrator [30, 108, 109]. Oney et al. 
[108] also found the Knelson concentrator effective for fine 
coal cleaning in the size range of − 1 + 0.15 mm. They used 
RSM- central composite design experiments to determine 
the effect of operating parameters on separation efficiency. 
For better evaluation of the beneficiation process and selec-
tion of optimum conditions, they introduced four upgrading 
curves, i.e., Henry, Halbich, Fuerstenau, and Mayer [108]. 
The details of these curves were described in the referred 
paper. It was observed that both qualitative and quantitative 
studies of the results (combustible material recovery, ash 
recovery, ash %, and yield %) could be obtained through 
the upgrading curves. Reduction of ash % from a feed of 
24% to 12% establishes that Knelson concentrator can be 
applied for fine coal cleaning. Ma et al. used the CFD- DEM 
model for the first time in order to visualize the separation 
mechanism in a 3D laboratory Knelson concentrator using 
intermediate size coal particles of − 1 + 0.3 mm [109]. They 

used a turbulence model for simulation using Reynold’s 
stress and DEM for the prediction of separation efficiency. 
They concluded that fluidized water pressure regulates the 
probability of particle percolation in the riffle zone, whereas 
the centrifugal force impacts the product yield. Thus, it was 
inferred that both operational parameters (centrifugal force 
and fluidized water pressure), design feature, i.e., ring struc-
ture in Knelson concentrator, and the presence of gangue 
particle size in the feed affect the separation efficiency in 
the concentrator [110, 111].

Comparative Analysis

Extensive lab scale and plant scale research studies on 
different EGSs have been carried out in mineral and coal 
industries. Evolution of these concentrators since its incep-
tion to its milestones in mineral processing is depicted in 
Fig. 13. It can be observed from Fig. 13 that purpose for 
using enhanced gravity separators has been increasing from 
precious minerals to industrial minerals over these years. 
Design features and specifications of these equipment have 
constantly being improved to overcome the limitations. Batch 
and continuous scale EGSs have been developed to carry out 

Fig. 13   Evolution of EGCs
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the experimental and industrial research works. Adding to it, 
modern modeling and simulation techniques like DEM, CFD, 
Weibull functions, and polynomial continuous functions, etc., 
help in better prediction of the separation efficiency of these 
separators. Most of the EGSs are size and material-specific 
given to ore characteristics. We can assume its separation 
efficiency for specific mineral groups depending upon its 
purpose of the treatment and type of feed characteristics but 
cannot precisely predict the particle movement inside the 
separation chamber and its subsequent influence on grade 
and recovery. A brief description on the salient features of 
various enhanced gravity separators is provided in Table 3. 
Also, a comparison among these concentrators for different 
mineral systems in terms of particle size, specific gravity, 
operational condition, and area of application is also sum-
marized in Table 4. It may be observed that both Knelson and 
Falcon concentrators are mostly correlative to each other in 
terms of operational principle. Falcon ultrafine concentrator 
is able to treat feed size upto 3 µm. It may be efficient where 
density difference between valuable mineral and gangue is 
relatively less due to its higher g’ force. From Table 4, it 
is noticed that Knelson concentrator may be a preferable 
choice in mineral industries owing to its ability to accept 
wide range of feed size. So, optimum condition of centrifu-
gal force and fluidized water pressure is required to obtain 
the desired grade and recovery in this case. Both MGS and 
Kelsey jig are able to treat fine particles but constrained g’ 

force, operational difficulties, and low throughputs are some 
of the disadvantages for the MGS and Kelsey jig. Based on 
the plant requirements, these equipment may be used as a 
pre-concentrator, a desliming unit, a tailing reprocessing unit, 
or as a cleaner stage for final product in the industries.

Future Research Scope

•	 EGSs are case-specific; hence, selection of EGS requires 
the detailed feed sample characteristics and its purpose of 
application. Wide range of literature reported the mod-
eling and optimization studies to evaluate the separation 
efficiency of EGS. However, there is a need to determine 
the misplacement of particles in EGS for better separa-
tion efficiency.

•	 Focus of research needs to be updated towards dry ben-
eficiation by EGS to minimize the water consumption.

•	 Both MGS and Kelsey jig are of mechanically complex 
equipment. In order to avoid operational complexities, 
further research needs to be focused in their design fea-
tures for making it simpler with less operational cost and 
manpower requirement.

•	 EGSs have garnered wide industrial acceptance for selec-
tive separation of heavy minerals. However, EGS may also 
be used as a concentrator for comparatively light minerals 
industries like quartz, graphite, clay minerals, etc.

Table 3   Salient features of discussed enhanced gravity concentrators

EGCs Falcon concentrator Knelson concentrator Multi- gravity separator Kelsey Jig

Design variables Height and diameter of rotat-
ing bowl

Distance between top and bot-
tom groove

Size of feed opening point

Height and diameter of rotat-
ing bowl

Inclination of bowl
Ring no. inside the bowl
Feed slurry distribution 

arrangement and size of 
feed opening point

Diameter of rotating drum
Orientation of scraper bar
Feed introduction point

Characteristics of ragging 
material

Screen size and dimension
Hutch bed dimension

Process variables Rotational speed
Pulse frequency of concen-

trate orifices
Feed rate distribution

Rotational speed
Pulp density
Pressurized water inlet

Drum rotational speed
Drum stroke length and 

frequency
Drum wash water
Drum tilt angle

Spin frequency
Pulse/hutch water/stroke 

length
Ragging type

Salient features Ability to treat particles in 
case of

Falcon SB− 6 mm to 20 µm
Falcon C− 1 mm to 10 µm
Falcon UF− 75 µm to 3 µm
Simple and robust mecha-

nism,
High capacity, low operator 

attention

Recommended top feed size- 
below 2 mm

Low power consumption and 
floor space,

Wear resistant, low mainte-
nance, and operation cost

Full portability, quick and 
easy concentrate removal

Accept wide range of feed 
size

Useful for particles of size − 
75 + 10 µm

High upgrading ratio (typi-
cally 20 to 1)

Ability to treat fine particles 
down to 10 µm specially 
for coal cleaning

Difficult to operate

Application Coal, gold, titanium, tin, plati-
num, base sulfides, iron

Gold, coal, tungsten hematite, 
rare earth mineral, PGE ore, 
cassiterite, tantalum

Iron, lead, chromite, tanta-
lum, celestite, tungsten, coal

Coal, gold, beach placer, 
wolframite

tungsten
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Table 4   Summary of application of enhanced gravity concentrator for different mineral system

Mineral Size (µm) Sp. gravity of valuable 
minerals and gangue

Equipment Condition Purpose References

(a) Non-ferrous and precious 
minerals

 Gold − 74 Gold—~ 19.3
Silicates—~ 2.65

Falcon Low water pressure
High ‘g’force
Moderate pulp density

Pre-concentration 
prior to cyanidation

[49]

− 53 Knelson Low ‘g’force
High water pressure

Concentration [45]

 PGEs − 45 PGE minerals (sperry-
lite, braggite)—~ 10.5

Silicates—~ 2.65

Knelson Low ‘g’force
High fluidization 

pressure

Pre-concentration [53]

 Lead–zinc − 500 + 150 Galena—7.2−7.6
Sphalerite—3.9−4.1
Graphite—1.9–2.3
Silica—~ 2.65

MGS Low drum speed
High shake frequency
Moderate wash water 

and tilt angle

Pre-concentration of 
flotation tailing

[61]

 Copper/copper-cobalt ore − 100 Malachite—~ 4.0
Heterogenite—~ 3.0
Talc—2.7–2.8

Knelson High ‘g’force
Low fluidization water 

pressure

Beneficiation of 
flotation tailings

[8]

 Tin − 150 Cassiterite—6.98–7.1
Silicates—~ 2.65

Knelson Low ‘g’force
Low water pressure

Separation [75]

 Tantalum − 212 Tantalite—~ 8.0
Silicates—~ 2.65

Knelson High ‘g’force
High water pressure

Tailing retreatment [64]

 Tungsten − 150 Scheelite—5.9–6.1
Calcium silicates- 

2.6–3.4

Falcon Intermediate ‘g’ force
High water pressure 

and high feed rate

Pre-concentration 
and desliming

[58, 112]

− 40 + 16 Wolframite—7–7.5
Silicates—~ 2.65

Kelsey jig Low spin frequency
Longer pulsion stroke
Coarser ragging bed

Tailing recovery [59]

(b) Ferrous minerals
 Hematite − 150 Hematite—5−5.3

Quartz—~ 2.65
MGS High drum speed

Low tilt angle
Low wash water rate 

and shake frequency

Pre-concentration [81]

Kelsey jig Low spin frequency
Moderate pulsion level

Pre-concentration [85]

 BHJ − 100 – Falcon Low ‘g’force
High Water Pressure

Pre-concentration [86]

 Chromite − 150 Chromite—4.5−4.8
Silicates—~ 2.65

MGS Intermediate drum 
speed

Low drum tilt angle
High shake amplitude
Optimum wash water 

rate

Separation/tailing 
retreatment

[89, 90, 93]

 Laterite (for nickel) − 300 Nickel—8.9
Silicates—~ 2.65

Falcon High ‘g’ force
Low water pressure

Pre-concentration [87]

(c) Industrial minerals
 Coal 500 + 53 Coal—1.1–1.5

Pyrite—4.95−5.10
Kelsey jig High ‘g’force

Moderate pulsion 
frequency

Low ragging bed

Coal cleaning [100]

− 75 Falcon High ‘g’force
Volumetric Feed flow 

rate

[105]

 Rare earth mineral − 150 + 50 Bastnasite—4.95−5.0
Silicates—~ 2.65

Knelson Low ‘g’ force
Low feed rate

Pre-concentration [68, 113]
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•	 Theoretical and experimental approaches can be tested 
more on natural ores instead of synthetic/processed ores 
for better analyzing the mineralogical complexities and 
subsequent changes in operational parameters.

Conclusions

From the literature cited, it may be inferred that enhanced 
gravity separators have wide scope in mineral processing 
industries due to their significant advantage to treat fine size 
particles. In this review, fundamentals as well as application 
aspect are compiled and analyzed which is summarized as 
follows:

•	 From run-of-mine ore to plant slag, EGS is able to 
recover metal values efficiently. As a single unit, in com-
bination with other unit operations, in a single-stage or 
multi-stage operation, EGSs have shown their versatility.

•	 A judicious combination of centrifugal force and water 
pressure influences the retention and upward migra-
tion of the particles. It also depends on the particle 
mobility inside the chamber, which is a factor of its 
attributes, i.e., size, density, shape, and particle popu-
lation, which indirectly determine the separation effi-
ciency of EGS.

•	 Ore mineralogy significantly influences the separation 
mechanism of EGS and a precise understanding of min-
erals and their physical attributes are mandatory for 
successful operations of EGS.

•	 The mineral associations like coal with pyrite, graphite 
with galena, fine clay minerals (apatite, fluorite, and 
kaolinite) in Iron ores with similar surface properties, 
i.e., natural hydrophobicity pose challenges in froth flo-
tation. In such cases, EGS can be employed to exploit 
the differences in the physical properties (sp.gravity  
or size) of valuable and gangue minerals for their  
separation.

•	 EGS can be effectively used for silica-rich ores in order 
to maximize the gangue rejection and metal value recov-
ery, so that feed burden and operating cost of the subse-
quent stages can be reduced. In some cases, instead of 
dense materials, light fractions contain the desired min-
eral and considered as a concentrate in EGS like recovery 
of nickel from laterite ore, combustibles from coal, etc.

•	 Both Falcon and Knelson concentrators can be used as 
a pre-concentrator/ scavenger unit for fine particles and 
retreatment of mine tailings where:

•	 The presence of intermediate density particles low-
ers the upgradation ratio in both Knelson and Falcon 
concentrators as they are too coarse to accumulate 

Table 4   (continued)

Mineral Size (µm) Sp. gravity of valuable 
minerals and gangue

Equipment Condition Purpose References

 Magnesite − 150 Calcined magne-
site—1.3–1.9

Dolomite—2.85

MGS High drum speed
Low wash water, shake 

frequency and shake 
amplitude

Moderate tilt angle

Upgradation [79]

 Bentonite − 500 Smectite—~ 1.7- 2
Quartz/calcite—~ 2.7

Falcon High ‘g’ force
Low water pressure

Purification, retreat-
ment of cyclone 
overflow/flotation 
conc

[77, 78]

(d) Other minerals
 Celestite − 80 µm Celestite—~ 3 .95

Calcite—~ 2.71
Silicate—2.65

Falcon Low ‘g’force
Moderate water pres-

sure

Separation
Pre-concentration

[17]

− 250 µm MGS Low drum tilt angle
High drum speed
Low shake amplitude

[96]

 Colemanite 1–3 mm Colemanite and clay 
mineral sp. gravity is 
almost same—~ 2.5−3

Knelson High ‘g’ force
High fluidization water 

pressure

Tailing retreatment [94, 95]

 Oil sands 20–200 µm Bitumen—0.97−1.02
Titanium and Zirco-

nium—~ 4.5−4.7

Falcon High ‘g’ force
Low water pressure

Pre-concentration for 
tailing retreatment

[18]

 Black shale  ~ 15 µm Pyrite—~ 5.0
Shale—~ 2.43

Falcon Low ‘g’ force
High water pressure

Separation [114]



336	 Journal of Sustainable Metallurgy (2021) 7:315–339

1 3

within the concentrate and too fine to be considered 
as tailings. In such a case, the combination of Knel-
son or Falcon concentrator can be installed, or two-
stage separation can be resorted.

•	 Falcon UF series can be used as a desliming unit to 
remove clay minerals. Falcon C series or Knelson 
CVD can be an efficient unit for industrial applica-
tion. Both Falcon and Knelson concentrators have 
proved to be a promising equipment mainly for non-
ferrous and sulfide minerals.

•	 Multi-gravity separator can be chosen as part of the 
processing strategy for a multi-mineral system with a 
broader size range and different specific gravities. Multi-
gravity separator may be also used as a pre-concentrator, 
especially for oxide ores.

•	 Kelsey jig has been established as an efficient option for 
fine coal cleaning. However, low yield, lack of expertise 
in pulsion frequency control, and high water require-
ment make it a constrained option in commercial coal 
and mineral-processing industries.

•	 Enhanced gravity separators can be operated at low g’ 
force and high water pressure for the beneficiation of fine 
particles.
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