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Abstract— Reducing the overall mine-water consumption is a
necessity in moving toward a more sustainable mining industry
in Canada. Water treatment is a key requirement to achieve this
goal. This study numerically investigates the dynamics of a de-
cantation process as a technique to recycle and reuse mine-water.
A three-dimensional mathematical model that considers the con-
servation of mass and momentum has been derived, validated,
and implemented to simulate the turbulent two-phase flow inside
a decantation tank. The framework of the validated model has
been extended to examine the effect of various design and operat-
ing parameters on the efficiency of a full-scale decantation tank.
The results compare the efficiency of multiple designs of the de-
cantation tank in terms of the overflow water quality. The results
indicate that the efficiency of the decantation tank increases with
inner surface area, where a plain decanter with a tangential inlet
pipe has the highest efficiency.
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I INTRODUCTION

Mine-water consumption in underground mines has increased dra-
matically in recent years due to the escalating demand for metals and
minerals and the decrease in the overall ore quality [1]. According to
Environment and Climate Change Canada, the mining sector consumed
more than 975 million cubic meters of water in 2013, with a 25% in-
crease from 2011 [2]. 73% of the mine-water is used as process water
that serves various purposes such as drilling, slurry transport, dust sup-
pression, mineral processing, and others. Recycling process water is an
essential step to reduce the total intake of raw water while at the same
time minimizing the release of potentially contaminated mine-water to
the surrounding environment. Modern mines often recycle most of the
process water [3]. However, there are various technical obstacles to
reusing mine-water, including water quality and quantity, and treatment
cost and complexity [4].

There are several treatment approaches to recycle process water.
The selection and configuration of these approaches depend mainly
on site conditions such as process water quantity, available space, and
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chemical compositions of the mined minerals [5]. For instance, remote
deep mines often treat their process water underground. The key ben-
efits from implementing this local approach are reducing the pumping
cost and its corresponding impacts, such as lowering energy load, main-
tenance cost, biological activity, and the dependence on the chemical
supply chain [6].

One of the local methods to treat mine-water is the co-
agulation—flocculation—decantation process.  This effective physi-
cal-chemical pre-treatment technique has been widely used in industrial
wastewater treatment [7-9], dye effluents [10], and others to force the
suspended solids to agglomerate into large settleable flocs in order to
improve water recovery from concentrate. The decantation sub-process
is classically designed to separate and trap suspended solids based on
the differences in their densities. The implementation of the decantation
process in the mining industry goes way back to 1905 when the Dorr
thickener was invented and introduced in the mining concentrators of
South Dakota [11]. Since then, the technique has been utilized alone or
in combination with other processes to recycle and reuse process wa-
ter [12, 13].

Several studies have discussed the process of a batched thickener
tank [14-17]. However, the research of a continuous decantation pro-
cess is scarce, especially for underground mining applications. There-
fore, the goal of this paper is to characterize the dynamics of the sep-
aration process within a gravity decantation tank under various design
and operating conditions. A three-dimensional model is derived and im-
plemented in this research to mimic the corresponding physics of the
decantation of solid particles.

In the following, the model derivation along with its numerical im-
plementation are discussed in Section II. The results are then discussed
and explained in Section III. Here, we analyze the outcomes of a para-
metric study that highlights the impact of the design and operating pa-
rameters of a decantation tank. Finally, we draw various conclusions
remarks on our research, emphasizing the effect of the inlet flow rate,
tank internal design, and the orientation of the inlet pipe on the overall
efficiency of the decantation tank.

IT MODEL DEVELOPMENT
A Geometrical modeling
Fig. 1 shows a schematic diagram of a decantation tank with a tan-
gential inlet pipe and an inner cylinder. The latter serves as an obstacle
that aims to reduce the inlet velocity. The decanter has an overall di-
ameter of 1003.3 [mm] (39.5 [in]). The diameter of the inner cylinder
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Figure 1. Schematic diagram of a full-scale decantation tank with an
inner cylinder.

is 889 [mm] (35 [in]) which leaves a gap of 57.15 [mm] (2.25 [in]) be-
tween the outer wall of the decanter and the inner cylinder. This gap
is slightly bigger than the 50.8 [mm] (2 [in]) diameter of the inlet pipe,
which forces the inlet flow to slide over the wall of the inner cylinder
aiming to reduce the tangential inlet velocity. The decanter is divided
into two main sections with a total height of 958.85 [mm] (37.75 [in]),
excluding the underflow pipe. The first part is the vertical top cylinder
with a height of 505.37 [mm)]. This section consists of the inner cylinder
with a height of 457.2 [mm] (18 [in]), the inlet pipe, and the overflow
with a height of 48.17 [mm]. The clean water exits the decantation tank
through the overflow into a bucket (not shown in the schematic). It is
then collected to be either reused or go through further recycling pro-
cesses. The second part is a 45° cone with a height of 453.48 [mm]. The
aim of the angled cone is to ease the settlement and the collection of
the flocculants through the underflow pipe. The design shown in Fig. 1
is used as a base-case design in this study. We compare the impact of
various design concepts on the overflow water quality; more elaboration
on this point is given in the following sections.

B Gowverning Equations

A three-dimensional mathematical model comprising the conserva-
tion equations of mass and momentum is derived to govern the isother-
mal, two-phase, steady-state, turbulent flow of water and solid floccu-
lated particles inside the decantation tank. The turbulent flow model is
formulated based on the Reynolds-Averaged Navier-Stokes equations
using the e-based Reynolds Stress Model (RSM) based on Launder,
Reece, and Rodi model [18]. The Eulerian-Eulerian approach is em-
ployed to model the two-phase flow by describing the liquid-particle and
particle-particle interactions. The two-phase flow is characterized by the
concept of phasic volume fractions,, as a continuous spatial function:
— Conservation of mass:
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where p is the density and u is the velocity vector for liquid phase, /,
and solid phase, s.

— Conservation of momentum:
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where p is the pressure shared by all phases, I is the identity index, T
is the stress-strain tensor, g is the gravitational acceleration, Fi;s is the
lift force, and Fg,, and Fg,, are the interaction forces between the liquid
and solid phases.

The liquid phase stress-strain tensor, 7y, is defined as below:
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where 1 and & are the shear and bulk viscosities, respectively. On the
contrary, the solid phase stress-strain tensor, 7; is defined based on the
kinetic theory of granular flow with the addition of solid pressure pg
term into the equation [19]:
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The lift force, Fyi; o and Fiis s, are defined as below [20]:
Fiitie = —Cipe@ps (ug —ug) x (V x uy) @
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where C is the lift coefficient that is defined based on Moraga’s model
[20].

The interaction force Fr between the liquid phase and solid

phase is simply defined based on the momentum exchange coefficients,
Ky (=Ky), as [19]:

Fr,, =Ky (u —uy) ®

and

Fr, =Ky (us—uy) 10
The momentum exchange coefficients, K;; and Ky, are defined in this
study based on the Gidaspow drag model [21].

C  Numerical Methodology

Various computational domains based on multiple inlet pipe ori-
entations and internal design of a decantation tank are developed and
meshed with proper boundary conditions. The governing equations to-
gether with boundary conditions are solved using a finite-volume solver.
An inhomogeneous two-phase Eulerian-Eulerian is used with an im-
plicit volume fraction parameter that is more suitable for a steady-state
simulation. The primary phase is water, while the secondary phase
is modeled as a flocculed particles with a density of 1150 [m3/s] and
a diameter of 150 [um]. These data are extracted from experiments
(not shown here for sake of brevity) on the real sludge. The equations
are solved with a second-order upwind spatial discretization and imple-
menting the Semi-Implicit Pressure-Linked Equation (SIMPLE) algo-
rithm. The convergence criteria are set to 103 for all parameters. The
framework of the numerical model was carefully validated in our pre-
vious work [22] against two experimental data of turbulent pipe flow of
slurries [23], and a hydrocyclone [24]. The validation results showed
that the numerical model’s framework was in very good agreement with
the experimental data.



D Boundary Conditions

The boundary condition at the inlet is defined as a constant veloc-
ity inlet corresponding to a volumetric flow rate of 11.356 [m>/hr] (50
[GPM]); these values are chosen based on the industry partner specific
needs. It corresponds to a constant inlet velocity of 1.5564 [m/s] im-
posed for both phases. The turbulence is defined at the inlet based on
the intensity and hydraulic diameter. The value of the turbulence inten-
sity is set at 5%. A flocculant concentration of 4.5 % volume fraction is
also defined at the inlet. A zero gauge pressure is defined at the overflow
and the underflow along with zero normal gradients of each phase mass
fraction. A no-slip boundary condition and a zero species flux are desig-
nated at the walls. The top of the tank, however, is defined as a slip-wall
with zero shear condition to model the open-top of the decantation tank.

III RESULTS AND DISCUSSION

This study aims at quantifying the performance of a decantation
tank, in terms of the overflow water quality, under various design and
operating conditions. First, a parametric study based on the decantation
tank from our previous work [22] is conducted to examine various oper-
ating conditions, as depicted in Fig. 2. We examine the impact of flocs
diameter, flocs inlet volume fraction, and inlet flow rate on the perfor-
mance of the decantation tank. A range of flocs diameters of 10, 50, 80,
100, 150, and 200 [pm] is determined in the simulations. The inlet vol-
ume fractions range between 0.5% and 2% with an increment of 0.5%.
Flow rates of 2.27, 4.54, 6.81, 9.08, and 11.36 [m3/hr] (10, 20, 30, 40,
and 50 [GPM]) are considered here. After that, a base case from the first
parametric study is adopted to examine various design parameters such
as inlet pipe orientation as well as various inner obstacles.

Overflow

Inlet

Underflow

Figure 2. Schematic diagram of the decantation tank with an inner V-
shaped baffle, after [22].

A Effect of Flocs Diameter
The impact of the flocs diameter on the overflow water quality is
illustrated in Fig. 3. In this study, the overflow water quality is deter-

mined based on the relative volume fraction, §, defined as the ratio be-
tween the overflow volume fraction, ¢, , and the inlet volume fraction,
@in, of solid particles:
Pout

¢ O (11)
The relative volume fraction decreases from 88.8% at flocs diameter of
10 [um] to as low as zero percent at flocs diameter of 200 [m]. Addi-
tionally, flocs diameters less than 150 [pum] have a higher probability of
more than 65% to appear in the overflow.
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Figure 3. Influence of the flocs diameter on the overflow water quality
given in terms of relative volume fraction (the lower, the better).

The flocs diameter has a linear correlation with the lift coefficient,
C;; more details are given in [19,22]. As the diameter increases, the lift
coefficient increases, which means that more force is needed to lift the
flocs, as explained in Eq. (8). Therefore, as the flocs diameter increases,
the probability of those flocs reaching the top of the decantation tank
decreases, resulting in a lower relative volume fraction, {. Among other
diameters, the flocs diameter of 150 [m] exhibits the most interesting
results with a relative volume fraction of 39%. This means that almost
half of the flocs exit the tank through the overflow while the rest either
accumulate at the bottom or exit through the underflow pipe. We chose
the 150[um] diameter as a pre-determined operating condition in the
second parametric study because of its sensitive behaviour.

B Effect of Inlet Volume Fraction

Fig. 4 shows the impact of inlet volume fraction, ¢;,, of a flocs di-
ameter of 10 [im] on the overflow water quality in terms of the overflow
volume fraction, ¢,,;. The selection of the 10 [um] diameter is based
on the fact that it has the highest relative volume fraction, §, of 88.8%,
as compared to the other flocs diameters, as explained in Fig. 3. More-
over, the overflow water quality is represented here in terms of overflow
volume fraction, @y, instead of the relative volume fraction, §, because
the flocs diameter is fixed. Thus, the relative volume fraction remains
always the same (i.e., 88.8%). For example, in the case of an inlet vol-
ume fraction of 1.5%, the overflow volume fraction is 1.332%, which
gives us a relative volume fraction of 88.8%.
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Figure 4. Influence of the inlet volume fraction, ¢;,, on the overflow
volume fraction, @, for 10 [um] diameter flocs.

Since the relative volume fraction is bonded with the diameter and
the correlation between the lift coefficient, C;, and the diameter is linear,
as explained before, one could expect a linear correlation between the
inlet and outlet volume fractions. Therefore, this linear behaviour could
be extended as long as other parameters are kept constant. The inlet
volume fraction of 4.5% is determined for the design parametric study
based on in situ data from an underground mine.

C  Effect of Inlet Flow Rate

The inlet flow rate is one of the most important parameters that
affect the efficiency of the decantation process. A range of flow rates
between 2.27 and 11.36 [m3/hr] (10 and 50 [GPM)]) is investigated with
an increment of 2.27 [m3/hr] (10 [GPM]) to mimic the inlet flow rate
in practice. The impact of the inlet flow rate on the relative volume
fraction is illustrated in Fig. 5. Here, a flocs diameter of 150 [um] and
an inlet volume fraction of 4.5% are implemented based on the previous
discussion. The results show an increase in the relative volume fraction,
¢, from 0.55% at an inlet flow rate of 2.27 [m3/hr] (10 [GPM]) to 42.3%
at an inlet flow rate of 11.36 [m3/hr] (50 [GPM)). This increase appears
to be almost linear throughout the range.
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Figure 5. Influence of the inlet flow rate on the overflow water quality.

By increasing the inlet flow rate, the amount of solid particles en-
tering the decantation tank increases, which satisfies Eqs. (1) and (2).
In the light of the previous discussion on the impact of the inlet vol-
ume fraction on the overflow volume fraction, and since there are more
solid particles at higher flow rates, it is expected to have a higher relative
volume fraction at a higher inlet volume fraction.

D Effect of Various Design Parameters

Based on previous discussion, the operating conditions are fixed to
a flocs diameter of 150 [um], an inlet volume fraction of 4.5%, and an
inlet volume flow rate of 11.36 [m3/hr] (50 [GPM]). The second para-
metric study examines two main design criteria: the orientation of the
inlet pipe, and the inner obstacles that aim at slowing down the flow ve-
locity in order to improve the decantation process. The inlet pipe has
either tangential or perpendicular orientations, as depicted in Fig. 6. In
both cases, the pipe is installed horizontally at the top of the inner cylin-
der. For the plain decanter, the pipe is moved toward the bottom of the
top part with a vertical tilt of 20°, aiming to increase the residence time
inside the tank by directing the flow downward toward the cone. The in-
ner cylinder and the cross structure are installed as obstacles that serve
two main objectives: (i) slow down the velocity of the inlet flow, and
(i1) help the solid particles decant at the bottom of the tank and then exit
through the underflow pipe. These objectives should serve the ultimate
goal of improving the efficiency of the decantation tank by increasing
the overflow water quality. The dimensions of the inner cylinder have
been discussed in Section II.A. On the other hand, the cross structure
height is set at 304.8 [mm] (12 [in]); two-third of the inner cylinder
height. The other dimensions such as the tank total diameter and height,
the diameter of the inner pipe, the overflow height, cone angle, and di-
ameter of the underflow pipe are kept the same, as illustrated in Fig. 1.

Perpendicular Tangential Cross Plain
Inlet Inlet Structure Decanter

Figure 6. Various design proposals of the decantation tank.

The relative volume fraction, {, of each design concept is illus-
trated in Fig. 7, where the lower value of { means a better overflow
water quality. First, the perpendicular inlet pipe provides the highest
relative volume fraction compared to the other cases, with a value of
52%. Although the inlet flow hits the inner cylinder perpendicularly,
which should result in a sudden decrease in the inlet velocity, yet more
than 50% of the inlet solid particles manage to reach the overflow. This
is directly correlated to the high inlet flow rate of 11.36 [m3/hr] (50
[GPM]). The high inlet flow forces the mixture to split around the inner
cylinder and form two counter swirls that negatively impact the decanta-



tion process, as depicted in Fig. 8(a). Here, a slice of a vertical plane
illustrates the impact of the inlet pipe orientation at high inlet flow rate
on the flocs distribution, and thus the overflow water quality.

The second observation is that the plain decanter (i.e., no obstacles)
provides the lowest relative volume fraction with a value of 20.88%. Al-
though this result sounds counterintuitive, there is a reasonable explana-
tion behind it. The inlet flow rate enters the decantation tank through
a 20° inclined tangential pipe, as shown in Fig. 6. The tangential flow
creates a swirl inside the decantation tank, where heavy solid particles
stay at the sidewall due to the cyclone effect. This behaviour helps the
flocs decant faster into the bottom of the tank. Besides, the surface area
of a plain decanter is larger than the other design concepts. A vertical
plain showing the volume fraction of the solid particles is illustrated in
Fig. 8(d). Since the flow rate is constant, the larger surface area leads to
a lower vertical velocity. Based on the definition of lift force, Fj;f; s, in
Eq. (8) the lower the velocity, the lower the lift force, which also leads
to a lower relative volume fraction at the overflow. These two reasons
explain why the plain decanter provides the lowest § value compared to
the other design concepts.

Finally, The two main obstacles, the inner cylinder and the cross
structure, perform as expected, with a relative volume fraction of 42.3%
and 37.14%, respectively. However, the cross structure exhibits bet-
ter performance because of the considerable disturbance to the mixture
flow, leading to a lower velocity and a lower relative volume fraction.
However, as shown in Fig. 8(b) & (c), there is a fundamental difference
between the two designs. The decanter equipped with only an inner
cylinder behaves similarly to the plain decanter, where the tangential in-
let flow creates a swirl forcing the heavy solid particles to stay at the
sidewall. This behaviour leads to a low value of { at the overflow. On
the contrary, the swirl is absent in the decanter equipped with the cross
structure. Instead, the cross structure halts the swirl, significantly reduc-
ing the flow velocity and ¢ at the overflow.
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Figure 7. Overflow water quality in terms of relative volume fraction
for four designs.
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Figure 8. Contours of the flocs volume fraction for various design pro-
posals: (a) Perpendicular Inlet, (b) Tangential Inlet, (c) Cross Structure,
and (d) Plain Decanter.

CONCLUSIONS

A three-dimensional mathematical model based on the Eulerian-
Eulerian approach and the RSM has been derived and implemented to
model a two-phase, steady-state, turbulent flow of water and 150 [(tm]
flocculated solid particles. A Two-step parametric study that aims to
evaluate the impact of various operating and design parameters has been
conducted. First, the effect of flocculated particles diameter, inlet vol-
ume fraction, and inlet volume flow rate on the overflow water quality
is studied. After that, a base case based on the first parametric study
is selected as pre-determined operating conditions for the second para-
metric study, where various design concepts are evaluated. The results
show that the surface area of a decantation tank is a crucial parameter
in the efficiency of the decantation process. Moreover, certain obsta-
cles have the ability to slow down the flow velocity, which enhances the
overflow water quality. This study is a foundation for future investiga-
tions. The computational research presented here can be extended to
examine a more realistic floc diameter distribution. Additionally, other
design concepts could be proposed to improve the decantation process
while keeping the flow rate as high as possible.
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