
Chapter 7
Dynamic Simulation of Mechanical Fluid
Separation in Solid Bowl Centrifuges

Marco Gleiss and Hermann Nirschl

Abstract Solid bowl centrifuges are used in a wide range of applications in the
process industry. The aim is to separate the individual phases of a liquid/liquid,
liquid/solid or liquid/liquid/solid system. The design of solid bowl centrifuges is
based on the �-theory, which does not describe the separation process with a suf-
ficiently high accuracy. This process results in numbers of experiments with high
time and cost expenditure. In addition, �-theory only describes the stationary state
and therefore do not allow the calculation of start-up processes and load changes.
This chapter shows a new real-time capable numerical algorithm, which ensures
a high computational efficiency and is therefore suitable for dynamic simulations
of the process behavior of solid bowl centrifuges. The introduction deals with the
state of the art and the existing problems concerning of the design of solid bowl
centrifuges. Subsequently, material functions representing the separation properties
in solid bowl centrifuges are expounded. The developed material functions are the
basis for the dynamic simulation of the process behavior in solid bowl centrifuges
described below. The residence time and flow conditions of the apparatus signifi-
cantly influence the process behavior for semi-batch and continuous processes. The
last two sections present the dynamic modeling of continuously operating decanter
and semi-batch tubular centrifuges. Example simulations and comparisons to exper-
iments validate the developed dynamic models and demonstrate the applicability for
dynamic simulations.

Nomenclature

As Cross section of the sediment [m]
Bsc Screw pitch [m]
C G-force [−]
D Flow number [−]
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E(D) Residence time distribution function [−]
E Separation efficiency [−]
F(D) Residence time distribution [−]
G Grade efficiency [−]
h Hindered settling factor [−]
Lcyl Length of the cylindrical drum [m]
Lhel Length of the unrolled screw channel [m]
ṁs,i - 1 Incoming mass flow of solids [kg s−1]
ṁs,i Outgoing mass flow of solids [kg s−1]
ṁs,sep Mass flow of separated solids [kg s−1]
N Total number of compartments [−]
nRZ Exponent Richardson and Zaki [−]
p1 Empirical parameter for solids pressure function [Pa]
p2 Empirical parameter for solids pressure function [−]
ps Solids pressure [Pa]
P Product loss [−]
q3,i Mass density distribution [m−1]
Q Volumetric flow rate [m3 s−1]
r1, r2 Empirical parameters for hindered settling function [−]
Rd Radius of the bowl [m]
Rm Mean radius of the bowl [m]
Rmax Maximum radius of the sediment [m]
Rs Radius of sediment surface [m]
Rw Radius of the weir [m]
Rep Particle Reynolds number [−]
Sdyn Normalized dynamic change [−]
t Time [s]
T Transport efficiency [−]
x Particle diameter [m]
x50,3 Mean particle diameter dependent on mass [m]
U Volumetric Filling level [−]
Umax Maximum volumetric filling level [−]
Vhel Volume of the screw channel in the cylindrical part of the decanter centrifuge

[m3]
V Volume of a compartment in the sedimentation zone [m3]
Vsed Sediment volume [m3]
β Screw angle [rad]
�l Length of a compartment [m]
�n Differential speed between screw and drum [rpm]
η Dynamic viscosity [Pa s]
φ Solids volume fraction [−]
φc Mean solids volume fraction of the sediment [−]
ρ Density [kg m−3]
τ Mean residence time [s]
ω Angular velocity [s−1]
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Indices

0 Initial position of the particle
i Compartment
l Liquid
N Total number of compartments
S Solid
sol Solution
tr Transport

Abbreviations

CFD Computational fluid dynamics
CSTR Continuous stirred tank reactor
MPC Model predictive control
ODE Ordinary differential equation
PFR Plug flow reactor
PVC Polyvinylchloride
RTD Residence time distribution
SRF Single rotating frame

1 Introduction

Processes dealing with particle formation such as crystallization or precipitation,
syntheses but also the fermentation of biological components usually take place
in an aqueous medium [1, 2]. For better handling and transport as well as further
processing of the mostly particulate valuable material, mechanical fluid separation is
essential as a subsequent separation step after particle generation. Since centrifuges
apply large centrifugal forces, there is a decrease of particle settling time compared
to the settling in the gravity field, which reduces the process time significantly. In the
field of centrifugation, a distinction ismade between solid bowl and filter centrifuges.
Solid bowl centrifuges have an impermeable bowl. In filter centrifuges, in contrast,
the bowl is permeable for the filtrate. The particles usually remain on the filter cloth.
At this point, it should be noted that this contribution is limited to the modeling of
solid bowl centrifuges.

The design of solid bowl centrifuges is based on highly simplified models such
as the �-theory [3, 4]. The �-theory regards the physical behavior of the material
in solid bowl centrifuges as a “black box” and neglects transient phenomena, which
occur due to the spin-up process or as a reaction to load changes. Additionally,
�-theory does not consider flow conditions, settling behavior, cake formation and
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sediment transport [5]. For the scale-up of solid bowl centrifuges the manufacturers
use numbers of experiments on a pilot scale. This procedure is time-consuming and
cost-intensive and does not allow any prediction about the dynamic process behavior
[6]. For a theoretical description of the transient response of solid bowl centrifuges, it
is necessary to consider flow conditions and separation behavior. A major challenge
in depicting the separation process in solid bowl centrifuges arises from the fact,
that particle separation depends on the residence time in the apparatus. In contrast
to thickeners, the flow direction in solid bowl centrifuges results in a classification
of particles along the rotor [7].

In the field of flowsheet simulation, it is important to predict the steady-state
or dynamic behavior of a process plant using time-efficient mathematical models.
For other applications such as Model Predictive Control (MPC) it is essential to
calculate faster than real time to enable a coupling of dynamic modeling with the
process control level. Mesh-based methods such as Computational Fluid Dynamics
(CFD) are not suitable for flowsheet simulations [8, 9]. CFD simulations rather
serve to derive parameters, that are not achievable experimentally from numerical
experiments [10, 11].

The following section begins with an overview of the experimental setup to inves-
tigate material functions for the settling behavior and the cake formation process.
The dynamic model for solid bowl centrifuges uses material functions for process-
orientated dynamic simulations. Subsequently, different experimental methods to
characterize the system and residence time behavior for decanter centrifuges are
presented. Based on the investigations of material and process behavior the fol-
lowing section deals with the mathematical modeling of the dynamic behavior of
continuously working decanter centrifuges. The comparison of dynamic simulations
with pilot-scale experiments for decanter centrifuges shows the applicability of the
developed numerical approach. The following section shows the development of a
dynamic model for semi-continuously operating tubular centrifuges. Simulations of
a tubular centrifuge on a pilot scale reveal a different process behavior of tubular
centrifuges compared to decanter centrifuges. Finally, the conclusion summarizes
the main results and gives a short outlook on further work.

2 Material Functions and Separation Properties

The properties of the disperse and the fluid phase such as particle size, particle
shape, solid volume fraction, physicochemical properties, density of solid and liquid
as well as dynamic viscosity have a significant influence on the material behavior
during mechanical fluid separation [12]. Due to the large number of influencing
quantities, there are no generally applicable models for the arbitrary product. Rather,
it is preferable to investigate the material properties in a laboratory apparatus and to
develop material functions for the theoretical description of the separation process
[13]. The use of well-established laboratory equipment, such as beaker centrifuges
or filters is one way to achieve this goal [14, 15]. In the case of solid bowl centrifuges,
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the process behavior depends on various influencing factors for instance, the settling
behavior, sediment build-up, sediment transport andmechanical dewatering [16, 17].
In the following subsection the experimental investigation of material functions for
finely dispersed materials is presented in more detail.

2.1 Settling Behavior of Finely Dispersed Particles
in the Centrifugal Field

The settling behavior of finely dispersed particles has a decisive influence on the
separation efficiency of solid bowl centrifuges. Especially in the case of a high solid
content, the particles affect each other due to an increasing hydrodynamic interaction
between solid and liquid. As a result, Stokes law for particle settling is no longer valid
and a correction function for hindered settling is necessary. A measuring system for
determining the settling behavior of slurries is the LUMiSizer, which is an analytical
centrifuge for the investigation of small product quantities of a few milliliters [15].

Figure 1a shows schematically the measuring setup within the analytical cen-
trifuge which consists of a light source, a cuvette and a CCD sensor. The CCD sen-
sor records the transmission versus time along the radial position of the cuvette. The
integrated software calculates the settling velocity of the samples from the raw data
of the transmission profiles, see right-hand side in Fig. 1. The LUMiSizer allows the
simultaneous analysis of up to twelve samples. Themaximum speed is n= 1000 rpm,
which corresponds to a g-force of C = 2320. The hindered settling function serving
to describe the settling behavior of the investigated slurry, results from the analysis
of different solid volume fractions.

Fig. 1 Schematic representation of themeasuring principle for the analytical centrifuge LUMiSizer
(a). Temporal change of transmission along the radius of a cuvette for the product limestone (b)
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Richardson and Zaki [18] postulate a power law based on experimental investi-
gation for the hindered settling

h = (1 − φ)nRZ , (1)

for slurries consisting of monodisperse particles. For creeping flows (Rep < 0.1), the
exponent nRZ is 4.65. The approach ofRichardson andZaki, however, is only valid for
monodisperse particles and therefore represents a simplification of the real behavior
of a polydisperse particle system. To investigate these, it is appropriate tomeasure the
material function for settling behavior by means of analytical centrifugation. Often
the hindered settling approach

h =
(
1 − φ

r1

)r2

, (2)

of Michaels and Bolger is applied in this case to adapt to the experimental data
[19]. Here, r1 and r2 be adapted to fit the experimental data. Figure 1 Schematic
representation of the measuring principle for the analytical centrifuge LUMiSizer
(a). Temporal change of transmission along the radius of a cuvette for the product
limestone (b).

Figure 2 shows the normalized settling velocity related to the g-force as a func-
tion of the solids volume fraction for limestone-water suspensions with different
mean particle sizes. With higher solid content the influence of hydrodynamic inter-
actions on the particle settling increases significantly. The impact of particle size on
the investigated limestone-water suspensions is also evident. There is a shift of the
settling velocity towards higher values with the increase of the particle size.

Fig. 2 Normalized settling
velocity for limestone-water
suspensions with for
differing particle size
distributions [20]
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2.2 Sediment Build-up in the Centrifugal Field

Additionally to the settling behavior, sediment build-up in solid bowl centrifuges
effects the separation performance. Here, the properties of the disperse phase have
a huge impact on the physical behavior during the sediment formation process.
Coarsely dispersed particles form an incompressible cake. In contrast, finely dis-
persed particles form a compressible cake. The reason for this varying behavior
results from the increasing strength of interparticle forces onfinely dispersed particles
(x < 10 µm).

The difficulty in describing the sediment structure of finely dispersed particles
lies in the fact that the material behavior changes suddenly at the transition between
suspension and sediment. Particles in a slurry move freely and hydrodynamic effects
primarily influence the settling behavior. The sediment transmits normal and shear
stresses inside the cake. In literature [21, 22], the gel point is defined to mark the
transition between particle settling and cake compression. It is the solids volume
fraction of the top sediment layer for which the solids pressure is ps = 0 Pa.

Table 1 shows the comparison of the gel point for six different particulate sys-
tems, which differ in particle size. For polyvinylchloride (PVC) and limestone 1,
the gel point corresponds approximately to the solids volume fraction of the formed
sediment. For both products, the impact of inertial forces is significantly great com-
pared to particle-particle interactions. For finer particles, it is clearly visible, that the
behavior is entirely different. By reducing the particle size, the influence of mass
forces is neglectable and thus, as a result, the particle-particle interactions increas-
ing remarkably. For these particulate systems, the gel point is below the maximum
achievable solids volume fraction in the sediment.

Laboratory centrifuges are also suitable for characterizing the sediment structure.
For the experimental investigation of the cake heights for low pressures in the range
of up to ps = 105 Pa the analytical centrifuge LUMiSizer is used. Here, Usher et al.
[23] show a measuring procedure for the investigation of compressible saturated
sediments. The solids pressure can be derived as a function of the solids volume
fraction for the equilibrium state. The analytical centrifuge starts at low rotational
speed and centrifuges the sample to the equilibrium state. If there is no change in the
transmission profile, the next step is to increase the rotational speed. Afterwards, the

Table 1 Comparison of the
gel point for different
particulate systems

Product x50,3 in µm φgel in −
PVC 30 0.48

Limestone 1 80 0.48

Limestone 2 3.4 0.23

Limestone 3 1.6 0.16

Limestone 4 1.2 0.09

Limestone 5 0.7 0.07
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sediment is centrifuged to the equilibrium for the next speed. Each measuring point
represents a solids volume fraction and a solids pressure.

At this point, it should be mentioned that the filling level of the cuvette and the
maximum speed are limiting factors measuring the compression behavior of the sedi-
ment in the LUMiSizer. However, solid bowl centrifuges achieve significantly higher
solids pressures of up to ps = 106 Pa. Experimental investigation for higher rotational
speeds is therefore necessary. Hermle cooling centrifuge type ZK630 achieves larger
centrifugal accelerations of up toC=6000 and therefore serve to investigate of higher
solids pressures. Special bucket systems allow the analysis of the cake formation
based on investigations of the equilibrium state by gravimetric measurements.

Figure 3 illustrates the solids pressure as a function of the normalized solids
content which is the ratio of solids volume fraction and gel point, for four limestone
fractions with mean particle sizes of x50,3 = 0.65µm, x50,3 = 1.2µm, x50,3 = 1.6µm
and x50,3 = 3.4 µm. Comparing the individual limestone fractions, it is noticeable
that there is a shift in the curves with a reduction of particle size. The finer the
particles, the more compressible is the formed sediment. For an average particle size
of x50,3 = 3.4 µm the sediment at ps = 105 Pa compresses up to a maximum of 2.3
times compared to gel point. For the limestone with a mean size of x50,3 = 0.65 µm,
the sediment has a higher compressibility. For a solids pressure of ps = 106 Pa cake
compresses up to a maximum of six times compared to the gel point.

To transfer the experimental data to the dynamic model for solid bowl centrifuges,
a power law byGreen et al. [24] serves to adapt the experimental data. Solids pressure

ps = p1

[(
φ

φgel

)p2

− 1

]
, (3)

is a function of the solids volume fraction. p1 and p2 represent empirical parameters.
Furthermore, sediment flow and sediment transport have a significant influence on
the process behavior of solid bowl centrifuges. The pores of finely dispersed sed-
iments have a very high capillary pressure. Therefore, the undersaturation of the
sediment is not possible. Rather, a pasty, liquid-saturated sediment formed by finely
dispersed particles has a non-Newtonian rheology [25, 26]. Due to the dependency of

Fig. 3 Comparison of solids
pressure as a function of
normalized solids volume
fraction for four finely
dispersed limestone-water
suspensions [20]
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the existing yield point on the solids pressure, the experimental determination of the
rheological material properties is very challenging. Here, the yield point increases
with the reduction of porosity. Moreover, the material is either dilatant or shear thin-
ning. Since no measurement methods are currently available to determine the rheo-
logical material properties, an adjusting parameter is defined to describe the sediment
transport. The influence of this parameter is shown in more detail in Sect. 4.2.

3 System and Residence Time Behavior

In addition to the material behavior of the suspension, the flow conditions have
a considerable influence on the operation of solid bowl centrifuges. For tubular
and decanter centrifuges, for example, the residence time limits particle separation.
Knowledge about the residence time behavior is therefore essential for the design of
these centrifuge types. One possibility for the description of the flow conditions is the
determination of the residence time and system behavior by means of experimental
or numerical investigations. This approach considers the integral output response
after a sudden change at the inlet. Dead zones and vortices create a dispersion in the
system. This means that a step response at the outlet does not follow from a step
change at the inlet.

The left-hand side in Fig. 4 shows exemplarily the residence time behavior of a
density distribution and a sum distribution as a function of the flow number D. The
ratio of measuring time and mean residence time τ yields the flow number. The sum
distribution F(D) is integral value of the density distribution E(D):

Fig. 4 Left: exemplary residence-time distribution functionE(D) and cumulative distribution curve
F(D) as a function of flow number. Right: cumulative distribution function for three different flow
types [20]



246 M. Gleiss and H. Nirschl

F(D) =
D∫

0

E(D)dD. (4)

For the mean residence time D = 1, the residence time spectrum reaches its
maximum and the residence time distribution reaches the mean value.

The right side in Fig. 4 illustrates the comparison of the real residence time
behavior with an ideal plug flow reactor (PFR) and a continuous stirred tank reactor
(CSTR). PFR modeling assumes, that the flow is uniform and there is no exchange
of forces along the cross-section. This results in a sudden change of the residence
time behavior after reaching the mean residence time. CSTR modeling supposes
no gradients in the apparatus and the change occurring immediately at the output.
This leads to a broad sum distribution with high axial dispersion. Real processes
generally differ significantly from the performance of a PFR and CSTR, see Figs. 1
and 4, because the axial dispersion depends on the flow conditions. Dead zones and
back-mixing are present inside centrifuges. Consequently, the real residence time
behavior of a process differs considerable from ideal behavior.

Several methods are suitable for determining the real residence time behavior,
see Fig. 5. The characterization of the residence time behavior for decanter cen-
trifuges has been examined applying three methods: experimental residence time
measurement, investigation of the system behavior and CFD simulations of a tracer
transport. Experimental residence time measurements are based on the transport of a
tracer material through the apparatus. In this work, saturated sodium-chloride solu-
tion is in use with a mass fraction of 2 wt%. This corresponds to a density of the
saturated solution of ρsol = 1012 kg m−3. For the determination of the real resi-
dence time behavior of the centrifuge it plays an important role, that there is only a
neglectable difference in density between the liquid and the tracer. Otherwise seg-
regation of the two fluids occur due to the acting g-force. At this point it should be

Fig. 5 Comparison of the
investigated three different
methods to determine the
residence time distribution
for solid-bowl decanter
centrifuges [20]



7 Dynamic Simulation of Mechanical Fluid Separation in Solid … 247

noted, that experimental residence timemeasurement only considers amachine filled
with liquid.

The second method is the determination of the system behavior for the same
lab-scale decanter centrifuge. Here, the particle size or the solids volume fraction is
changed at the inlet to investigate the response of the machine to the load change
applied. The third method applies CFD simulations in combination with a passive
tracer transport.

The left-hand side of Fig. 6 shows the response to an abrupt change of the solids
volume fraction at the inlet. After reaching the steady state, the solids volume fraction
was determined at time t = 0 s switching the installed three-way valve from tank 1
with φin = 0.02 to tank 2 with φin = 0.03. A time-delayed system behavior can be
derived from the experiments, which results from the present flow conditions and
the existing hold-up in the decanter centrifuge. As a consequence of the growing
solids volume fraction at the inlet the momentum exchange between solid and liquid
increases significantly.

For a better comparison of the temporal behavior during the abrupt change of the
solids volume fraction, the right-hand side of Fig. 6 exhibits the normalized dynamic
change as a function of the flow rate. The normalized dynamic change

Sdyn =
∣∣∣∣φstart − φ(t)

φend − φstart

∣∣∣∣. (5)

describes the temporal change between the initial and final state of the sudden change
at the inlet. Thus, the values range between Sdyn = 0 and Sdyn = 1. This enables
the comparison between individual measurements as well as the experimental and
numerical residence time investigation. The comparison of the normalized dynamic
change shows an approximately identical behavior for the three investigatedmethods,
which is represented by the s-shaped curve on the right-hand side in Fig. 6.

Fig. 6 Left: temporal change of solids volume fraction at the overflow dependent on g-force (C
= 100, C = 250, C = 400) for a decanter centrifuge type MD80 from Lemitec GmbH. Right:
normalized dynamic change as a function of flow number for the investigated change of solids
volume fraction [6]
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The third method to determine the residence time behavior is based on CFD simu-
lations in combination with a transport equation taking into account the dispersion of
a tracer by a passive scalar [27]. Modeling a passive scalar using a transport equation
requires that the tracer has the same physical properties as the fluid. Thus, there is
no cross-exchange due to a density difference.

The CFD simulations assume, that the screw rotates at the same speed as the bowl.
Thus, a SRF describes the influence of centrifugal and Coriolis force. Additionally,
a stationary flow is expected for the CFD simulations. Moreover, at the beginning
there is no tracer in the centrifuge (F = 0). The step change to F = 1 simulates the
injection of the tracer into the lab-scale decanter centrifuge. By specifying F = 1 at
the inlet, the residence time behavior results directly from the tracer concentration
at the overflow.

Figure 7 shows schematically the procedure for determining the residence time
behavior using CFD simulations. The investigation of the residence time behavior
based on CFD simulations is currently only applicable for a decanter centrifuge
filled with liquid. The inclusion of the real behavior during operation requires the
consideration of the sediment build-up and sediment transport. Currently, however,
no meaningful models are available that allow CFD simulations in combination
with sediment transport in decanter centrifuges. Hammerich et al. [11] show a first
approach for the description of the rheological behavior for finely dispersed sediment
using the example of tubular centrifuge.

The left side in Fig. 8 compares the three methods investigated for the step change
of solids volume fraction, the tracer experiment and the CFD simulation. Here, it
can be summarized that there is good agreement between the three methods and
the residence time behavior also influences the dynamic behavior of the lab-scale
decanter centrifuge. The reason for this is that the temporal change of the solids
volume fraction at the overflow after a sudden change at the inlet depends on the

Fig. 7 Schematic representation of the CFD simulations to determine the residence time behavior
of a lab-scale decanter centrifuge type MD80. Reprinted with permission from [20]
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Fig. 8 Left: comparison between tracer experiment, tracer simulation and system behavior for
a stepwise change of solids volume fraction at the inlet. Right: comparison between the tracer
experiment, tracer simulation and stepwise change of particle size distribution at the feed [20]

flow conditions inside the machine. The rotor and the screw body limit the flow
domain. No slip conditions apply to all walls. This results in the formation of a flow
profile. In addition, the turbulent flow generates vortices leading to an increased
momentum exchange. The left-hand side in Fig. 8 compares the residence time and
the system behavior for the abrupt change of the particle size distribution at the inlet.
It is apparent that three methods show a good agreement. In the next step, the system
behavior is used for the dynamic modeling of decanter centrifuges.

4 Dynamic Modeling of Decanter Centrifuges

Decanter centrifuges are used in many sectors of the process industry for the sep-
aration of solids and liquids. They consist of a cylindrical-conical bowl, a screw
conveyor and the feed pipe. A schematic representation of a decanter centrifuge is
shown in Fig. 9. The suspension flows axially into the centrifuge where it is pre-
accelerated at the transition between the cylindrical and conical part. The slurry
flows along the formed channel in the screw body towards the overflow. The solid
material, which usually has a higher density, settles in towards the inner wall of
the bowl and is deposited there as liquid-saturated sediment. For a countercurrent
decanter centrifuge, the screw body transports the sediment within the conical part
of the machine.

So far, the known theoretical models for decanter centrifuges neglect the dynamic
behavior. However, this occurs in decanter centrifuges during the spin-up process or
as a reaction to load changes at the inlet. In the following, the dynamic modeling of
countercurrent decanter centrifuges by means of the interconnection of individual
compartments (index i) is presented. Figure 9 illustrates schematically the compart-
ment model for the cylindrical part of a decanter centrifuge. The sedimentation zone
and the sediment zone define two areas with differing physical behavior for the
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Fig. 9 Schematic representation of the compartment model for countercurrent decanter centrifuges
[6]

mathematical modeling of settling behavior and sediment build-up. The linking of
the individual compartments characterizes the dynamic behavior of the apparatus.
This approach is also well known from chemical reaction engineering as tank-in-
series model. The serial connection of ideally back-mixed compartments maps the
residence time behavior of the apparatus.

The right-hand side in Fig. 9 depicts the incoming
(
ṁs,i−1

)
and outgoing

(
ṁs,i

)
mass flow of solids. Additionally, the incoming (q3,i−1) and outgoing (q3,i) mass
density distribution are shown, which consider the change of particle size for each
compartment (index i). In contrast to the well-known �-theory, the solid mass flow,
and the particle size distribution change locally within the machine. This enables a
process-related description of the classification process for decanter centrifuges.

Due to the centrifugal separation of the particleswithin the apparatus, the approach
considers the partial removal of particle fractions for each compartment. The sed-
iment zone then takes the separated solid mass flow

(
ṁs,sep,i

)
into account for the

calculation of the sediment formation.
Furthermore, sediment transport occurs in decanter centrifuges, which influences

significantly the filling process. The numerical approach considers the physical
behavior during the sediment transport by an incoming

(
ṁ tr,i

)
and outgoing

(
ṁ tr,i−1

)
sediment mass flow in the mass balance of the sediment in each compartment. In the
case of decanter centrifuges, the screw conveyor inside the rotating bowl prevents
the flow of the slurry in axial direction. In fact, the material flows along the formed
screw channel towards the overflow. Thus, the mathematical modeling of the spatial
and temporal change requires unwinding the screw channel and its discretization
along the settling paths. Figure 10 shows the unwinding of the screw channel, the
discretization of the sedimentation and sediment zone as well as the sediment dis-
tribution along the screw channel exemplarily for two different time steps t0 = 0 s



7 Dynamic Simulation of Mechanical Fluid Separation in Solid … 251

Fig. 10 Schematic representation of the unrolled screw channel, its discretization, and the sediment
distribution for a countercurrent decanter centrifuge at two different time steps t0 = 0 s and t1 > t0
[20]

and t1 > t0. The dynamic model considers the influence of the sediment build-up on
the residence time behavior. In addition, the algorithm calculates the radial position
of the sediment surface Rs,i(t) from the volume of the sediment Vsed,i for each com-
partment (index i). At the start time, different parameters such as the radius of the
weir Rw, the radius of the drum Rd, the screw pitch Bsc and the length of the unrolled
screw Lhel define the calculation domain.

4.1 Mathematical Modeling of the Sedimentation Zone

The sedimentation zone comprises the transport of the slurry in direction of the over-
flow and for the particle settling towards the inner bowl wall. For the mathematical
description of the physical behavior mentioned, a series of equations are mandatory.
The solids mass balance

dms,i

dt
= ṁs,i−1 − ṁs,i − ṁs,sep,i, (6)

is applied to calculate the accumulation of solids dms,i

dt for each time step and com-
partment i. Here, ṁs,i−1 is the incoming mass flow of solids, ṁs,i is the outgoing
mass flow of solids and ṁs,sep,i, is the mass flow of separated solids. The mass flow
of separated solids is calculated as the product of incoming solids mass flow and
separation efficiency Ei(t):
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ṁs,sep,i = Ei (t) · ṁs,i−1. (7)

The separation efficiency is an integral measure to describe the separation per-
formance of a process and can be calculated by integrating the product of the mass
density distribution function q3,i−1(x, t) entering a compartment and grade efficiency
G i(x, t) over the entire particle size range xmin ≤ x ≤ xmax:

Ei(t) = xmax∫
xmin

Gi (x, t)q3,i−1(x, t)dx . (8)

Inserting Eq. (7) in (6) yields the equation for the solids mass in compartment
with in the sedimentation zone:

dms,i

dt
= ṁs,i−1

(
1 − Ei(t) − ṁs,i

ṁs,i−1

)
. (9)

To convert the mass balance into a volume balance, the solid mass and the solid
mass flow are converted into the volume and the volume flow rate. The volume
balance for the compartment (index i) of the sedimentation zone

dφi

dt
= Qi−1φi−1

(
1 − xmax∫

xmin

G i(x, t)q3,i−1(x, t)dx − Qiφi

Qi−1φi−1

)
, (10)

follows by inserting the solid mass
(
ms,i = ρsφiVi

)
), the solid mass flow ṁs,i =

ρsφiQi and Eq. (8) in (10). A constant volume (Vi ) and ideal backmixing in the
compartment is assumed to solve the ordinary differential equation (ODE) in Eq.
(10). In addition, the separation process depends on the change in the particle size
distribution along the screw channel. The change in the particle size distribution for
the compartment with index i is as follows:

d
[
ms,iq3,i(x)

]
dt

= ṁs,i−1q3,i−1(x) − ṁs,iq3,i(x) − ṁs,sep,iq3,sep,i(x). (11)

Here, ṁs,i−1q3,i−1(x) is the incomingmass flowof particles with size x , ṁs,iq3,i(x)
is the mass flow of outgoing particles with size x and ṁs,sep,iq3,sep,i(x) is the mass
flow of separated particles with size x . For further consideration, the accumulation
term in Eq. (11) is neglected. The assumption is made to calculate the mass density
distribution of the separated solids

q3,sep,i(x, t) = q3,i−1(x, t)
G i(x, t)

Ei(t)
, (12)

and the mass density distribution of the outgoing stream
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q3,i(x, t) = q3,i−1(x, t)
(1 − G i(x, t))

(1 − Ei(t))
. (13)

The unknown variables of the presented equations are the grade efficiency and
the volume of a compartment (index i). For decanter centrifuges, the grade effi-
ciency depends on the material properties, the centrifuge geometry and the process
conditions.Gleiss et al. [6] showa shortcutmodel based on a grade efficiency function

G i(x, t) = Rs,i(t)

Rs,i(t) − Rw

{
1 − exp

[
− (ρs − ρl)h(φ)x2ω2

18ηl

Bsc
(
Rs,i(t) − Rw

)
�l

Qi−1

]}

(14)

to predict temporal and spatial changes along the screw channel of a decanter cen-
trifuge as a function of the parameters described previously. Here, ρs is solids density,
ρl is liquid density, ηl is the dynamic viscosity of the liquid, x is the particle size, ω is
the angular velocity, Bsc is the screw pitch and �l is the length of a compartment for
the unrolled screw channel. The volume of the sedimentation zone (in a compartment
i) is calculated as follows:

Vi = (
Rs,i(t) − Rw

)
�l Bsc. (15)

4.2 Mathematical Modeling of the Sediment Zone

After particle separation, the material accumulates on the inner wall of the bowl as
liquid-saturated sediment. The sediment structure depends on the separated solids
and on the sediment transport. Therefore, it is essential to consider the physical
behavior for the modeling of the process behavior. For this reason, this subsection
dealswith themathematicalmodeling of the temporal and spatial changes in sediment
formation. In this case, it is assumed that the maximum compaction of the sediment
formed by finely disperses particles is present at the transition between the cylindrical
and conical part. As a result, the conical part in the dynamic model is neglected. The
description of the accumulation of solids in the centrifuge requires a mass balance
of solids for each compartment (i = 1, …, N):

dms,sed,i

dt
= ṁs,tr,i + ṁs,sep,i − ṁs,tr,i−1. (16)

Here, ms,sed,i is the accumulated solid mass, ṁs,tr,i is the solid mass flow trans-
ported into the compartment, ṁs,tr,i−1 is the solid mass flow transported out of the
compartment. Both mass flows occur because of the relative motion between bowl
and screw conveyor. For the direct calculation of the sediment volume, the solids
mass balance is converted into a volume balance.
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dVs,sed,i

dt
= Qs,tr,i + Qs,sed,i − Qs,tr,i−1. (17)

Qs,tr,i is the flow rate of solids which is transported into the compartment, Qs,tr,i−1

is the volume flow rate of solids which is transported out of the compartment and

Qs,sed,i = φi−1Qi−1Ei (t), (18)

is the volume flow rate of separated solids. The volume flow rate of solids transported
by the screw conveyor system is described as follows:

Qs,tr,i = φc,i As,i · T Bsc�n

sin(β)
. (19)

Here, φc,i designates the mean solids volume fraction of the cake, As,i is the
cross-section of the cake, T is the transport efficiency, β is the screw angle and �n
is the differential speed between screw conveyor and drum. The transport efficiency
(0 ≤ T ≤ 1) is unknown and must be derived from experiments on a laboratory
decanter centrifuge. T < 1 applies to the transport efficiency as friction and sliding
occur during sediment transport. The cross-sectional area of the sediment

As,i (t) = Bsc
(
Rd − Rs,i (t)

)
, (20)

is calculated from the area of a rectangle with the width of the screw pitch and the
difference between drum radius and the radius of the sediment surface. The latter
results from the volume of the sediment in the compartment with index i:

Rs,i (t) = Rd − Vsed,i(t)

Bsc�l
. (21)

Furthermore, the length of the unrolled screw is required for the calculation of
the sedimentation zone:

Lhel = Lcyl

Bsc
· [

(2πRm)2 + B2
sc

]0.5
. (22)

The length of the unrolled screw is necessary to calculate the total volume of the
cylindrical drum:

Vhel = Lhel Bsc(Rd − Rw). (23)

The total volume of the cylindrical drum is used here to predict the temporal
change of volumetric filling level during the separation process. Furthermore, the
dynamic model is based on the assumption that no sediment can grow out of the
calculation area. The maximum radial position of the sediment is calculated and
compared with the actual radial position of the sediment surface for each time step:
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Rmax = Rd −Umax(Rd − Rw). (24)

It is assumed that a maximum filling degree of Umax = 0.95 occurs in decanter
centrifuges [28]. The reason for this behavior is that a fast-flowing layer forms on the
sediment surface which results in equilibrium between settling and lift of particles.
For a detailed description of the dynamicmodeling of the cake compression behavior
of finely disperse particles, please refer to Gleiss [20].

4.3 Validation of the Dynamic Model for Decanter
Centrifuges

This subsection shows selected results for the experimental validation of the dynamic
model for a pilot-scale decanter centrifuge. The basis of dynamic simulations is the
mathematical modeling presented in Sects. 4.1 and 4.2. Limestone-water and PVC-
water slurrieswere used for the validation trials of the presented approach for decanter
centrifuges on a lab and pilot scale. Table 2 shows the geometric parameters of the
lab-scale and pilot scale decanter centrifuges investigated here.

Figure 11 shows the influence of the total number of compartments N on the
transient behavior of the solids volume fraction at the overflow. An exemplary case
with the simulation setup Q = 30 l·h−1, C = 500 and �n = 5 rpm illustrates the
temporal change of the solids volume fraction on the left-hand side. After the spin-up
process which ends after t = 150 s, the simulation results reveal a steady behavior.
At t = 250 s, the solids volume fraction changes abruptly from φin = 2 %vol to
φin = 3%vol at the inlet. The results indicate that the reaction of the machine to this
load change occurs time-delayed at the overflow, which has already been described
in Sect. 3. The total number of compartments N has an influence on both the start-
up process and the simulated load change. The reason is the reduction of the axial
dispersion with the increase of N. The influence of the total number of compartments
on the normalized dynamic change is depicted the right-hand side of Fig. 11.

An important parameter for the dynamic modeling of decanter centrifuges is the
transport efficiency T,which describes the transport behavior of the formed sediment.
Since the sediment build-up has a decisive influence on the process behavior of

Table 2 Geometric
parameters of the decanter
centrifuges investigated

Parameter Lab-scale decanter
(m)

Pilot scale
decanter (m)

Length cylindrical
bowl

0.18 0.98

Weir radius 0.034 0.104

Bowl radius 0.04 0.14

Screw pitch 0.025 0.125
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Fig. 11 Left: transient behavior of solids volume fraction at the overflow. Right: simulation for
the normalized dynamic change as a function of flow number. Both diagrams show the influence
of the total number of compartments N on the dynamic and residence time behavior. Simulations
performed for a lab scale decanter centrifuge type MD80 at Q = 30 lh-1, C = 500 and �n = 5 rpm
[20]

decanter centrifuges, it is important to know the effect of this parameter to predict
separation with a good accuracy. Therefore,

Figure 12 demonstrates the influence of transport efficiency on the solids volume
fraction in the overflow (left) and underflow (right). The simulation setup is based
on pilot scale experiments with Q = 500 m3 h−1, φin = 0.15 and �n = 15 rpm to
verify the influence of the transport efficiency on the dynamic simulation.

According to definition, the transport efficiency is between 0 < T < 1. For
small values of T , the transport is inefficient. Conversely, T = 1 represents an
ideal transport without friction losses. The screw conveyor moves the cake during
one rotation by the screw pitch. The influence of transport efficiency on the solids

Fig. 12 Left: influence of the transport efficiency on the solids volume fraction at the overflow.
Right: mean solids volume fraction at the underflow as a function of rotational speed and transport
efficiency. The simulation setup is Q = 0.5 m3 h−1, φin = 0.15 and �n = 5 rpm. Simulations
performed for a pilot scale decanter centrifuge. Reprinted with permission from [20]
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volume fraction in the overflow is negligible in a wide range of 0.25 ≤ T ≤ 1.
A clear deviation from simulation and experiment is only detectable for T = 0.1.
For this setting, the sediment transport is inefficient and the machine fills almost
completely. As a result, only a small volume is available for the separation and the
solids volume fraction at the overflow increases due to the short residence time in
the apparatus.

The right-hand side in Fig. 12 exhibits the impact of transport efficiency on the
mean solids volume fraction φc and the maximum solids volume fraction at the inner
wall of the drum φc,max as a function of rotational speed. The comparison of the
results points out that there is only a small influence of the transport efficiency on
the solids volume fraction in the underflow. This results in only a slight shift of the
curves towards a larger solids volume fraction due to the rising sediment volume.

Another field of application for decanter centrifuges is the classification of finely
dispersed particles. The aim here is to adjust selectively the particle size of the
valuable product. For testing the applicability of dynamic modeling, finely dispersed
limestone is classified in a pilot decanter centrifuge. The following parameters serve
as simulation setup: Q = 0.5m3 h−1, φin = 0.15 and �n = 15 rpm.

Figure 13 presents the mass sum distribution at the overflow for experiments and
simulations for the investigated pilot decanter centrifuge as a function of rotational
speed. The results indicate that there is a shift in the mass sum distribution with
the increase of rotational speed. In addition, the dynamic simulations reproduce the
results of the classification accurately. Thus, the dynamic model also considers the
change in particle size distribution.

The sediment build-up in solid bowl centrifuges depends not only on the process
conditions, but also on the material properties of the disperse phase. Additionally,
the sediment build-up in decanter centrifuges is influenced by the differential speed
between screw and bowl. The left side in Fig. 14 illustrates the influence of the inlet
solids volume fraction on the mean solids volume fraction of the underflow. The

Fig. 13 Particle size
distribution at the overflow
for simulation and
experiment dependent on
rotational speed for the
classification of
limestone-water slurries with
a pilot-scale decanter
centrifuge. The simulation
setup is Q = 0.5 m3 h−1, φin
= 0.15 and �n = 5 rpm [20]
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Fig. 14 Comparison of the mean solids volume fraction of the underflow dependent on rotational
speed. Left: influence of feed volume fraction for finely dispersed limestone with a mean particle
size of x50,3 = 3.4 µm. Right: impact of differential speed between screw conveyor and drum for
a limestone-water slurry with a mean particle size of x50,3 = 1.6 µm [20]

measuring ranges overlap, which indicates that there is only a small influence of
the solids volume fraction. Furthermore, the solids volume fraction of the underflow
increases for higher speeds. Comparing simulation and experiment, it is easy to see
that the calculation underestimates the solids volume fraction of the sediment. At
this point, shear compression can lead to a denser packing of the formed saturated
cakes.

The right-hand side in Fig. 14 shows the influence of differential speed (�n) on
themean solids volume fraction at the underflow for�n = 6 rpm and�n = 15 rpm.
The influence of the differential speed on the solids volume fraction is significantly
higher for the investigated process compared to the variation of the feed solids volume
fraction. This results in a denser sediment for�n = 6 rpm at a lower speed compared
to the simulation setupwith�n = 15 rpm. In addition, the simulation underestimates
the experimental values for both differential speeds.

5 Dynamic Modeling of Tubular Centrifuges

Another machine type in the class of solid bowl centrifuges are fast-rotating tubular
centrifuges. Due to the slim design, this centrifuge type achieves g-forces up to
C = 100000. This makes the apparatus suitable for the separation of nanoparticles
and proteins from fermentation processes. Another field of application is the defined
classification of nanoparticles. Figure 15 depicts the schematic design of a tubular
centrifuge. A pump delivers the mostly diluted suspension at the bottom axially into
the apparatus. The geometry of the machine forms a liquid pond and a gas core.
The suspension flows in axial direction and leaves the apparatus on the top. The
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Fig. 15 Schematic representation of a tubular centrifuge, developed compartment approach and
balancing of an individual compartment. Reprinted with permission from [20]

centrifugal field created by the rotation leads to particle settling in the direction of
the inner rotor wall.

The basis for the mathematical modeling is the dynamic model for decanter cen-
trifuges presented in Sect. 4.1. Sedimentation and sediment zone describe the sepa-
ration of the dispersed phase and the sediment formation in the investigated tubular
centrifuge. In contrast to decanter centrifuges, no sediment transport takes place. The
starting point is a cohesive particle cluster that does not move because of the rheolog-
ical properties of the sediment. Once the particles have been separated, the sediment
remains at this axial position in the rotor. Only sediment compression in the radial
direction takes place. As for decanter centrifuges, a total number of compartments
(N) subdivides the inner space of the rotor. The right-hand side in Fig. 15 shows the
variables modeled exemplarily for the compartment (index i). Sections 5.1 and 5.2
discuss the mathematical modeling of tubular centrifuges in more detail.

Figure 16 depicts the temporal change of sediment build-up exemplarily for three-
time steps t0 < t1 < t2. At the beginning of the dynamic simulation t0 = 0 s ,
only liquid is present in the centrifuge. Discretization of the rotor length Lax allows
calculating of the sediment distribution for each time step t . After a certain time (t2),
the regions close to the inlet are almost completely filled due to the classification of
the product along the rotor length. Here, simulation results from Hammerich et al.
[11] show that a fast-flowing layer forms in these regions. Due to the short residence
time of the slurry, no further separation occurs. Instead, the flow collects particles
from the sediment surface. However, this physical behavior is not taken into account
in the presented approach. If the radius of the sediment is equal or smaller than
the maximum radial position of the sediment surface Rmax, no further separation is
considered in this section of the tubular centrifuge.
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Fig. 16 Schematic representation of the temporal filling process exemplary for three-process steps
t0 < t1 < t2. Reprinted with permission from [20]

5.1 Modeling of the Sedimentation Zone

The dynamic modeling of the sedimentation zone in tubular centrifuges is based
on almost the same assumptions as for decanter centrifuges. However, in contrast
to decanter centrifuges, the main flow direction is axial towards the overflow. The
modified residence time behavior requires to adapt the grade efficiency calculation:

Gi (x, t) = Rs,i(t)
2

Rs,i(t)
2 − R2

w

{
1 −

(
exp

{
− (ρs − ρl)h(φ)x2ω2

18ηl

Vi(t)

Qi−1

})2
}

. (25)

The main difference to the grade efficiency model for decanter centrifuges results
from the differing geometry of tubular centrifuges. Neglecting the pre-acceleration
zone and the overflow region, it can be described as a hollow cylinder. The volume
of a compartment (index i) is calculated using the geometric dimensions of a hollow
cylinder:

Vi(t) = π
(
Rs,i(t)

2 − R2
w

)
�l. (26)

The length of a compartment �l is unknown. The ratio of the length of the cylin-
drical rotor Lcyl to the total number of compartments N describes �l. Furthermore,
the total volume of the cylindrical rotor
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Vcyl = π
(
R2
d − R2

w

)
Lcyl, (27)

is decisive for the calculation of the volumetric filling level. The mass balance for
solid, liquid and particle size distribution is the same for the dynamic modeling of
decanter and tubular centrifuges. At this point, it should be noted that the rotating
gas core and thus the gas liquid-interphase are not considered in the dynamic model
presented. Additionally, no particle breakage occurs in the feed zone of the tubular
centrifuge.Moreover, the slurry rotates as a rigid body. Thismeans that an insufficient
pre-acceleration is not taken into account by the presented approach.

5.2 Modeling of the Sediment Zone

Since a tubular centrifuge is a semi-continuous apparatus, the process behavior for
sediment build-up differs from that of a decanter centrifuge. Here, the solid accumu-
lates continuously on the inner rotor wall until the apparatus is completely filled. As
a result, the solids mass balance in a compartment of the sediment zone simplifies
as follows:

dms,sed,i

dt
= ṁs,sed,i. (28)

The continuous supply of solids during the entire process leads to a complete
filling of the rotor up to the maximum volumetric filling level theoretically. For the
prediction of the radial position of the sediment surface for the compartments i = 1,
…, N the solids mass balance is transformed into a volume balance of solids:

dVs,sed,i

dt
= Qs,sed,i. (29)

The dynamic simulation of the sediment build-up along the axial position of the
rotor allows the temporal prediction of the sediment distribution. The accumulated
volume of the sediment is used to determine the radial position of the sediment
surface

Rs,i(t) =
[
R2
d − Vsed,i(t)

π�l

]0.5

, (30)

for each compartment (index i). The radial position of the sediment surface is then
used to calculate the volume of the sedimentation zone in Eq. (26) and thus to map
the residence time behavior which deviates with process time. Stahl et al. [29] show
that the sediment in tubular centrifuges only increases up to a critical volumetric
filling level of Umax = 0.95. This means that the sediment does not emerge from
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the liquid pool. Rather, separated and dragged solids are in equilibrium in the fast-
flowing layers of the centrifuge. The dynamic model considers the described process
behavior by estimating the maximum possible radius of the sediment:

Rmax = [
(1 −Umax) · (

R2
d − R2

w

) + R2
w

]0.5
. (31)

For each time step, the radial position of the sediment surface for each compart-
ment (index i) is compared to the maximum sediment radius. For Rs,i(t) ≥ Rmax, no
further particles are separated in this compartment and G i(x, t) = 0 apply for the
grade efficiency. The evaluation of the temporal behavior of the separation process is
based on two parameters: the product loss P(t) and volumetric filling levelU (t). The
temporal change of the volumetric filling level results from the ratio of the overall
accumulated sediment volume for all compartments i = 1, …, N to the volume of
the rotor:

U (t) =
∑N

i=1 Vsed,i(t)

Vcyl
. (32)

The product loss

P(t) = ṁs,of

ṁs,feed
, (33)

is the ratio of the solidmass flow at the overflow ṁs,of to the solidmass flow at the feed
ṁs,feed. The algorithm developed for the sediment formation process distinguishes
between an incompressible and a compressible cake. For an incompressible cake,
the porosity is not a function of the solids pressure. This results in a practically
constant porosity over the sediment height. Suchmaterials are also analyzed in beaker
centrifuges to determine the porosity of the sediment for dynamic simulation. For
compressible cakes, the behavior differs significantly. Here, as described in Sect. 2.2,
porosity is a function of the solids pressure. For the mathematical description of the
sediment build-up for compressible materials please refer to Gleiss [20].

5.3 Validation of the Dynamic Model for Tubular Centrifuges

This subsection dealswith the verification of the dynamicmodel to predict the process
behavior of tubular centrifuges. The parameters to validate the dynamic model are
the product loss and the volumetric filling level. The tubular centrifuge investigated
is a pilot machine of the company CEPA GmbH type GLE. Table 3 summarizes the
geometric dimensions and discretization of the centrifuge.

Additionally, Fig. 17 depicts the mass distribution functions of silica with the
commercial nameAerosil 200which is applied as an initial parameter for the dynamic
modeling. The mass related mean particle size is x50,3 = 76 nm.
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Table 3 Summary of the key
data of the investigated
tubular centrifuge

Parameter Value (m)

Rotor length 0.18

Drum radius 0.0215

Weir radius 0.0152

Number of compartments 50

Number of sediment slices 100

Number of particle classes 100

Fig. 17 Mass distribution
function of silica
nanoparticles with the
commercial name Aerosil
200

Figure 18 shows the temporal change of product loss for the separation of silica
nanoparticles, dependent on the empirical parameters of the material function for
the solids pressure. The simulation setup is Q = 0.1 l · min−1, C = 19200 and
φin = 0.005. The product loss changes linearly with time in the range of 1 min <

t < 90 min.
One of the three parameters p1, p2 andφgel was changed exemplarily for each sim-

ulation. As can be seen fromFig. 17Mass distribution function of silica nanoparticles
with the commercial name Aerosil 200.

Figure 18, the parameter variation shows a small influence on the temporal change
of the product loss, but also a good agreement with the experiment.

A significant influence results for the volumetric filling level and thus for the
sediment build-up in the tubular centrifuge, see Fig. 19. The variation of parameters
p1 and p2 shifts the curve for the volumetric fill level up by about 10%. This clearly
shows the influence of the compression behavior on the sediment structure and thus
the importance of the meaningful prediction of the material behavior based on the
methodology shown in Sect. 2.2 on a laboratory scale. Here, measurement uncer-
tainties lead to deviations in the dynamic simulation of process behavior for tubular
centrifuges and thus to deviations in the separation efficiency.



264 M. Gleiss and H. Nirschl

Fig. 18 Comparison of
simulation und experiment
for the temporal change of
product loss dependent on
the material properties to
describe solids pressure. The
simulation setup is Q =
0.11·min−1, C = 19.200 and
φin = 0.005 [20]

Fig. 19 Comparison of
simulation and experiment
for the temporal change of
the filling level for the
tubular centrifuge
investigated dependent on
the material function for the
compression behavior. The
simulation setup is Q =
0.1l·min−1, C = 19200 and
φin = 0.005 [20]

Figure 20 illustrates the simulated temporal change of the grade efficiency under
variation of the volumetric flow rate for two different time steps t = 10min and
t = 30min. In this case, the simulation setup is based onC = 19200 andφin = 0.005.
The results show a shift in the degree of separation with respect to the process time
towards larger particle fractions, which worsens the classification.

Furthermore, the influence of the volume flow can be clearly seen. At this point
there is a shift of the curves towards larger particles with the increase of the volume
flow rate. The process behavior can be explained by the reduction of the residence
time in the tubular centrifuge. Furthermore, the results indicate a broader grade
efficiency for higher volume flow rate.

Another advantage of the dynamic model is the description of the temporal evo-
lution of the sediment height and the sediment distribution along the rotor. As a
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Fig. 20 Dynamic simulation
of grade efficiency dependent
on time and volumetric flow
rate. Simulation setup is C =
19200 and φin = 0.005 [20]

result the sediment volume can be derived for each time step. Figure 21 presents the
sediment height as a function of the rotor length for C = 9600, C = 28900 and C
= 38500. Here, the g-force refers to the bowl radius. Each iso-line corresponds to a
constant time. The interval between two lines is �t = 10 min. The results indicate
deviating process behavior for the sediment build-up as a function of the volume
flow. A thin sediment layer is formed in the rotor for C = 9600 at time t = 90min.
For C = 38,500 the rotor is almost completely filled. This process behavior results
from the increasing amount of the separated solid for a higher g-force.

6 Conclusion

This work presents the development of two dynamic models for continuous working
decanter centrifuges and semi-batch tubular centrifuges. Both models are computa-
tionally efficient and therefore suitable for dynamic flowsheet simulation and Model
Predictive Control. Dynamic simulation requires material functions and the resi-
dence time behavior to predict the real process behavior with sufficient accuracy. In
contrast to the �-theory, which carries out experiments on a pilot scale, the settling
behavior and the sediment build-up were investigated sing well-established labora-
tory equipment. This allows a detailed numerical investigation of the process level
for solid-bowl centrifuges.

Another important parameter for the description of continuous and semi-batch
machines are the flow conditions, which influence the residence time of the particles.
For this reason, three methods have been applied to investigate the flow conditions:
the experimental residence timemeasurement, CFD simulations and characterization
of the system behavior. The experimental data for the system behavior results from
a stepwise change of particle size distribution and solids volume fraction at the feed
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Fig. 21 Temporal change of
sediment height as a function
of rotor length for three
g-forces C = 9600, C =
28900 and C = 38500. Each
line represents an iso-curve
for a point in time. Reprinted
with permission from [20]

of a lab-scale decanter centrifuge. The results show the correlation between the resi-
dence time and the dynamic behavior. The dynamic model for decanter centrifuges is
based on the interconnection of individual compartments. The numerical algorithm
solves the mass balance of solids and liquid as well as for the particle size class for
each compartment. Since the material behavior at the transition between suspension
and sediment changes abruptly, the mathematical model divides the centrifuge into
a sedimentation zone and a sediment zone. The sedimentation zone describes the
dynamic behavior during the separation of the particles. Whereas the sediment zone,
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considers the calculation of sediment build-up and sediment transport. The compar-
ison of dynamic simulations with experiments for finely dispersed particle systems
shows a good conformity.

Finally, the broad applicability of the developed compartment model was demon-
strated by transferring the dynamic model of a continuous working decanter to semi-
batch tubular centrifuges. It can be shown that the deviating process behavior of
tube centrifuges is due to the sediment build-up in the rotor. In contrast to decanter
centrifuges, the accumulated solids remain in the apparatus and thus reduce the flow
cross-section. As a result, the residence time decreases permanently until the sedi-
ment occupies the entire rotor. The comparison with experiments for nanoscale silica
also shows a good agreement between simulation and experiment for the temporal
change of product loss and grade efficiency. The developed models are not only suit-
able for dynamic flowsheet simulation, but also for other applications. For example,
it is conceivable to use dynamic models for MPC or to carry out an optimization
regarding raw material or resource efficiency.
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