
Introduction

Sedimentation is one of the most widely used processes
in water treatment systems, both in water and sewage treat-
ment. It is a process used in both industrial and civil sys-
tems.

The popularity of this process in practical applications
can be attributed to many factors. The core ones may
include low operating costs of the facilities and the rela-
tively simple structure thereof. 

The essence of sedimentation consists in particles
(solids) being moved down by gravity in fluid, with the
simultaneous occurrence of differences of density between
the falling solids and the medium in which they are located.
The extensive use of sedimentation in practice has resulted
in a number of mathematical and empirical models describ-
ing the process, or the effects of sedimentation equipment
[1-3]. However, in most cases models describing sedimen-
tation do not allow one to determine the concentration dis-
tribution inside a sedimentation device during analysis.

A very important change in the capacity to analyze the
operation of settling devices and the process of sedimenta-
tion has been achieved by numerical methods, the use of
which allows not only for obtaining information on the

flow field inside the sedimentation device [4-7], but also the
modeling of multiphase systems [8-12]. Moreover, the
application of numerical methods to calculate the process
allows the calculation of its changes over time, apart from
the slurry concentration distributions in the system.
Modeling of multiphase systems, which include suspen-
sions, is still discussed [13]. Unfortunately, due to the very
wide range of factors that influence the properties of sus-
pensions [3, 14], various kinds of effects that occur during
the process, depending on the concentration, as well as the
materials of the dispersed fraction, there are no numerical
models that would allow for the modeling of sedimentation
with the same accuracy. The reasons for this lie in the level
of complexity of interactions that occur during sedimenta-
tion. Depending on the physicochemical properties of the
suspension (for example its concentration, granulometric
composition, structure of the dispersed fraction, etc.) [14,
15] we obtain different processes for suspensions with sim-
ilar parameters. An additional complicating factor in the
modeling of sedimentation is the presence of areas of very
high and very low concentrations within the same system
[16, 17].

Such a large number of factors affecting the process
makes it virtually impossible to perform a reliable numeri-
cal simulation of sedimentation without prior validation of
the mathematical model used.
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Information on the distribution of slurry concentration
in the settler would be a great tool in the hands of the
designer, who, on this basis, could optimize the device’s
construction in order to obtain the highest efficiency of its
operation while minimizing its size.

The object of the work described in this paper is the
selection and verification of numerical models available in
the commercial Ansys code CFX [18-22] used for the mod-
eling of sedimentation of industrial suspensions. In the
described research, uses the suspension derived from the
process of flotation of copper ore. The suspension is char-
acterized by a relatively high initial concentration of 130
kg/m3 and a polydisperse granulometric composition [16]. 

Simulations were intended to provide an answer to
whether one can obtain conformity of simulation results
with laboratory tests for a suspension with known proper-
ties (known solid particle composition) at a level which
would allow for the use of numerical simulations carried
out in practice by the designer, or not.

Laboratory Tests

For comparison of the results obtained with the results
of numerical simulations in real-life systems, it was decid-
ed to test the use of sedimentation of suspension. The test is
illustrated by changing the height of the clear liquid separa-
tion zone and the suspension function of time in a measur-
ing cylinder [3]. The primary test applied in the performed
analysis was sedimentation in a measuring cylinder orient-
ed vertically. As a control analysis, numerical simulation of
sedimentation in a measuring cylinder positioned at the
angle α=45º to the substrate also was carried out (the possi-
bility to verify the process of sedimentation, and also the
process of the suspension sliding down the glass wall of the
settler – a phenomenon occurring in every sedimentation
tank using multi-stream sedimentation).

The measurements were made in a gradated cylinder
with an inner diameter of 42 mm and the suspension col-
umn height at 930 mm. The measurements used industrial
slurry derived from the process of flotation of copper ore.
The granulometry curve, described by the log-normal dis-
tribution density curve with parameters m=3.091 and

σ=0.367, is presented in Fig. 1. Fraction-suspended solid
material had the density ρd=2,700 kg/m3. The initial con-
centration of the slurry used in the study, and then in the
simulations, was ssusp=130 kg/m3. This is the concentration
of the suspension immediately after the process in an indus-
trial plant. In the numerical simulations, defining the multi-
phase system, the volume share of each phase in the slurry
is used, i.e. the volume fraction is calculated from formula
(1) for the tested suspension. It will be rd=0.04815 m3/m3.

(1)

The Numerical Model of Multiphase Systems 

in Ansys CFX

The Ansys CFX software package provides two classes
of models of multiphase systems: Euler-Lagrange class
models and Euler-Euler class models. Due to the fact that
numerical simulations using the Euler-Lagrange class
model are associated with running calculations for each
grain of the dispersed fraction separately – depending on
the computing power – it is possible to simultaneously track
up to a few thousand grains. These calculations are dedi-
cated to be carried out for low particle concentrations, such
as in pollution dispersion systems. However, in systems
with high concentrations, where one cubic centimeter and
as many as even a few million grains could be found, the
implementation of this type of calculation is not possible. In
such systems, models of choice are Euler-Euler class ones,
in which both the continuous fraction and the dispersed
fraction are treated as the continuous phase with varying
volume fraction for each of them. Total share volume for
the fractions rα must be 1 equation (2) [18].

(2)

The CFX module offers three Euler-Euler class models
to calculate multiphase systems: the Particle Model, the
Mixture Model, and the Free Surface Model. The model
dedicated for calculation of the disperse phase in the form
of grains is the Particle Model used in the analysis. 

The continuity equation for one faction, assuming no
mass transfer between phases and the absence of mass
sources, will be described by equation (3) [18]

(3)

In addition to the incompressible fluid, the continuity
equation will have the following form (4) [18].

(4)

The momentum equation for the fluid phase, on the
other hand, describes relationship (5) [18]:
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Fig. 1. Particle size distribution – log-normal curve with para-
meters m=3.091 and σ=0.367.



(5)

...where SMα describes momentum sources due to external
body forces and Mα describes the interfacial forces acting
on phase α due to the presence of other phases.

In the calculations, the influence of the model describ-
ing the drag coefficient (interphase drag) in the Particle
Model for the process of sedimentation was analyzed. 

The interphase drag is defined by equation (6):

(6)

At the same time, the coefficient cαβ is described by
equation (7):

(7)

...where the drag CD can be calculated by the application of
one of the equations:

Schiller Naumann Drag Model (8) [21] – dedicated for
calculations of multiphase systems with a small share of the
disperse phase.

(8)

Wen Yu Drag Model (9) [22].

(9)

...where rc – continuous phase volume fraction.
Gidaspow Drag Model (10) [19].

(10)

Numerical Simulations of Sedimentation

In the analysis conducted, several numerical simula-
tions of suspended particle sedimentation were performed,
with different models and different parameters of the mod-
eled suspension assumed, in order to obtain information
about the impact of different models and their parameters
on the process of sedimentation as well as the achieved con-
vergence with the results of calculations carried out during
laboratory tests.

All numerical simulations were performed using a com-
putational Particle Model belonging to the class of Euler-
Euler models. Numerical simulations were carried out

assuming a cylinder with geometrical parameters identical
to the one tested. The cylinder was divided by a hexahedral
grid consisting of 27,561 elements (Fig. 2). The simulations
were implemented as variables in time, with the time step
of 1 s. The time step was chosen on the basis of prior con-
ducted analyses [10, 11]. In view of the fact that the sedi-
mentation test is implemented as a static test (no flow) the
boundary condition for all the walls of the geometry, the
assigned parameter was “wall.” In each simulation run, as
the initial condition of even concentration of suspended
slurry throughout the volume was set, determined by the
use of appropriate share volumes for each phase and mod-
eled fraction of the suspension. The conducted simulations
also assumed a maximum compression rate of the dispersal
phase at 0.222, which corresponds to the maximum con-
centration in the layer of compression amounting to 600
kg/m3.

Numerical Model of Polydispersed 

Suspension

In the analysis, polydisperse suspension was used with
the density function of the particle size distribution as
shown in Fig. 1. The numerical simulations carried out
using Euler-Euler class models do not make it possible to
define a function of particle size of the dispersal phase. In
practice, the polydisperse size distribution is carried out
through several phases of dispersed particles of different
diameters and fraction volumes. For the slurry used in the
study, two grain compositions were prepared, with 10 and
5 grain fractions, respectively. On the basis of the particle
size distribution (Fig. 1), for each fraction the share volume
of grains found in the range between the lower and upper
limit was determined. For each interval, also a substitute
grain diameter was determined within the range, with the
value specified for approximately d50 grain of the range.
Table 1 presents data on the granulometry with the suspen-
sion divided into 10 grain fractions, whereas Table 2 shows
the suspension divided into five grain fractions.
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Fig. 2. The geometry used in the simulations divided into a grid
of elements. 



Simulations for 5- and 10-Fractions 

of the Dispersed Phase 

The first simulation was performed to calculate a sus-
pension, whose granulometry has been described by the
histogram for five and ten fractions of the dispersal phase,
the granulometric compositions for which are listed in
Tables 1 and 2. The analyses carried out so far [10, 11] have
shown that process modeling suspensions of polydisperse
grain composition using a monodisperse suspension model
do not provide positive results. Therefore, an attempt to
verify the sensitivity of numerical simulations was carried
out to describe the particle size distribution of the suspen-
sion. The calculations were made assuming a laminar flow
model for the continuous phase, the calculation taking into
account interphase drag using the Gidaspow model [19].
The results of the numerical simulation paired with labora-
tory test results are found in the graph (Fig. 3).

As can be seen in the chart, the reproduced sedimenta-
tion curve for the suspension modeled using five grain frac-

tions coincides with the course of the curve for the suspen-
sion of 10 granulometric fractions. At the same time, the
shape of the simulation curves, despite their initial compat-
ibility with the shape of the curve from the laboratory tests,
was finally significantly different. Based on these simula-
tions, we can conclude that the test suspension does not pro-
duce significant differences in the simulation using the 5
and 10 dispersed fractions. In the following simulations, the
dispersed phase of the suspension was defined using a
model of suspension of five granulometric factions.

Simulations Involving Drag Models

The second analysis was conducted to determine which
of the models in available ANSYS CFX, used for modeling
interphase drag, will best fit the curve of sedimentation
resulting from the simulation, to laboratory test results.
Moreover, the conducted simulations should provide an
answer to what extent the use of different models of inter-
facial drag impacts the process of a test suspension’s sedi-
mentation.

The calculations were performed with the use of the fol-
lowing drag models: Schiller Naumann (8), Wen Yu (9),
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Table 1. Granulometry – 10 fractions of the dispersed phase.

No.

Particle
diameter

Volume
share

Interval limits

Low High

[µm] [-] [µm] [µm]

1 5 0.00008 0 7.5

2 10 0.00289 7.5 12.5

3 15 0.00986 12.5 17.5

4 20 0.01242 17.5 22.5

5 25 0.00982 22.5 27.5

6 30 0.00615 27.5 32.5

7 35 0.00341 32.5 37.5

8 40 0.00177 37.5 42.5

9 50 0.00154 42.5 57.5

10 70 0.00021 57.5 ∞

Table 2. Granulometry – 5 fractions of the dispersed phase.

No.

Particle
diameter

Volume
share

Interval limits

Low High

[µm] [-] [µm] [µm]

1 13 0.00714 0 15

2 20 0.02349 15 25

3 30 0.01256 25 35

4 40 0.00435 35 50

5 60 0.00061 50 ∞

Fig. 3. Sedimentation curve obtained in laboratory studies and
numerical simulations for the five and ten grain fractions of the
dispersed phase of suspension, respectively.

Fig. 4. Sedimentation curve obtained in laboratory studies and
numerical simulations for the three models of interphase drag:
Schiller Naumann, Wen Yu, and Gidaspow.



and Gidaspow (10). The result of the conducted simula-
tions, expressed as sedimentation curves, is presented in the
graph (Fig. 4). Calculations are performed (similarly as in
the first case) by applying a laminar flow model for the con-
tinuous phase, with the dispersal phase consisting of 5 gran-
ulometric fractions.

The obtained results clearly show that regardless of the
drag model of choice the sedimentation process is the same
– the curves obtained in the numerical simulation coincide,
in the absence of compliance with the laboratory results.

Simulations Involving Turbulence and Solid

Particle Collision Models

The next step of the analyses was to find the parameters
for analysis that would allow for a higher level of compli-
ance with the sedimentation test simulations and laboratory
tests. In addition to the Gidaspow drag model, the calcula-
tion also takes into account the interaction between the dis-
perse phase through the use of the Solid Particle Collision
Models [18], which are based on the kinetic theory of gases,
taking into account inelastic collisions. The calculations
were run with the application of the laminar model of the
continuous phase flow, applied on the basis of the rate of
0.9, which was derived from analysis of the literature. The
results are presented in Fig. 5, where the reference also con-
tains the curve from the laboratory tests, as well as a curve
that does not consider particle collision models. Fig. 5 also
includes a sedimentation curve obtained for the turbulent
flow model of the continuous phase, obtained using the tur-
bulence model k-ε.

As one can see from the presented results, the applica-
tion of particle collision models significantly alters the rate
of sedimentation, but not in the expected direction. An even
greater difference in the process is obtained for the calcula-
tion of flow using the turbulent computational model. In
both cases we observe a significant increase in the rate of
sedimentation.  

Analyzing the results of the process from all the simula-
tions conducted, we see that, in any case, regardless of the
computational model, the separation border between the

layer of sludge and pure liquid is found around 50-70 mm
from the bottom of the container, whereas in the case of sed-
imentation carried out in the laboratory the level obtained
was 280 mm. Given the initial concentration of the suspen-
sion, which was 130 kg/m3, and the initial height of the sus-
pension layer of 930 mm, one can calculate the average con-
centration in the layer of compression, which in laboratory
testing will be about 430 kg/m3, and in numerical simula-
tions will be approximately 2,160-1,730 kg/m3. This value is
significantly different from the compression level achieved
in laboratory testing, but also much higher than assumed in
the study of the maximum compression level amounting to
600 kg/m3. The resulting mismatch is confirmed in the liter-
ature [18, 20] and may be one of the elements explaining the
variance in the results of laboratory and simulations.

Conclusions

Our paper presents the results of numerical simulations
of sedimentation processes carried out in the Ansys module
CFX. The analyses were conducted only on the basis of the
known properties of the suspension (particle size distribu-
tion, density, and sedimentation characteristics such as
maximum compression).

The analysis shows that, for the slurry used in the sim-
ulations, the resulting curve describing the process of sedi-
mentation does not contain significant differences in the
modeling of the dispersed phase using, respectively, five
and ten granulometric fractions. For the modeled suspen-
sion, five grain fractions appear to be sufficient to carry out
the simulation. 

The conducted analysis clearly shows that while the
analyzed models do allow for the modeling of multiphase
systems with good accuracy for low concentration, they do
not offer acceptable accuracy for modeling sedimentation
in turbulent range and at very high concentrations.
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