Metadata, citation and similar papers at core.ac.uk

Provided by Open Archive Toulouse Archive Ouverte

OATAO

Cipen Archive Toulouse Archive Ouverte

Open Archive TOULOUSE Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse researchers and
makes it freely available over the web where possible.

This is an author-deposited version published in : http://oatao.univ-toulouse.ft/
Eprints ID : 3254

To link to this article : DOI:10.1016/{.mineng.2009.10.001
URL : http://dx.doi.org/10.1016/].mineng.2009.10.001

To cite this version :

Kroll-Rabotin, Jean-Sébastien and Bourgeois, Florent and Climent,
Eric ( In Press: 2009) Fluid dynamics based modelling of the
Falcon concentrator for ultrafine particle beneficiation. Minerals
Engineering .


https://core.ac.uk/display/12041459?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Fluid dynamics based modeling of the Falcon concentrator for ultrafine particle
beneficiation
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Abstract

Enhanced gravity separators are widely used in minerals beneficiation, as their superior gravity field enables them to
separate particles within narrow classes of density and size. This study aims to shed light on the Falcon concentrator’s
ability to separate particles within size and density ranges lower than usual, say 5 to 60 um and 1.2 to 3.0 s.g. respec-
tively. As differential particle settling is expected to be the prevailing separation mechanism under such conditions,
this study presents the workings of a predictive Falcon separation model that embeds phenomenological fluid and
particle flow simulation inside the Falcon’s flowing film. Adding to the novelty of modeling the Falcon concentrator
using a fluid mechanics approach, one point of practical significance within this work is the derivation of the Falcon’s

partition function from fluid flow simulation results.

Key words: Gravity concentration, Computational fluid dynamics, Modelling, Particle size

Introduction

Enhanced gravity separators are often used in mineral
processing operations. Their fast rotating bowl gener-
ates an artificially enhanced gravity field several hun-
dred times greater than Earth’s gravity. Compared with
one unit gravity, this produces a drastically augmented
sedimentation velocity differential, such that enhanced
gravity separators can process large flowrates of fine
and ultrafine particles with a high separation efficiency
(Chatterjee, 1998). As a result, enhanced gravity sepa-
rators have been successfully used for beneficiating fine
tailings (Venkatraman et al., 2000; Bradley et al., 2000).

Using a Falcon C40, Honaker et al. (1994) did ob-
tain an ecart-probable Ep = 0.12 at a cut-point density
of 1.6 s.g. with 1 mm X 0.075 mm fine coal particles.
Such a performance was in fact better than that achieved
using froth flotation. The efficiency of the Falcon con-
centrator for separating fine and ultrafine slurries, even
with low density particles, makes it a strong candidate
for beneficiating dredged sediments whose top size is

*Corresponding author
Email addresses:
jeansebastien.krollrabotin@ensiacet.fr (Jean-Sébastien
Kroll-Rabotin), florent .bourgeois@ensiacet. fr (Florent
Bourgeois), climent@imft.fr (Eric Climent)

Preprint submitted to Physical Separation 09

normally below 100 um. This study focuses on dredged
sediments from harbours, rivers and lakes. Their typ-
ical make-up consists of three phases that we seek to
separate with the Falcon concentrator: a valuable clean
100 um x 10 um sandy fraction, a minus 10 ym sandy
fraction where pollutants concentrate, and an organic
fraction. The sandy and organic fractions have specific
gravity 2.65 and 1.3 respectively. Although particle size
has a strong effect on the separation efficiency of en-
hanced gravity separators in the size range of interest
(cf. §1.4), the favourable washability of dredged sed-
iments gives us hope that the valuable fraction can be
separated from the other two fractions on the basis of
density. Deveau (2006) was able to concentrate parti-
cles in the 10 um size range with a Falcon for heavy
tantalum particles (16.6 s.g.): he was able to obtain an
enrichment ratio of 10 and a recovery in excess of 70%.
In order to assess whether the Falcon concentrator can
possibly beneficiate dredged sediments, it is important
to review the mechanisms that drive the separation in-
side an operating Falcon bowl.

Published studies have identified two distinct particle
separation mechanisms inside the Falcon concentrator
(Laplante et al., 1994; Laplante and Nickoletopoulos,
1997; Honaker et al., 1996; Abela, 1997): differential
particle settling within the thickness of the liquid film
that flows on the surface of the rotating bowl, and parti-
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Figure 1: Schematics of the spinning Falcon smooth bowl

cle rearrangement inside the granular bed (Majumder
et al., 2006) that forms inside the Falcon’s retention
zone. In the case of dense particles, as with fine gold
for example, the second separation mechanism drives
the separation, the heavier valuable particles being cen-
trifuged against the bowl even before they reach the re-
tention zone. However, with fine light particles, differ-
ential settling will condition the probability that a par-
ticle reaches the particle bed during its relatively short
residence time inside the Falcon (Abela, 1997). Hence,
the first separation mechanism is likely to become the
dominant separation mechanism for dredged sediment
beneficiation. Particle rearrangement inside the concen-
trate bed could in principle play a beneficial role in case
light particles are entrained inside the particle bed, giv-
ing them an opportunity to be resuspended into the flow-
ing film. This can be achieved by fluidizing the Falcon’s
retention zone (Abela, 1997; Laplante and Shu, 1993;
Ancia et al., 1997). However, given the low inertia of
dredged sediment particles, forced fluidization would
most likely resuspend the whole particle bed. This ex-
plains why smooth non-fluidized bowls — as shown in
figure 1 — are recommended for beneficiating fine and
ultrafine particles (McAlister and Armstrong, 1998; De-
veau, 2006).

Contrary to the Knelson separator (Honaker and Patil,
2002; Coulter and Subasinghe, 2005), a fluidisation-
based enhanced gravity separator that is often compared
to the Falcon (Laplante and Shu, 1993; Ancia et al.,
1997), only a few mechanistic studies have been con-
ducted with the Falcon. On the other hand, the Falcon
has been the focus of several empirical studies (Honaker
and Reed, 1995; Honaker and Wang, 1998; Honaker and
Das, 2004; Holtham et al., 2005; Zhao et al., 2006). By
measuring separation efficiency under controlled oper-

ating conditions, Laplante et al. (1994) and Laplante
and Nickoletopoulos (1997) have derived a separation
model for the Falcon concentrator. Through interpreta-
tion of their results, they identified and discussed sepa-
ration mechanisms that most likely take place inside the
Falcon; however, the model they derived in the end is
utterly empirical and does not embed any physics of the
separation. Honaker et al. (1994, 1996) undertook de-
tailed work about the role of the particle bed on recov-
ery; logically they concentrated their efforts on Falcon
bowls that use fluidisation. Finally, Deveau (2006) in-
vestigated the relation between bed composition and the
quality of the separation for fine particles. They showed
that a layer of better quality concentrate builds on the
surface of the bed, which agrees with our hypothesis
that differential settling plays a key role for ultrafine
particle separation. Indeed, should bed rearrangement
occur with fine particles, the surface of the bed should
contain the lighter and finer particles, those most sus-
ceptible to be resuspended. However, it turns out that
the region of the bed with the highest quality, in terms of
separation, is in fact the one where the sedimenting par-
ticles just enter the bed. Ultrafine particles having low
inertia, it is expected that they cannot clear themselves
a path towards the inside of the particle bed. This obser-
vation confirms the conclusion by Luttrell et al. (1995)
that particle bed rearrangement is not suitable for the re-
covery of ultrafine particles with a Falcon concentrator.

The abovementioned mechanisms are radically dif-
ferent; yet they both influence particle separation to a
degree that depends on the operating conditions and the
washability of the suspension fed to the Falcon concen-
trator. It does not seem possible to delineate their re-
spective contribution experimentally, i.e. by measuring
the Falcon’s product and reject streams under controlled
experimental conditions. Therefore, in order to shed
light on the effect and limitations of differential settling,
which we believe is the driving mechanism for separat-
ing fine light particles, we have chosen to investigate
particle transport inside the Falcon by computer simula-
tion. The paper presents the building blocks of the phys-
ical model we use for simulating the transport of ultra-
fine particles in a smooth Falcon bowl with no fluidiza-
tion. Simulation results on particle trajectory and scal-
ing rules are also presented, from which the Falcon’s
partition curve can be derived. Eventually, experiments
will be carried out using a L40 Falcon concentrator in
order to test the validity of the hypotheses used in our
model, such that numerical simulation can be used to
predict the performance of Falcon concentrators for fine
light particle separation.



1. Hydrodynamic modeling of the Falcon separator

1.1. Working hypotheses

Our numerical model is based on a number of hy-
potheses we believe are adapted to light ultrafine parti-
cles separation in a Falcon concentrator. The most im-
portant one is that particle separation is driven by differ-
ential sedimentation inside the flowing film. We there-
fore discard the possibility that particles be resuspended
from the particle bed back into the flowing film. Under
such an assumption, bed composition and granular flow
within the bed are not needed, the particle bed acting as
a particle sink. Once the trajectory of a particle enters
the geometrical boundaries of the bed, which is set by
the configuration of the bowl, and provided the bed is
not already filled with particles, the particle in question
enters the bed never to be seen again. Our problem is
thus limited to the study of particle trajectories inside
the rotating flowing film, from which we shall explore
the separation capability of the Falcon concentrator for
fine light particles (cf. figures 1 and 2).

Particle transport inside the film is controlled by the
flow near the wall of the bowl. This flow could be per-
turbed by the presence of the particles beyond a critical
solid volume fraction. Even without any such pertur-
bation of the flow field, particle-particle collisions and
particle entrainment through collective effects will be-
come too high beyond a critical solid volume fraction.
Such interactions will hinder the transport mechanisms
that we seek to observe. Hence, we shall restrict our
domain of investigation to dilute suspensions, such that
particles have no effect on the flow field and particle-
particle interactions can be neglected. From our ex-
perience with direct numerical simulation, such a hy-
pothesis is strictly valid for solid concentrations below
5 vol.%. We believe that the configuration of the Falcon
bowl will allow us to relax this constraint significantly.
Given that our modelling approach permits evaluation
of the perturbation induced by particle-particle interac-
tion, our model will be eventually extended to concen-
trated suspensions.

A 4-blade impeller is mounted on the bottom of the
Falcon bowl. This impeller ensures that the feed that
hits the bottom of the bowl instantaneously rotates with
the bowl. The artificially enhanced gravity induced by
the rotation then drains the film upward along the angled
wall of the bowl. The film thickness depends essentially
on the feed flow rate and the rotational velocity. The
thickness of the film is imposed by the impeller at the
bottom of the bowl. It then varies along the wall length
due to the angle of the bowl, which yields a continu-
ous increase in both section and centrifugal force with
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Figure 2: Numerical simulation: Lagrangian tracking of point parti-
cles

bowl length, and due to the no-slip viscous flow condi-
tion at the wall. Since both our visual observation and
preliminary Volume of Fluid simulation (cf. §1.2) re-
sults indicate sub-millimetre film thickness, we have hy-
pothesised that the variation of the film thickness can be
neglected along the length of the L40 UF Falcon bowl
that we use for our experimentations. Hence the simu-
lations that are presented hereafter consider a constant
film thickness. This hypothesis will be validated by nu-
merical simulation (cf. §1.2).

Moreover, we assume that the impeller that gives the
feed its initial rotational velocity mixes particles homo-
geneously as they enter the flowing film. In other words,
we consider that particles are uniformly distributed in
the thickness of the flowing film at the bottom of the
bowl.

1.2. Numerical simulation

We aim at computing the particle trajectories. There-
fore, based on a simple force balance (1) the particle
acceleration (velocity and position) is related to the lo-
cal fluid flow properties. We assume that the particulate
phase is composed of non-interacting spheres (fixed ra-
dius r, and density p,). Also, we make the assumption
of point particle while we neglect the velocity perturba-
tion of the carrying fluid flow: the particle size is smaller
than all the relevant flow scales.

d‘)
pVog = D F 1)

The force balance accounts for different contributions.
The main forces acting on the particles during their mo-
tion through the fluid film are the buoyancy force (Fp)
due to the density difference between the particles and
the fluid, the pressure gradient effect (ﬁg), the added
mass force (ﬁ m) due to inertia of the fluid during an
acceleration either of fluid or the particle and the drag
force (ﬁ p) (Clift et al., 1978) accounting for the viscous



and pressure contributions:

ﬁ3=(Pp—Pf)Vp§ (2a)
S, Dii

Fg =Pf(VpE (2b)
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The added mass coeflicient (Cyy) is set to 1/2 as rec-
ommended by Magnaudet et al. (1995). The drag coef-
ficient is calculated with the particulate Reynolds num-
ber (Clift et al., 1978) which asymptotically tends to the
Stokes law when Re,, < 1:

24
o= %o (1. + 0.15Re57) 3)

The forces (2b), (2¢) and (2d) depend on the fluid ve-
locity (if) and its spatial gradient when the flow is steady.
The force balance may be supplemented by other forces
such as lift, history forces and wall corrections to the
drag and added-mass effects. In the present paper we
neglect those contributions. Rearranging the force bal-
ance the Lagrangian tracking of the particle is obtained
by the numerical integration of equation (1).
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The flow and the trajectories have a rotation symme-

try therefore we only need the expression of the trajec-

tory equations in a fixed azimuthal plan. Assuming that

the slip between the particle and the fluid is negligible

in the azimuthal direction (vy = uy), we can simplify the
trajectory equation yielding:
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The projection of the force balance in the azimuthal
direction does not need to be solved. We assume that the
slip velocity is very small because the projections of the
buoyancy and centrifugal forces stand only in the plane

of simulation containing the axis of rotation symmetry.
However, solving only the two-dimensional projection
of the particle transport equations does not prevent a full
three-dimensional solution of the Navier-Stokes equa-
tions for the fluid velocity which controls the variation
of the azimuthal velocity of the fluid across the film sec-
tion.

All the fluid information is computed at the precise
location of the particle centre. The fluid velocity field is
predicted by a direct numerical solution of the Navier-
Stokes equations (incompressible fluid) on a fixed mesh
grid where typical grid cells are much larger than the
particle width:

V-i=0 (6a)
é’—‘7+(lz V)il = Lyt v (6b)
ot B Pr p f

The fluid flow equations are solved in a conserva-
tive form using the finite volume method on a stag-
gered grid. The velocity profile is imposed at the inlet
(parabolic profile which verifies the no-slip boundary
condition on the bowl wall and a zero shear stress on the
air/water interface) and we assume that the thickness of
fluid film is constant. The flow leaves the computational
domain due to the selection of an output numerical con-
dition.

Even with a small cone angle of the bowl (20°), the
high rotation rate induces a significant Coriolis force
wu, sin(B/2) in the simulation plane. A balance between
the driving force and the viscous effects in the wall re-
gion gives a rough estimate of the flow boundary layer
in the film. The theoretical prediction of the film thick-
ness evolution along the bowl wall could be an issue.
This point has been addressed by preliminary studies
by Bruin (1969), Makarytchev et al. (1997, 1998), Janse
et al. (2000) and Langrish et al. (2003) who were inter-
ested in spinning cone columns. Also, this aspect of the
process may be investigated by a numerical approach
dedicated to the interface motion, for instance: the Vol-
ume of Fluid method (Dijk et al., 2001). We expect only
weak variations of the film thickness, therefore we as-
sume in the present paper that the film thickness, the
fluid flow rate and the rotation rate of the bowl are fixed
and may be varied independently around the operating
condition we selected. We have made some simulations
to test the sensitivity of the results to the film thickness
imposed in the simulation. Above a certain film depth
the velocity profile corresponds to a pure solid rotation
where the streamwise velocity along the bowl wall is
close to zero. Therefore, this region of the film does not
contribute to the mass flow rate of the suspension and
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Figure 3: Coordinate systems

does not modify our results on the performance of the
Falcon separator. The fluid flow boundary layer in the
vicinity of the bowl wall is likely to be a good estimate
of the film thickness.

1.3. Solid fraction trapped in the bowl

Based on our assumption that all particles that en-
ter the retention zone of the Falcon remain fixed until
the end of the separation cycle (cf. §1.1), the criterion
for a particle entrapment is simply related to the im-
pact length of the trajectory (L) compared to the bowl
length(Lpow1)-

As long as inter-particle interactions and particle fluid
two-way coupling interactions are neglected, each par-
ticle trajectory can be computed independently. For a
given particle size and density and a set of operating
conditions (film thickness, flow rate and rotation rate
of the bowl) each particle trajectory connects a certain
position at the inlet of the film with an impact location
on the wall. Therefore, it is straightforward to deter-
mine whether the particle is trapped or not (a particle is
trapped in the bowl if the impact location occurs before
the exit of the simulation domain corresponding to the
length of the bowl wall). The probability of entrapment
for each type of particle is then related to the proba-
bility of finding a particle located at a certain distance
from the wall in the film at the bowl inlet. We chose a
uniform particle distribution at the entrance (cf. §1.1)
which means that the particulate flow rate is directly re-
lated to the fluid flow velocity profile (cf. figure 2).

1.4. Analysis of scaling laws

A number of assumptions have been required to set
our simulation model but we can go even further in
simplifying the problem to highlight the basic features
which control the particle separation in the Falcon ap-
paratus. Indeed, the most intrinsic trends controlling

the entrapment of coarse and heavy particles at the wall
can be obtained by the analysis of scaling laws. Those
laws will relate the impact length to the basic operating
conditions of the process and provide the sensibility of
the results to each parameter. This is a theoretical esti-
mate which can be compared to more accurate numer-
ical modelling and experimental measurements. This
section is dedicated to the determination of scaling ar-
guments for the length (L) before impact at the wall. L
is the result of a particle trajectory integration. Writing
Y as the normal distance of the particle from the wall
and X its streamwise position along the bowl wall direc-
tion, then L can be obtained by integrating the following
equation:

dx = Xy 7
Vy

Assuming that the particulate Reynolds number based
on the slip velocity between the particles and the fluid
is small, we can use the Stokes sedimentation velocity
obtained when the drag coeflicient Cp = 24/Re,. The
two components of the particle velocity are given by the
following equations:

Fy

Vxy = uyx + (8a)
6mur),
F
Vy = Uty + — (8b)
6mur,

uy is the streamwise velocity of the fluid which de-
pends on the position of the section along the bowl wall
but also on the distance normal to the wall. It may
be expressed through equation (9a) (see Appendix for
derivation details) as the product of the average velocity
(Q/Ay) and a wall normal profile (P) depending on the
normalized position Y/h within the fluid film (constant
thickness 7).

Y
Ux = Qh B P(Z, r) (9a)
27rrh(1 — 5, COs 7)
Considering a thin film (7 < r), this yields:
~ 5 (57)
X e\ (%)

In the streamwise direction of the flow, the slip ve-
locity can be neglected because the slip is the result of a
balance between the projection of the buoyancy effect,
the centrifugal acceleration and the drag force. Due to
the small value of the cone angle of the bowl, the partic-
ulate relative velocity is small compared to the average
velocity of the carrying fluid flow. On the contrary, the



centrifugal force is dominating in the crossstream direc-
tion. Indeed, the assumption of a constant film thickness
leads to very weak fluid velocities across the film. Con-
sequently, we can make the following simplications in
the trajectory equation modelling.

uy > (10a)

6mur,

Uy < (10b)

6mur),

The projection of the centrifugal force experienced by
the particles in the direction normal to the wall is:

Fy:—Ap(przrcosg (11)
The impact length L results from a simple integral

depending on Y, the initial particle distance away from
the wall in the inlet section of the fluid film:

6mur
dx = v, dy (12a)
Y
L 0
- Y
f Pax= [ 9r P(—,r)dY
0 Yo 4T Ap r2w? h cos'g h

(12b)

The theoretical analysis could make one step forward
by including the relation between the rotation rate of the
Falcon bowl, the fluid flow rate and the thickness of the
liquid film A(w, Q). In the present study, we consider
them as independent parameters. For the same reason
of simplicity, we recall that the rotation of the flow in
the azimuthal direction is approximated to a solid body
rotation and the flow profile in the (X, Y) plane is a semi-
parabola P(Y/h, r) (Poiseuille flow between a wall and
a free shear interface). We accounted for the effect of
the cone angle on the average flow velocity as the film
cross-section increases along the direction of the bowl
wall.

r:R0+Xsin§ = rzzR(z)+2R0Xsin’§ (13a)

Y 3(,Y Y2
P(i1)=305 ) (3

The result of the integration for a particle released at
a distance Y from the wall is:

L 1+£siné =
Ry 2

27 s ol BV
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which in turn gives the following scaling laws:

L™ o @ Ap! r? w2 R (152)
In(1+ Lsin?
where a = w (15b)
In R_o

It is interesting to note in the expression (15a) that the
sedimentation length of a particle is, according to this
theory, independent of film thickness. Although the the-
ory described here is a simplification of our simulation
model and of the real physics of Falcon concentrators,
this information can be used to strengthen our assump-
tion of constant film thickness. Even if a relation exists
between the evolution of the thickness and the Falcon’s
operating parameters, we can already draw some con-
clusions obtained with an approximated constant film
thicknesses.

1.5. Application to ultrafine particle recovery

A simple analysis of the scaling law gives a first clue
on the possibility of using a Falcon concentrator in the
ranges of density and size we selected. Indeed, the ex-
pression (15a) shows a stronger dependence of the im-
pact length on the particle width than on their relative
density. The difference in exponents is rather small and
a more thorough inspection of the simulation results
based on the complete force balance is required for a
definite answer. A separation based only on the nature
of the particles for any size would be restricted to very
large density differences.

2. Results and discussion

2.1. Numerical validation of the scaling laws

The full numerical simulations of the trajectory take
into account all the relevant forces which depend both
on the local flow characteristics and the particle dynam-
ics. We have identified the dominant forces to be the
enhanced gravity due to rotation, added mass and drag
forces. In the theoretical prediction of scaling laws, the
drag force has been approximated to the Stokes drag
for low particulate Reynolds number. This expression
is only accurate when Re,, < 1.

2 3
vyrp 4 (pp—pr\w Ror
Re,,=2yP=—(pp pf) 07 (16)
% 9\ pr v
Fixing Re, = 1, equation (16) gives the relation

between all the physical parameters involved in (14).
Then, we can evaluate the the limit of the assumption
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Re, < 1. This limit is materialized by a dash line in
figures 4, 5 and 6.

Even small and light particles may settle onto the
bowl wall at higher particulate Reynolds numbers
while experiencing the Falcon’s enhanced gravity field.
Therefore, it is necessary to compare the predictions of
the scaling laws with simulation results obtained using
a more general expression of the drag force when even-
tually Rep > 1.

For testing the accuracy of the scaling laws, we have
carried out a number of simulations using the Poiseuille
flow field we assumed in our theoretical analysis. In
these cases, the differences between the simulation re-
sults and the theoretical predictions can be only inferred
to the force balance expression. Figures 4, 5 and 6 show
the simulation results. Clearly, these figures show that
the rotation rate and the impact length are correlated
with a constant exponent when the Stokes law is valid
(as expected from §1.4). Particles of low particulate
Reynolds number trapped into the bowl have a length
before impact at the wall which is approximately the
bowl length (Lpow1 = 7 cm), so @ = 0.25. Their mea-
sured exponents in the simplified simulations are:

L1.25 o Ql.06 Ap—l.O r;l.91 w—1.99 (17)

When Rep > 1 at some point of the trajectory, the
drag force becomes non-linear and the simulations of
the full force balance are necessary. The general trend
is conserved although Rep > 1 for light particles while
the exponent varies more drastically for the heavier and
larger particles for which the separation is more effi-
cient. In the context of our study (particles in the range
of 5 to 60 um), we can conclude that the scaling laws
are good estimates of the separation process.

Let E be the integral of the inlet velocity profile (P):

1 (P gy
E(Y0)=Ef0 P(Z,Ro)dY (18a)

When multiplied by the feed washability density distri-
bution function, E(Y;) gives the mass fraction of parti-
cles whose inlet position is between 0 and Y;,. The inlet
position Y, that corresponds to a given sedimentation
length L can be calculated directly by inverting the scal-
ing law L(Yp). In particular, Yo(Lp,yy) is the inlet eleva-
tion of those particles whose impact length is precisely
equal to the bowl length. Hence, E(Yy(Lpoyws)) is the
function which, when mutiplied by the feed washability
probability density distribution function, yields the cu-
mulative mass fraction of particles that hit the bowl. In
minerals processing, this is better known as the partition



function (C) (Wills and Napier-Munn, 2006), which we
define with the above notations as:

C = E (Yo(Loow1)) (18b)

When all the variables are independent of Y, which is
true in our simplified simulation, equation (14) is of the
generic type:

L(Y)'™™ o Q° pi” Ap° 1 w° R} E(Yy) (18¢)
The inverse function is of the type:
Yo(L) o< E7 (Qu™Ap~ ) w Ry L™)  (18d)

where E~! is the inverse of function E. By substituting
(18d) into (18b), the partition function C can be deduced
from the scaling law:

C o QU Ap™ 1w Ry LYY, (18e)

Substituting the exponents of equation (14) into equa-
tion (18e) will not yield usable quantitative prediction
of the partition function C, since equation (14) is based
on a simplified model of the physics inside the Falcon
bowl. In order to determine the true quantitative expo-
nents that will allow us to use equation (18d) for predict-
ing the Falcon’s partition function in the ultrafine parti-
cle size range, a full simulation, coupled with a more
complete theoretical analysis, is required.

2.2. Implications for ultrafines’ gravity separation

Sedimentation length is strongly dependant on par-
ticle size in the domain of validity of the Stokes drag
law (cf. §1.5). However figure 6 shows that it becomes
less size dependant the further the particle flow condi-
tions move away from the Stokes domain (Re, > 1). By
reducing the particle size dependency, it should then be
possible to reveal an operating domain where the Falcon
concentrator will perform as a gravity separator for ul-
trafine particles. Identification of this operating domain
is the focus of our current work.

2.3. Discussion of the full simulation results

The full numerical model including the flow simu-
lation can now be used to compute the impact length
for any particle (size and a density). Depending on
distance to the wall Y; at the inlet of the film and the
Falcon’s operating conditions, each particle will follow
a specific trajectory through the liquid film until they
impact the wall of the rotating bowl or eventually exit
the bowl without being trapped. Their sedimentation
length, compared to the actual bowl length (cf. figure 2)

gives us a direct criterion for predicting whether the par-
ticle is trapped by the Falcon. With an input washabil-
ity distribution in the feed stream, our simulation model
allows us to predict the washability of both the prod-
uct and the tailings streams. Consequently, the Falcon’s
partition function can be calculated. The symbols in fig-
ure 7 show the simulation results for the partition func-
tion of a L40 Falcon concentrator for particles whose
densities correspond to a mixture of sandy and organic
dredged sediments.

Scaling laws are also very useful from a simulation
point of view. Indeed, the CPU time required for the
simulation of a trajectory varies as the inverse of the
square of the particle diameter (due to the constraint on
the time step related to the particulate viscous relaxation
time), the Lagrangian tracking of very fine particles is
extremely time consuming. Based on scaling laws, the
impact length for very fine particles, and hence their re-
covery, can be extrapolated from the simulations with
coarser particles.

Experimental measurements will be valuable to test
our model assumptions and the accuracy of the separa-
tion prediction. Comparison between simulation results
and experimental measurements on a L40 Falcon con-
centrator is the object of ongoing work. Coming back to
the purpose of our stydy, beneficiation of dredged sed-
iments with a Falcon concentrator, our simulation re-
sults are encouraging as they predict a sharp separation
around 10 um in the particle density and size range of
interest (see figure 7).

The partition function predicted by the simulations
for 1000 rpm and 4 1/min was applied to the washabil-
ity measured on a sample of dredged sediments from a
lake. Figures 8 and 9 show the results we obtained. The
concentrate contains all the valuable 100 yum X 10 um
sandy fraction while most of the organic content and ul-
trafine particles (smaller than 10 um) are composing the
tailing stream. These preliminary findings confirm that
the Falcon concentrator is a promising process for the
benaficiation of fine and ultrafine dredged sediments.

Conclusion and perspectives

In this paper, we have presented the bases of a
mechanistic model for the Falcon separator, with the
objective of quantifying its potential for beneficiating
dredged sediments. The gravity separation challenge
with dredged sediments comes mainly from the size
of the material, with valuable sandy particles in the
100 ym X 10 um size range. Particle fineness, along
with the relatively high content of valuable material in
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Figure 7: Examples of separation curves predicted by simulation

Full simulation result for w = 1000 rpm and Q = 4 1/min, in a Falcon L40
concentrator with a smooth 7 cm long bowl.
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Figure 8: Washability of a sample of dredged sediments
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Figure 9: Predicted washability of the Falcon concentrate

Full simulation result using the same operating conditions as figure 7, applied
to the feed washability given in figure 8.

the feed, make this problem quite different from stan-
dard Falcon applications.

Contrary to separation problems with larger and
denser particles, dredged sediment particles have a com-
paratively low inertia; hence their separation inside the
Falcon is mainly controlled by the fluid flow field. This
explains why the mechanistic Falcon model that is pre-
sented here relies on a hydrodynamic analysis of parti-
cles’ trajectories inside the Falcon’s flowing film. The
probability of recovering a particle with the Falcon is
therefore directly related to the particle’s probability of
hitting the wall of the Falcon bowl.

Analysis of the fluid flow equations has revealed that
accurate modelling of particle trajectory inside the Fal-
con is a truly three-dimensional problem, as the fluid
velocity in the azimuthal direction appears in the axysi-
metric solution of the particle force balance equation.
Nevertheless, the three-dimensionality of the problem
was neglected in this paper in favour of providing the
reader with a complete picture of the framework of the
proposed phenomenological Falcon model. A forth-
coming paper will present the full three-dimensional so-
Iution, whose results can be directly substituted in the
model equations presented here. The paper presents
a dimensional analysis of the particle impact length in
somewhat simplified conditions, and the generic way by
which the impact length scaling law can be used to de-
rive the Falcon’s partition function from fluid flow me-
chanics simulations.

Future work will involve extending the derivations
proposed in the paper to the full three-dimensional
case, for which early simulation results are already dis-
cussed in the last section of the paper. The results pre-
sented here are encouraging, as they indicate that the
Falcon concentrator can indeed be used for beneficiat-
ing dredged sediments. Indeed, when the full three-
dimensional flow field is used for calculating particle
trajectories, we find that the Falcon concentrator is able
to concentrate the valuable 100 ym X 10 um sandy frac-
tion while rejecting the organic particles (s.g. = 1.3) and
ultrafine particles (; 10 um). These conclusions are ten-
tative only, and more simulations coupled with experi-
mental validations will be carried out in order to validate
a complete mechanistic separation model for ultrafine
particle separation with the Falcon concentrator, from
which the best operating conditions will be determined.
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Appendix

The fluid velocity profile is written as the product of
the average velocity (Q/Ay) and profile (P) depending
on the wall normal distance Y scaled by the film thick-
ness.

w-Lrli

The fluid film section (Ay) is a truncated cone, whose
generatrix is the film thickness normal to the bowl wall.

Defining A; as the lateral area of a cone, we then find
(see notations on figure above):

Ap = A(H) - A (H - h)

2 — hsi 2
= 7.rr _ - siny) = n(2rh — h? siny)
siny siny
h B
=2nrh(1 — —cos =
T ( 5y 608 2)

which yields equation (9a).

Notations

The p and f subscripts stand respectively for physi-
cal properties of the particles and fluid. They may be
omitted when there is no ambiguity (the viscosity for
instance). The X and Y subscripts represent the vector
components into the rotating frame : X for the stream-
wise direction and Y for the wall normal direction (see
figure 3).

i, V¢ velocity vectors of the fluid and the particles

= = .
Uzp, V2D -

(7.2

ug, vo + azimuthal velocities, so that i = ilop + ugéy

projections of the velocities onto the plane

p : pressure inside the fluid
p ¢ density

¢ dynamic viscosity

v : kinematic viscosity

rp ¢ particle radius
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YV, A: volume and area
Cy, Cp @ added mass and drag coeflicients
F M F p : added mass and drag forces

Fg, Fg: buoyancy force and effect of the pressure gra-
dient

C : recovery to product

E : feeding profile integral on the trapped particles
L : sedimentation length

a : sedimentation length exponent in scaling laws
Liowi ¢ bowl length

r ¢ distance from the bowl symmetry axis

h : film thickness

P : velocity profile inside the film

X : position in the streamwise direction

Y : position in the film, wall normal distance

Q : feeding rate

w : rotation rate

B:

Ry : bowl radius

opening angle of the bowl

Re,, : particulate Reynolds number
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