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Abstract: The separation of finely dispersed particles from liquids is a basic operation in mechanical
process engineering. On an industrial scale, continuously operating decanter centrifuges are often
used, whose separation principle is based on the density difference between the solid and the liquid
phase due to high g-forces acting on both phases. The design of centrifuges is based on the experience
on the individual manufacturer or simplified black box models, which only consider a stationary state.
Neither the physical behavior of the separation process nor the sediment formation and its transport is
considered. In this work, a computationally-efficient approach is proposed to simulate the separation
process in decanter centrifuges. Thereby, the open-source computation software OpenFOAM was
used to simulate the multiphase flow within the centrifuge. Sedimentation, consolidation of the
sediment, and its transport are described by material functions which are derived from experiments.
The interactions between the particles and the fluid are considered by locally defined viscosity
functions. This work shows that the simulation method is suitable for describing the solid-liquid
separation in a simplified test geometry of a decanter centrifuge. In addition, the influence of the
rheological behavior on the flow in the test geometry can be observed for the first time.

Keywords: solid-liquid separation; decanter centrifuges; CFD simulation

1. Introduction

The separation of finely dispersed particles from liquids is a basic operation in me-
chanical process engineering. Various apparatuses serve for a wide variety of tasks such as
clarification, classification, thickening, flotation, sorting or mechanical dewatering. For the
separation of finely dispersed particles, centrifuges are used. The choice of a centrifuge
and its individual design depends on its separation task and its integration into the process
chain. Due to the centrifuge design, the direct observation of the flow behavior and trans-
port processes within this apparatus is not possible. For this reason, the design is based on
the experience of the manufacturer in combination with simplified black box models. The
properties of the disperse and continuous phases as well as the interactions between the
particles and the liquid have a significant influence on the separation process. However,
neither the physical behavior of the separation process nor the sediment formation and its
transport are taken into account for the design of the apparatus.

To enable a sustainable and more efficient use of the employed resources, several
methods and calculation approaches already exist to improve the design of decanter cen-
trifuges. Centrifuges are dimensioned by a simplified analytical approach, the Σ-theory [1].
This approach relies on the assumption that a particle settles with no influence from other
particles in a resting fluid. In this case, the settling velocity can be described by the Stokes
settling velocity [2]. Kynch [3] assumes that the settling velocity of the particles depends
on the local particle concentration and formulates a mathematical model for calculating the
separation process starting from the conservation of mass for solid and liquid phases under
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the influence of an external force. In addition, the work shows that there is a transition point
between slurry and sediment at which an abrupt change in material behavior occurs. Based
on this, the literature contains many models that describe the sedimentation hindrance as a
function of the particle concentration [4,5] and the sediment built-up of finely dispersed
particles within the saturated sediment as a function of the compression resistance due to
permanent particle-particle contacts [6]. An extension of Kynch’s theory [3] to the sepa-
ration process of flocculated systems in discontinuous centrifugation has been given by
Garrido et al. [7] as well as Stickland et al. [8]. As critical solid volume fraction, the gel point
has been introduced as a further material-specific parameter, which marks the transition
from slurry to sediment.

Based on the determination of the residence time behavior in the decanter centrifuge,
Gleiß and Nirschl [9] developed a dynamic model for the cylindrical part of the decanter.
The compartment approach connects the material functions of sedimentation and con-
solidation derived from experiments with the residence time behavior in the decanter
centrifuge. Thereby, it has been assumed that the entire liquid pond is flowed through.
Menesklou et al. [10] added the conical part to this model. In addition to sedimentation
and consolidation, the flow in the apparatus has a decisive influence on the separation
efficiency. Complex flow motion may overlap sedimentation and consolidation [11]. The
flow conditions in decanter centrifuges and thus the shape of the sediment are difficult
to study due to the complex geometry. Investigations of the flow pattern in decanter
centrifuges were carried out by coloring the liquid and in transparent plastic apparatuses
at low centrifugal accelerations [11–14]. The entire liquid pond was flowed through, with
the upper part of the current flowing in the direction of the weir and backflows observed
in the lower part. Tamborrino et al. [15] developed a model to predict energy consumption
and energy savings for a decanter centrifuge to control the olive oil process. The coupling
of fluid dynamic as well as mechanical equations serves to identify the relevant parameters
for the separation process. The model provides the basis for an adaptive control approach
of decanter centrifuges. Bai et al. [16] have also developed a model to describe the separa-
tion process in decanter centrifuges that takes into account the flow pattern described by
Madsen [14] in the apparatus.

Increasing computing power enables the study of separation processes and the flow
behavior in centrifuges by means of CFD. Breitling et al. [17] have studied the flow condi-
tions within a disc gap within the disc stack centrifuge. For this purpose, they compared
the use of different turbulence models with the assumption of a laminar flow. The sediment
formation was not considered. While particles separated under laminar flow conditions
were not whirled up anymore, the separation behavior worsens strongly under turbulent
flow conditions. Zink et al. [18] show that instabilities outside the disc stack significantly
influence the volume flow rate in the individual disc gaps. Furthermore, the flow was
less evenly distributed over the disc stack with an increasing number of discs. In a study
investigating the transient flow in a tube centrifuge at a centrifugal acceleration of up
to 38,500 g, Konrath et al. [19] show that the flow conditions strongly depend on the set
operating parameters and influence not only the cut size and the fine fraction but also
the sharpness of classification. Romani Fernandez et al. [20,21] simulate the multiphase
flow in a solid bowl centrifuges and the sediment formation in a solid bowl centrifuge.
They use a CFD-DEM approach, which allows a detailed study of particle movement and
sediment formation, which were performed with the software Fluent. The disadvantage of
this method was the high computational effort with increasing particle numbers, which
was the reason that solely a maximum of 64,000 particles were simulated. Zhu et al. [22]
investigated the effects of the fluid flow conditions on the solid volume fraction in decanter
centrifuges by means of a steady-state flow calculation with the Eulerian-Eulerian method.
The conical part was assumed to be a step-shaped channel. It was found that the solid vol-
ume concentrations at the outlet were unexpectedly high, up to 85%. Based on a numerical
simulation analysis performed using Fluent software, Kang et al [23]. propose a multi-
parameter optimization to improve the separation performance of decanter centrifuges
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using a genetic algorithm. The multiphase system was modeled using the Euler two-phase
model. Higher separation performance was obtained without a gap between the bowl and
the screw, and the presence of windows in the screw resulted in lower residence time of
the clarified phase. The generic algorithm showed that the bowl speed and volumetric
flow rate had the greatest influence on separation performance and energy consumption.
Hammerich et al. [24–26] were the first to resolve sediment transport in a tubular centrifuge
using CFD simulations. His simulation model takes into account sedimentation, sediment
formation and the rheological behavior depending on the solid volume fraction. Therefore,
the authors have developed a method to measure the flow behavior of liquid-saturated
sediments. The interactions between the solid phase and the fluid were modeled with the
kinematic viscosity. A distribution algorithm was used for the transport of the particles, for
which a structured, homogeneous mesh was required.

The present study focuses on a simulation approach to simulate the separation process
and the interaction with the local flow in solid bowl centrifuges. The complex design
prevents the direct observation of the separation process in the apparatus. In addition,
superposition of the separation by the flow and interactions between sediment and flow
occur. This study introduces a new solver that allows the performance of long-term sim-
ulations of the separation process at the machine level. Based on work by Bürger and
Concha [27], the flux density function has been implemented in CFD to represent the
sedimentation behavior and the consolidation behavior. The material functions themselves
have been derived from simple laboratory experiments. In this way, the material functions
represent the interactions between disperse and continuous phases and their influence on
the separation process. After the methodological Section 2, Section 3 shows the comparison
between simulation model and results from literature as well as the comparison with the
material functions derived from the experiments. Finally, the approach has been applied to
a rotating test geometry.

2. Method

Centrifuges enable the separation of dispersed multiphase systems. Due to the high
bowl speed, the acceleration force is many times higher than in earth’s gravity field. Accord-
ingly, the separation velocity between the continuous liquid phase and the dispersed solid
phase increases due to their density difference. There are three important interactions and
physical processes which take place in solid bowl centrifuges: Sedimentation, consolidation
and sediment transport. The flow conditions within the centrifuge determine whether
or not a particle is separated. The particle movement results primarily from the settling
velocity of the particles and the transport due to the flow. The separated particles form the
sediment which has fundamentally different material properties than the slurry: Permanent
particle-particle contacts allow the transfer of shear and normal stress within the sediment.
The structure of the sediment depends on the interactions between the particles and the
properties of the dispersed phase. In compressible sediments, the solids volume fraction
is a function of the compression resistance (consolidation) and the time. The materials
investigated in this work did not show any measurable time dependence, consequently the
time was not taken into account as an additional parameter. The material properties and
process conditions also influence the flow behavior of the sediment, which varies between
the behavior of a pure liquid and a pure solid [28]. For example, liquid-saturated sediments
have a yield point in contrast to the slurry. The flow behavior of sediments significantly
affects the process behavior. In decanter centrifuges, the sediment is transported by the
differential movement of the screw towards the cone, where it is lifted over the liquid
level and finally discharged. A critical issue is the transportability of the sediment, which
depends on its characteristics. In disc stack centrifuges, the slurry flows through a disc
package. Due to the centrifugal force, the particles sediment against the underside of
the disc above and flow into the solids holding space. The volume flow rate within the
individual disc gaps varies, causing the residence time of the slurry to fluctuate, which has
a significant effect on the separation efficiency [18].
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2.1. General Approach

The simulation approach adapts the basic concept of the drift-flux-model [29,30] and
the Fast-Eulerian-Approach of Ferry and Balachander [31]. The key assumption related to
the drift-flux model was that the dynamics of two phases can be expressed by one equation
for the mixed phase. The use of the drift-flux model is appropriate for cases where the
motions of two phases are strongly coupled. The Fast-Eulerian-Approach describes the
motion of solutes in fluid flows via a volume-averaged transport equation. The physical
behavior has been described using simplifications. Hammerich [25] has successfully applied
this method to flow simulation in tubular centrifuges by arranging the solid fraction in
the tubular centrifuge via a distribution algorithm. The sorting was based on a structured
grid with equally sized cubic grid cells. The basis of this approach was the description of
the sedimentation and consolidation behavior via the flux density function analogous to
Bürger and Concha [27]. Solid particles and fluid are approached as a single mixed phase
which is shown in Figure 1 similar to Hammerich [32].

Dispersed
multiphase system

Slurry

Sediment

Scalar
solid volume fraction φ

low highφ

Single mix phase
velocity field um

νm(φ)

low highurel

Figure 1. Schematic representation of the transport equation of the dispersed phase and its influence
on the flow conditions based on Hammerich [32]: The two-phase system consisting of particles and
liquid has been described as an incompressible mixed phase. The solids volume fraction allows the
division of the simulation geometry into two different regions, slurry and sediment. Both differ in
terms of their rheological behavior, which is taken into account via the viscosity.

Solving the Navier–Stokes equations for the mixed phase results in the velocity
field uuumix(xxx, t), where xxx is the spatial position and t is the time. The dispersed phase
does not directly affect the Navier–Stokes equations. Instead, model equations describe
the flow behavior of slurry and sediment by means of the kinematic viscosity of the mixed
phase. These model equations describe all the essential interactions between the particulate
and liquid phase. As a result, there was no need to extend the Navier–Stokes equations
with source terms to take into account the impulse transfer between the phases. Instead,
solely one additional partial differential equation was solved, which led to a lower time
requirement compared to the classical Eulerian-Eulerian approach. The mathematical
description of the disperse phase was not based on the calculation of individual particle
trajectories, but rather on the solid volume fraction:

φ =
Vp

Vm
(1)

the solids volume fraction φ describes the volume fraction of the particles Vp in relation
to the total volume of the mixture Vm. The transport of the scalar is described by the
flux density function [3,7]. The method was implemented in the open source software
OpenFOAM (v1912, OpenCFD Ltd., Bracknell, United Kingdom) and was based on the
solver pimpleFoam. The following assumptions were made:

• The gas phase was neglected.
• The approach was limited to the transport of an average particle size whereby the

particles were of the same shape and density.
• Both the particles and the liquid were incompressible.
• There was no mass transfer between the components.
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• The settling velocity in the apparatus as well as consolidation and sediment transport
depend only on the solids volume fraction. Thereby, the influence of the disperse
phase and continuous phase and their interactions are modeled by material functions.

• Wall effects were not taken into account.

2.2. Transport of Solid Phase

The transport of the solid phase was performed using the solid volume fraction φ
of the particles. The partial differential equation (Equation (2)) was based on the unified
model equation which is proposed by Garrido et al. [7]:

∂φ

∂t
+∇

(
φuuumix + fbk(φ)

rω2

g

( g
rω2 kkk− eeer

))
= ∇(D(φ)∇φ) (2)

and considers the description of solid-liquid interaction during sedimentation and centrifu-
gation. A detailed description of the mathematical theory of sedimentation-consolidation
processes has been given by Bürger [33]. The material behavior of the mixture was modeled
by the flux density function fbk(φ) which solely depends on the solid volume fraction φ.
In the centrifugal field, the g-force C = ω2 r

g affects the particles, whereby g is the gravity
acceleration, r is the distance to the axis of rotation and ω is the angular velocity. The
vectors kkk and eeer are unit vectors: kkk is parallel to the rotation axis and eeer is orthogonal to kkk
and acts in the direction of the centrifugal force. The remaining parameter is the diffusion
coefficient D(φ).

The flux density function is defined as the product of solid volume fraction and the
particle’s settling velocity up.

fbk(φ) = φ up (3)

The settling velocity of one single, spherical particle up,St with the diameter dp can be
calculated according to the approach of Stokes [2] as:

up,St =

(
ρp − ρl

)
18ηl

d2
pg (4)

However, this approach applies solely to low particle Reynolds numbers (Rep < 0.25).
The parameters ρP and ρL describe the density of the solid and the liquid phase, ηL is the
dynamic viscosity of the liquid. According to Michaels and Bolger [5], the settling velocity
of higher concentrated suspensions can be described as

up = up,St ·
(

1− φ

φmax

)n
. (5)

This approach was based on the Kynch theorem [3] and extends the approach of
Richardson and Zaki [4] by adding the maximum solid volume fraction of the slurry φmax
and the empirical parameter n.

The diffusion coefficient includes the compression resistance σe(φ) and the flux density
function fbk(φ).

D(φ) =
fbk(φ) σ′e(φ)(
ρp − ρl

)
gφ

φcorr (6)

At the transition between slurry and sediment, there is a sudden change in material
characteristics and consequently in flow conditions. While the diffusion coefficient within
the sediment is more or equal to zero, the one in the slurry corresponds to zero. To mathe-
matically distinguish between slurry and sediment, we define the correlation factor φcorr
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which depends on the critical solid volume fraction, the gel point. For stability reasons,
φcorr was described by a sigmoid function.

φcorr =
1
2

1− erf


√

λ

2

1− φ
φgel√
φ

φgel


 (7)

If φ < φgel the mixture is present as slurry and φcorr = 0. If φ > φgel the mixture
forms a sediment and φcorr = 1. The higher the parameter λ, the steeper the transition
between slurry and sediment. The consolidation of the sediment depends on the properties
of the disperse phase. Landman et al. [34] describe the consolidation behavior by a power
approach and links the compression resistance

σe(φ) = p1

(
φ

φgel
− 1

)p2

(8)

with the solid volume fraction. The parameters p1 and p2 are empirical values.

2.3. Rheological Behavior

The rheological behavior has a significant influence on the separation process in
centrifuges. Describing the rheological behavior in CFD, the dynamic viscosity is the
presenting parameter and is defined as the ratio of the shear stress τ and the strain rate γ̇.

η =
τ

γ̇
(9)

Since it was not possible to calculate the flow behavior based on the individual
components of the mixture, the viscosity of the mixture was calculated as a function of the
solid volume fraction. For modeling the viscosity of the slurry, Quemada’s approach [35]
was used. He relates the viscosity of the slurry to the viscosity of the pure liquid and the
ratio between the solid volume fraction and the maximum packing density. Effects such as
shear thinning or shear thickening and any yield point that may occur are neglected.

ηslurry = ηl
1(

1− φ
φmax

)2 (10)

Above the gel point, the flow behavior changes abruptly. Sediments show a complex
flow behavior and have a yield locus resulting from the superposition of Coulomb friction
at the particle contacts and viscous friction within the fluid [36,37]. Previous work on
tubular centrifuge simulations [24] demonstrate that the sediment flow behavior can be
described by a Herschel–Bulkley fluid.

τsed = τ0 + Kγ̇nrheo (11)

The model describes the flow behavior of the sediment respectively the shear stress τsed
by three parameters: the consistency K, the flow index nrheo and the yield locus τ0. All pa-
rameters may depend on the solids volume fraction and consequently on the consolidation
of the sediment. Since the flow behavior of slurry and sediment differs strongly, the flow
behavior of the mixture were described using the correlation factor φcorr. Furthermore, the
kinematic viscosity ν

ν =
η

ρ
(12)

was used instead of the dynamic viscosity η because the presented solver was based on the
Navier–Stokes equations for incompressible fluid flow. Consequently, the kinematic viscos-
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ity νm consists proportionally of Equation (10) for the slurry as well as Equations (9) and (11)
for the sediment

νm = (1− φcorr)
ηl
ρl

1(
1− φ

φmax

)2 + φcorr
1

ρm

τ0 + Kγ̇nrheo

γ̇
(13)

and takes into account the different densities due to the different solid volume fractions.

3. Results and Discussion

A first verification of the mass transfer equation was carried out using the simplified
case of pure batch sedimentation in the centrifugal field. This means that the liquid is at
rest (uuumix = 0) and solely the disperse phase is moving. On the one hand, the simulation
method was compared with the work by Bürger and Concha [27], and on the other hand, a
comparison was made with our own measurement results. Based on this, the study shows
the applicability of the methodology to complex geometries, such as in this case a rotating
decanter screw.

3.1. Comparison with Literature

The approach of Bürger and Concha [27] for discontinuous centrifugation represents
a widely used and thus validated model and serves as a validation of the developed
simulation approach. Figure 2 shows the comparison between their model and the simula-
tion approach. As product serves aqueous flocculated calcium carbonate with a density
of 2700 kg m−3. The material functions correspond to Equations (3) and (5). In their work,
Bürger and Concha [27] describe the consolidation behavior using Green’s power ap-
proach [38]. In the present case, the parameters were converted into the fitting parameters
for the Landman approach (Equation (8)) [34]. The related parameters of the material
functions as well as the material characteristics are listed in Table 1.

rω2

φ = 0

φ < φgel

φ > φgel

0 0.1 0.2 0.3 0.4 0.5

0.1

0.15

0.2

0.25

0.3

φgel

t
Sediment

Slurry

Z = 1000 g

Solids volume fraction φ in -

R
ad

ia
lp

os
it

io
n

z
in

m

Experiments
Simulation

0 0.1 0.2 0.3 0.4 0.5

φgel

t
Sediment

Slurry

Z = 10, 000 g

Solids volume fraction φ in -

Experiments
Simulation

Figure 2. Comparison of simulation results of the developed simulation model for discontinu-
ous centrifugation of a rectangular cuvette (exemplarily shown (left)) with data from Bürger and
Concha [27] for an initial concentration of φ0 = 0.07 and two centrifugal accelerations Z = 1000 g
(center) and Z = 10,000 g (right). The various shades of gray mark the sedimentation at different
times: The darker the shade of gray, the more progressed the sedimentation. The y-axis shows the
transitions between clear phase, slurry and sediment using the horizontal lines. Below the gel point
the horizontal line corresponds to the transition between clear phase and slurry, above the gel point
the horizontal line marks the transition to sediment.
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Table 1. Material characteristics and process conditions concerning the investigation of Bürger and
Concha [27].

Material Properties

Density difference ∆ρ 1700 kg m−3

Gel point φgel 0.07

Material Functions

Stokes settling velocity up,St 1× 10−4 m s−1

Settling exponent nRZ 5
Consolidation parameter p1 900 Pa
Consolidation parameter p2 7

The inner and outer radius of the cuvette are ri = 0.06 m and ro = 0.3 m. The flow
domain was discretized with 1300 cells in radial direction. The solids volume fraction at the
beginning was 0.07. The values along the boundary of the simulation domain were defined
as zero gradient or homogeneous Neumann condition for the solids volume fraction and
set to zero (Dirichlet) for the flux density function. For the comparison, two different
centrifugal accelerations, Z = 1000 g (center) and Z = 10,000 g (right) were simulated. The
simulation time for Z = 1000 g was 7 s, and that for Z = 10,000 g was 0.7 s. The shown time
intervals are ∆t = 1 s for Z = 1000 g and ∆t = 0.1 s for Z = 10,000 g. The comparison of
the two models shows a good agreement for the time course of the sedimentation and the
sediment formation. It can be seen that three zones are formed: In the upper part of the
cuvette the liquid is clear, and no particles are present here (φ = 0). A phase boundary
marks the abrupt transition between the clarified fluid and the slurry which consists of
liquid and particles (0 < φ < φgel). The solid particles accumulate at the bottom of the
cuvette and form the sediment (φ > φgel). Minor deviations with regard to consolidation
are due to the choice of a different consolidation model. The transition between slurry
and sediment is also characterized by an abrupt phase boundary. The three phases are
additionally illustrated by the picture of the cuvette at time t = 3 s with a centrifugal
acceleration of Z = 1000 g shown on the left in Figure 2. In summary, the validation shows
that the presented approach is suitable for simulating solid-liquid separation due to acting
centrifugal force in batch operation.

3.2. Comparison with Experiments

The simulation’s accuracy depends on the quality of the determined material func-
tions. This section briefly explains the experimental measurement procedures for material
characterization. Finally, the results are compared with the simulation method.

3.2.1. Hindrance Function

The hindrance function (Equation (5)) allows predicting the influence of the solids
volume fraction on the sedimentation behavior and was determined by varying the solids
volume fraction of the slurry using an analytical centrifuge (LUMiSizer, LUM GmbH,
Berlin, Germany). To measure the settling velocity, samples of the dilution series are
filled into cuvettes. During centrifugation, monochromatic light of constant wavelength
illuminates the samples over their entire length. CCD-detectors on the opposite side record
the transmission profiles of the light at defined time intervals. The change in transmission
allows the calculation of the settling velocity of the particles in the sample. A more detailed
description of the measuring principle was given by Lerche [39]. The advantage of the
direct measurement and evaluation of the settling velocity is that the influence of both
the disperse phase (e.g., particle size, particle shape, density), the continuous phase (e.g.,
density, viscosity) and their interactions are taken into account.

Figure 3 shows the measured hindrance function and its fit. To obtain the sedimenta-
tion hindrance, a pre-factor was added.
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up = up,St · n1

(
1− φ

φmax

)n2

︸ ︷︷ ︸
h(φ)

(14)

The maximum solid volume fraction φmax was assumed to be 1. The empirical param-
eters n1 and n2 take the values n1 = 0.86 and n2 = 12. The algorithm calculates the flux
density function analogously to Equation (3).
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φ
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Figure 3. Hindrance function of Kaolin: The experimental results and the fitting (model) used for the
simulation to describe the hindrance settling function in dependence of the solids volume fraction.

3.2.2. Consolidation Function

In addition to the sedimentation behavior, sediment formation is an important pa-
rameter for designing centrifuges. The sediment shows incompressible or compressible
behavior depending on the properties of the dispersed phase such as particle size or shape.
The characterization was carried out by cake experiments according to Reinach [40]. In
this method, the slurry was centrifuged in a beaker centrifuge. The cake builds up on a
movable base that can be turned axially out of the sedimentation insert. This makes it
possible to remove layer by layer of the cake and determine the solids volume fraction
of each layer as a function of the cake height. Reinach [40] gives a formula that allows
the determination of the compression resistance for the sediment. The idea was that the
sediment was in a state of equilibrium. In addition to centrifugal force and buoyancy force,
the layer above presses on the considered layer and the layer itself transmits forces to the
layer below. The cross-sectional area A of the sediment is constant, hence the respective
pressures are summed up instead of the forces. The pressure of the layer’s particle network
or its compression resistance was then calculated as follows:

σe,i = ω2 ·
ρp − ρl

ρp A
·
(

i−1

∑
j=1

rj∆mp,j +
ri∆mp,i

2

)
(15)

the variable r stands for the radial position starting from the axis of rotation of the beaker
centrifuge, ∆mp is the solids mass of the respective layer. The index j marks the layer above
the considered layer i. Figure 4 presents the results obtained from the laboratory experi-
ments according to Reinach [40]. The measuring points follow the model of Landman [34],
Equation (8). For the kaolin used, the fitting parameters take the values p1 = 600 Pa and
p2 = 5. In addition, the solid volume fraction was related to the gel point which lies at
φgel = 0.14. The determination of the fit parameters and the gel point ensues iteratively.
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Figure 4. Compression resistance function: The experimental results and the adjustment (model)
used for the simulation to describe the compression resistance in the sediment for the equilibrium
state as a function of the solids volume fraction.

The gel point must be lower than the solids volume fraction in the top sediment layer
and lies at a theoretical consolidation of 0 Pa. The equilibrium batch settling method from
Stickland [41] confirmed the gel point.

3.2.3. Findings

Analogous to the work of Bürger and Concha [27], the validation was carried out by
simulating the cuvette in the centrifugal field. For this purpose, the results of the simulation
were compared with the time course of the phase boundary between clarified liquid and
slurry as well as between sediment and slurry from the experiment. The geometry was
generated with the OpenFOAM utility blockmesh. In the radial direction, the sedimentation
cuvette has 120 cells. Since the sedimentation time in the centrifugal field was very short
and the start-up process to the target rotation speed takes almost 9 s.Then the speed was
approximately constant. The start-up process was taken into account in the simulation
(Figure 5).
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Figure 5. Start-up process of the centrifugation.

Figure 6 shows the simulation results for the sedimentation of a slurry and the com-
paction of a sediment. The radial position of the sample in the centrifuge is plotted against
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time. For the slurry with a solid volume fraction of φ0 = 0.051, the start-up process of
the centrifuge can be seen in the non-linear course of the phase boundary. The position
of the phase boundary is more progressed at the beginning of the simulation compared
to the measuring points, which results from the fact that the centrifugal acceleration is
higher than the actual centrifugal acceleration. In comparison with Figure 5, which shows
the start-up process of the centrifuge, exactly this phenomenon is recognizable. The fit
for the start-up process gives a slightly higher value for the rotational speed. In the time
interval between 8 and 10 s, however, the centrifugal acceleration is underestimated. As a
result, sedimentation proceeds more slowly than in reality. With a solids volume fraction
of φ0 = 0.145 > φgel the compaction of a sediment can also be seen. Again, the model
reproduces the phase boundary between clear phase and sediment well. Overall, the
material functions developed experimentally represent the measuring results well and the
solid-liquid separation via batch centrifugation can be reproduced by simulation. In sum-
mary, the experiments presented are suitable for describing material behavior by simple
material functions.
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Figure 6. Comparison between experiment and simulation of the centrifugation process in a cuvette.
The sedimentation of a slurry (φ0 = 0.051 < φgel) is shown on the left. The compression of a sediment
(φ0 = 0.145 > φgel) is shown on the right.

3.3. Transfer of the Methodology to Rotating Decanter Screw Element

Decanter centrifuges are fully continuous centrifuges that are suitable for separating
very different materials and serve a very wide range of applications (thickening, clarifi-
cation, dewatering, classification, etc.). It is possible to handle large quantities of slurry
whereby the slurry can be highly diluted or concentrated. The simplified case of a counter
current decanter centrifuge consists of two turns of a single-pitch helix, which is illustrated
in Figure 7. In decanter centrifuges, the slurry flows into the apparatus through a feed pipe
and enters the separation chamber at the transition between the cylindrical and conical part.
The particles settle on the bowl wall and form the sediment, which is transported up the
cone and out of the apparatus by the differential movement of the screw. In the opposite
direction, the clarified liquid flows out of the apparatus via an overflow weir. A critical
point for the separation process is the rheological behavior of slurry and sediment. The
transport behavior of the sediment is one of the decisive factors regarding the suitability
and design of the decanter centrifuge for the separation process. On the one hand, a high
yield point can result in such high torque of the screw that the process has to be interrupted.
Highly flowable materials, on the other hand, tend to flow back into the cylindrical part of
the apparatus. This is one of the reasons why baffle discs are often used in the industry.
Thereby, the flow behavior of the sediment depends both on the machine data such as the
screw pitch, the liquid level or the differential speed and the material characteristics such
as density and viscosity. A low differential speed can enable the transport of sediments
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3.3. Transfer of the Methodology to Rotating Decanter Screw Element

Decanter centrifuges are fully continuous centrifuges that are suitable for separating
very different materials and serve a very wide range of applications (thickening, clarifi-
cation, dewatering, classification, etc.). It is possible to handle large quantities of slurry
whereby the slurry can be highly diluted or concentrated. The simplified case of a counter
current decanter centrifuge consists of two turns of a single-pitch helix, which is illustrated
in Figure 7. In decanter centrifuges, the slurry flows into the apparatus through a feed pipe
and enters the separation chamber at the transition between the cylindrical and conical part.
The particles settle on the bowl wall and form the sediment, which is transported up the
cone and out of the apparatus by the differential movement of the screw. In the opposite
direction, the clarified liquid flows out of the apparatus via an overflow weir. A critical
point for the separation process is the rheological behavior of slurry and sediment. The
transport behavior of the sediment is one of the decisive factors regarding the suitability
and design of the decanter centrifuge for the separation process. On the one hand, a high
yield point can result in such high torque of the screw that the process has to be interrupted.
Highly flowable materials, on the other hand, tend to flow back into the cylindrical part of
the apparatus. This is one of the reasons why baffle discs are often used in the industry.
Thereby, the flow behavior of the sediment depends both on the machine data such as the
screw pitch, the liquid level or the differential speed and the material characteristics such



Separations 2022, 9, 248 12 of 17

as density and viscosity. A low differential speed can enable the transport of sediments
with a low yield point. In contrast, a high differential speed causes higher shearing of
the sediment, which leads to disturbances concerning to the transport behavior of highly
flowable sediments. For this reason, experience has shown that pasty, sludge-like products
are transported at very low differential speeds [11]. In the following, the suitability of
the solver with regard to mapping different flow characteristics of the sediment will be
investigated. The investigation was based on a simplified test case.

inAMI

outAMI

Figure 7. Simplified geometry of a decanter centrifuge and the used mesh. The geometry is a
segment of the cylindrical part of the apparatus. The mesh is structured. The area highlighted in blue
marks the position of the evaluation.

3.3.1. Geometry and Parameters

The geometry of the simplified case was based on the type MD-80 by the manufacturer
Lemitec GmbH (Berlin, Germany). The outer radius of the bowl is 40 mm. The distance
between the screw flights is 25 mm and the pond depth is 15 mm. The mesh consists of
about 300,000 cells in the form of structured hexahedra. The gap between the tip of the
screw flight and the bowl was not resolved. The simplified test case was a cyclic case, which
means, that everything flowing out through the patch outAmi enters the flow domain
again through the patch inAmi. The investigated geometry has neither an inlet nor an
outlet. The flow in the decanter centrifuges was assumed as the rotation of a rigid body.
The differential speed between screw and bowl was resolved using the dynamic mesh.
For velocity, the adhesion condition was valid on the walls. The Neumann boundary
condition applied to the pressure and the solids volume fraction at the walls. The presented
evaluation was carried out on a slice plane cutting through the test geometry, which is
highlighted in blue in Figure 7. The particle system was a limestone with a density of
ρs = 2700 kg m−3 and a mean particle size of x50,3 = 4× 10−5 m. The continuous phase
was water with a density ρl = 1000 kg m−3 and dynamic viscosity of ηl = 1 mPa s. The
material functions can be taken from Table 2. At the beginning of the simulation, the
particles were homogeneously distributed in the test case, and the solids volume fraction
was φ0 = 0.07. Both the influence of a sediment with and of a sediment without a yield
point on the sediment shape and flow in the screw channel were investigated. Therefore,
the parameters of the rheological model were varied. In the first case, the sediment was
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assumed to behave like a Bingham plastic. Thereby, the yield point was τ = 1 Pa, the
consistency was k = 0.001 m2 s−1 and nrheo = 1. The second case had no yield point. The
description of the relative viscosity of the slurry follows the relationship between viscosity
and solids concentration (Equation (10)) according to Quemada [35]. The parameters were
freely chosen.

Table 2. Material characteristics and process conditions of the simulation.

Material Properties

Density of the liquid ρl 1000 kg m−3

Dynamic viscosity of the liquid ηl 1 mPa s
Density of the solids ρs 2700 kg m−3

Mean particle size x50,3 4× 10−5 m

Material Functions

Gel point φgel 0.22
Settling exponent nRZ 4.65
Consolidation parameter p1 700 Pa
Consolidation parameter p2 7

Process Conditions

Initial solids volume fraction φ0 0.07
Rotational speed n 2000 rpm
Differential speed ∆n 10 rpm

3.3.2. Sediment Formation and Flow Conditions

The rheological behavior of the sediment influences the shape of the sediment and its
transportability. A significant influencing variable is the yield point. A low yield point may
cause insufficient sediment transport up the cone and out of the decanter centrifuge. That
is why nowadays decanter centrifuges are equipped with a baffle disc that prevents the
sediment from flowing back into the cylindrical part of the centrifuge. In turn, a high yield
point can mean that the sediment is not transportable. Figure 8 shows the two materials
investigated with the test geometry. Material 1 has a yield point, while material 2 has no
yield point which is a theoretical extreme case. The particles are completely separated in
both cases. First, we take a look on the sediment with yield point: The screw transport
leads to a pushing of the cake into a triangular to trapezoidal shape (1a). The solids volume
fraction increases towards the bowl wall and the pushing screw flight. The maximum
solids volume fraction due to the compressible behavior of the liquid saturated sediment
was φ = 0.51. Knowledge of the sediment thickness in the cylindrical part of the decanter
centrifuge is important, as it can have a strong influence on clarification, transportability
and consequently on the resulting torque. In the center, the kinematic viscosity is shown
(1b). The viscosity in the sediment was up to four orders of magnitude greater than that of
the clarified liquid phase. In the model, the solids volume fraction and the flow velocity
were coupled via the viscosity of the mixed phase whereby the sediment was modeled as
Bingham plastic. If we take a look on the sediment without yield point, we find that the
sediment was evenly distributed on the bowl wall, being slightly accumulated in the center
of the screw channel (2a). The viscosity corresponds to the solids volume fraction. The
clarified liquid represents water, the sediment has a relatively higher viscosity (2b).
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1a

0 0.1 0.2 0.3 0.4 0.5

Solids volume fraction φ in -

1b

10−6 10−5 10−4 10−3 10−2

Kinematic viscosity ν in m2 s−1

2a

0 0.1 0.2 0.3 0.4 0.5

Solids volume fraction φ in -

2b

10−6 10−5 10−4 10−3

Kinematic viscosity ν in m2 s−1

Figure 8. Characterization of a sediment with (1) and without (2) yield point in the screw channel:
sediment distribution (a), kinematic viscosity (b). The evaluation was performed on the cut surface
marked in blue in Figure 7. The screw flights are located on the right and left. The arrow indicates
the direction of push due to the relative speed of the screw.

The differential speed as well as the rheological characteristics of the sediment cause
the flow behavior and thus the shape of the sediment. Figure 9 shows the flow profile from
the point of view of the co-moving observer. For this purpose, the sliding speed of the
screw was subtracted. Both the flow through the apparatus in the x-direction and the feed
of the fluid by the screw movement are thus hidden. Solely the flow acting locally on the
sediment can be seen. If the sediment has a yield point (1a) and accumulates at the screw
flank, the overflowing liquid forms a vortex which presses the sediment into its shape. In
contrast, if the sediment has no yield point (1b), the overflowing clear phase forms two ring
vortices. The sediment is pressed against the bowl wall and accumulates in the center of the
screw flight. Stahl [11] has already theoretically discussed the influence of the differential
speed on the flow: An excessively high differential screw speed can have a disruptive
effect on the separation process in the apparatus. If it is assumed that the pitch of the
screw approaches zero, the screw turns into individual discs that are separated from each
other. The screw behaves like a radial flow impeller (e.g., Rushton turbine). He describes
the resulting flow as a symmetrical stationary flow with two oppositely rotating vortices
(Figure 9(1c)). The investigated product system shows exactly this behavior. Instead of
an excessively high differential speed, however, the sediment has no yield point, which is
equivalent to the limiting case described by Stahl [11].
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1a

0 0.1 0.2 0.3 0.4 0.5

Solids volume fraction φ in -

1b

0 0.1 0.2 0.3 0.4 0.5

Solids volume fraction φ in -

1c

Figure 9. Velocity distribution without sliding feed of the screw: sediment with yield point (1a),
sediment without yield point (1b), theoretical consideration of the disc stirrer effect within the screw
channel (1c) according to Stahl [11]. The evaluation was performed on the cut surface marked in blue
in Figure 7.

4. Conclusions and Outlook

The developed method enables to investigate the fluid motion of separation processes
in solid bowl centrifuges (batch, tubular and decanter centrifuges). The solver was in-
tegrated into the open source software package OpenFOAM and is an extension of the
standard solver pimpleFoam. The basis of the algorithm is the consideration of disperse
and continuous phase as a mixture. The flow of the mixed phase was calculated by the
Navier–Stokes equations. Concurrently, a separate transport equation of the dispersed
phase describes the sedimentation relative to the flow of the mixed phase, the sediment
formation and its consolidation. The influence of the solids volume fraction on the flow
conditions takes place via the rheological behavior of the mixed phase. The flow behavior
of the slurry was described by Quemada’s approach. In contrast, the sediment has a yield
point and was treated as a Bingham plastic. In addition to the influence of the disperse
phase on the flow, the approach allows the visualization of the sediment transport of
deposited particles due to sediment flow. The level of detail regarding sediment flow still
offers a lot of potential, depending on the field of application. By default, the description of
a complex flow behavior in numerical flow simulations is done by a Herschel-Bulkley-fluid.
However, the Newtonian shear stress approach solely allows to model the stress state above
the yield point. To represent a sediment at rest, it is therefore necessary to calculate the
applied shear stresses in addition to the shear rate. Shear-thinning or shear-thickening flow
behavior due to the particulate phase as well as wall effects and wall gliding were also not
mapped here but may be considered by adjusting the rheological model. The interactions
between sediment and flow represented by the flow behavior of the mixed phase provide a
sufficient level of detail of the separation process and the flow in the apparatus. This paper
shows that data from the literature can be reproduced and that the laboratory experiments
are suitable for deriving material functions and thus for reproducing the sedimentation and
consolidation behavior in batch operation. Furthermore, the paper shows that the solver
can be applied to complex geometries such as the screw in a decanter centrifuge. In future
work, this approach will be transferred to other solid bowl centrifuges such as decanter
and disc stack centrifuges. The medium-term goal is to derive information on the process
characteristics of the separation process from the flow simulations and thus to support
process design and optimization.
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