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The scale up of solid bowl centrifuges is a major challenge as the process and material behavior are complex and difficult

to describe. A common approach to forecast the process behavior is to use analytical models and transfer the experience

gained from the lab to the industrial scale. In this context, time-consuming and cost-intensive pilot scale experiments are

necessary. This paper presents a methodology to improve the scale up process and make it more sustainable by using a

numerical model that allows the real-time tracking of the process and a more reliable scale up process. For this approach,

the material behavior is derived from laboratory experiments whereby the scalability is given. Here, the determination of

material functions allows an accurate representation of the material behavior for solid bowl centrifuges of different scales.

The focus of this paper is the detailed explanation of material related functions for the scale up of decanter centrifuges.
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1 Introduction

A basic unit operation in process engineering is the me-
chanical fluid separation. Solid bowl centrifuges are often
used for thickening, classifying and dewatering of finely dis-
persed particles. As part of an industrial process chain, their
usage requires a sufficiently accurate prediction of the prod-
uct and machine behavior. One challenge in the design of
solid bowl centrifuges is the scale up from the lab to the
industrial scale as different parameter combinations of the
process behavior lead to the same separation result, while
changes in the operating conditions have different effects
on the performance of the machine [1]. As a result, it is not
possible to simply scale up the geometry and process condi-
tions linearly. For a successful scale up, pilot scale tests are
necessary which are cost-intensive due to the energy and
manpower required.

For the design of solid bowl centrifuges, literature pro-
vides mathematical approaches such as the sigma theory
[2, 3], the g-volume [4] or the Leung number [5]. Here, the
sigma theory is the most commonly used. Ambler [2] de-
scribes the separation by equating the mean residence time
and the sedimentation time of a single particle in the Stokes
regime and transfers the results from lab to industrial scale
conditions. Influences such as the solids volume fraction,
particle shape, flow conditions, turbulence, or sediment
build-up are not considered. Wakeman [4] presents the

g-volume as another approach for the scale up of solid bowl
centrifuges allowing the comparison of geometrically simi-
lar machines. Leung [5] assumes that a very thin fast-flow-
ing boundary layer exists at the interface between the gas
and liquid phase. Due to reasons of mass conservation, a
stagnant layer with a neglectable flow in axial direction is
formed below the boundary of the rotating pool. Within the
boundary layer, Leung calculates the separation based on
the Stokes’ settling velocity similar to the sigma theory and
introduces the Leung number as a dimensionless parameter
which allows the scale up of different solid bowl centrifuges
[6].

Baust et al. [7], Gleiß et al. [8, 9] and Menesklou et al.
[10] exploit the ever-increasing computational power for
the design optimization of solid bowl centrifuges. To im-
prove the understanding of the separation process in
decanter centrifuges, Baust et al. [7] have developed a meth-
od to study the flow in the apparatus. For this purpose, the
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simulation model takes sedimentation and sediment forma-
tion into account. Depending on the solids volume fraction,
a distinction is made between the slurry and the sediment,
and a different rheological model is assigned to each phase.
In contrast, Gleiß et al. [8] have developed a real-time capa-
ble dynamic model for tubular and decanter centrifuges and
extended common mathematical models by the influence of
the forming sediment on the residence time. The flow is
adapted by an approximated plug flow with the same resi-
dence time behavior as that of the machine to be simulated.
Deviations from the ideal plug flow are considered by a
component balance for the solid phase, where the intercon-
nection of a predefined number of compartments approxi-
mates the non-ideal flow behavior and allows to extend the
simulation approach with the real residence time behavior.
Consequently, the simulation shows a good agreement with
the experiments. Menesklou et al. [10] shows the scalability
and transferability of the multi-compartment approach
from lab to industrial scale for geometric non-similar
decanter centrifuges.

The design of solid bowl centrifuges and the choice of
suitable operating conditions depend significantly on the
properties of the slurry. One main advantage of the meth-
ods presented in this work is that the material characteriza-
tion is done on a lab scale with a small amount of material.
Material functions which describe the material behavior are
determined by lab experiments and then implemented in
the multi-compartment approach. Here, the real settling
behavior is determined instead of assuming Stokes’ settling
which leads to more accurate predictions of the process
compared to the conventional methods. Another advantage
of this approach is the capability to gain knowledge about
the kinetics of the process due to the spatially- and time-
resolved simulation. Therefore, product properties like the
particle size distribution and the solids content are obtained
for each time step and compartment. As a result, a model is
received that supports the process design and allows to
describe the process even if the input variables change (see
Fig. 1). The medium-term goal is to support the process
design and reduce the number of pilot scale tests and thus
save costs.

2 Theoretical Background

2.1 Sedimentation

The sedimentation behavior of particles is essential in the
operation of solid bowl centrifuges. How fast the particles
settle depends on the liquid and disperse properties. Addi-
tionally, the solids content has a significant impact on the
settling velocity. There are different approaches to deter-
mine the settling velocity. When an infinite dilution is giv-
en, the settling velocity of a single spherical particle in a
Newtonian fluid is obtained by a force balance considering
the drag, buoyancy and weight force. With the assumption
of a stationary medium, the settling velocity of a particle up

in the gravitational field is calculated with the following
equation:

up ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

xpg

cD Rep
� � rs � rl

rl

s
(1)

Here, g is the gravitational acceleration, xp is the particle
diameter, rs and r1 are the corresponding densities of the
solid and liquid, and cD is the drag coefficient which de-
pends on the particle Reynolds number Rep. The particle
Reynolds number is the dimensionless correlation of viscos-
ity and inertia forces and depends on the settling velocity of
the particle and the dynamic viscosity of the liquid hl:

Rep ¼
xprsup

hl
(2)

For a laminar flow (Rep < 0.25) [11] known as the Stokes’
region, the drag coefficient is inversely proportional to the
particle Reynolds number:

cD ¼
24

Rep
(3)

With the mentioned assumptions and Eq. (1) – (3) the
settling velocity according to Stokes up,Stokes [12] is simpli-
fied to the following equation:

up;Stokes ¼
rs � rlð Þx2

pg

18hl
(4)

In centrifuges the acceleration force is significantly higher
than the gravitational acceleration. Thus, the centrifugal
number C, also called g-force, is used which is the ratio of
the centrifugal and gravitational field:

C ¼ Rw2

g
(5)

Here, R is the radial position in the centrifuge and w is
the angular velocity. Hence, the settling velocity in a centri-
fugal field according to Stokes is determined by the follow-
ing equation:
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Figure 1. Main idea of process design: Models based on simple
lab experiments allow the derivation of material functions. By
implementing the material functions in real time models, a
targeted support of the scale up is possible. Here, the top path
illustrates the path of a conventional scale up and the bottom
path the path of a scale up based on experimentally based
models.
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up;Stokes ¼
rs � rlð Þx2

pRw2

18hl
(6)

As this approach is only valid for very diluted slurries,
the hydrodynamic interaction between the particles and flu-
id for increasing solids content requires another representa-
tion of the settling behavior. With increasing solids content,
the particles start to form clusters which settle faster due to
their larger size. Additionally, smaller particles settle in the
slipstream of larger and thus faster settling particles which
leads to smaller particles settling faster, too. With even fur-
ther increasing solids content, the momentum exchange be-
tween the particle and fluid starts to have a significant effect
which leads to a reduced settling velocity and slower parti-
cle settling compared to Stokes’ Law [12]. Within the hin-
dered settling regime individual particle settling is pre-
vented and a settling front with a sharp interphase between
the clarified liquid and the slurry is formed. A hindered set-
tling function H allows the prediction of the real settling
velocity in correlation to the settling velocity according to
Stokes. A commonly used approach regarding designing
centrifuges is the approach by Richardson and Zaki [13]. As
this approach is solely accurate for monodisperse particles,
a different approach is needed to describe the influence of
polydispersity. According to the approach by Michaels and
Bolger [14], a non-linear hindered settling function H con-
taining empirical parameters is able to accurately describe
the hindered settling of polydisperse particles. The follow-
ing equation shows a modified approach by Michaels and
Bolger [14] which correlates the real settling velocity with
the solids volume fraction f and three empirical parameters
r1, r2, and r3.

H fð Þ ¼
up

up;Stokes
¼ r1 1� f

r2

� �r3

(7)

2.2 Consolidation

During the centrifugation process in solid bowl centrifuges,
the driving force for particle settling is the centrifugal force.
The settling of the particles leads to particle accumulation
and the formation of a liquid saturated sediment. The sedi-
ment has a significantly different behavior compared to a
slurry. As particle-particle contacts are present within the
sediment, particle migration towards the inner wall of the
rotor occurs. The transition between particle settling and
sediment build-up is abrupt and can be described by the gel
point fgel which is a characteristic solids volume fraction
where first particle-particle contacts occur. The properties of
the formed sediment including its compressibility are heav-
ily dependent on the properties of the particles (e.g., form
and size). For the characterization of a sediment’s compress-
ibility, the influence of the compression resistance ps on the
sediments structure must be known. In general, sediments

can be divided into incompressible and compressible sedi-
ments. On one hand, sediments formed by particles with a
particle size xp ‡ 10 mm are generally incompressible which
means the compression resistance has no influence on the
solids content of the sediment f „ f psð Þð Þ. On the other
hand, particles with a particle size xp £ 10 mm mostly form
compressible sediments whereby the compression is caused
by rearrangement, breakage or deformation of the particles
in the bulk. Here, the influence of the particle-particle inter-
actions gets increasingly dominant compared to the mass
forces. The solids content of compressible sediments is a
function of the compression resistance f ¼ f psð Þð Þ.

There are different approaches to describe the compres-
sion of a material by normal stress using non-linear func-
tions to fit on experimental data. The approach used
depends solely on the accuracy of the fit function for the
experimental data. Green et al. [15] use a power law to
describe the consolidation behavior by correlating the
compression resistance with the solids volume fraction, gel
point and two material specific empirical parameters r1 and
r2:

ps fð Þ ¼ p1
f

fgel

 !p2

� 1

" #
(8)

This approach is strictly limited to compression by nor-
mal stress. Gleiß [9] provides a detailed overview of further
approaches to describe the compression behavior by normal
stress. Apart from compression caused by centrifugal pres-
sure, there is also compression by shear forces within a
decanter centrifuge caused by the differential movement of
the screw. A ring shear tester allows the determination of
this type of compression along with the yield point of the
material.

2.3 Flow Behavior of the Sediment

The flow behavior of liquid-saturated sediments signifi-
cantly influences the process outcome in solid-liquid sepa-
ration or other transport processes of this type of bulk
material. In this context, the characterization of the sedi-
ment represents an interdisciplinary field of research be-
tween bulk solids mechanics and rheology. At the transition
between slurry and sediment, the flow behavior changes
abruptly. The reason for this is the particle-particle contact
in the formed sediment.

In centrifuges, the sediment faces external forces. There-
fore, the sediment may show two forms of motion as a
result of force effects [16, 17]: flowing and sliding. In the
case of flow, the sediment deforms as one continuum. The
top is moved horizontally relative to the bottom (bottom is
fixed). The relative movement creates velocity gradients
throughout the continuum and results in a distortion within
the entire sediment. In contrast, during sliding the sediment
splits into at least two continua that move away from each
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other at uniform velocities. A superposition of both forms
of motion is possible.

The flowability of a sediment results from the superposi-
tion of Coulomb friction at the particle contacts and the vis-
cous friction effects in the liquid [17, 18, 19]. Thereby, satu-
rated sediments always show a yield point which means
they are cohesive. The flow behavior depends on its state of
consolidation and the properties of the disperse phase such
as particle size distribution, particle shape or the chemical
composition [20]. Furthermore, the previous history of the
bulk material plays an important role which is the reason
for assuming a defined state of consolidation while charac-
terizing bulk materials. For measuring flow locations, ring
shear testers are used. Fig. 2 shows the standard measure-
ment procedure. The defined state of consolidation is estab-
lished by shearing the sediment before measuring the flow-
ability with a normal stress that is higher than the normal
stress applied during the actual experiment (preshear).
Then, the yield point is determined by shearing (shear to
failure).

To characterize liquid-saturated heaps, Hammerich et al.
[16] modified a ring shear cell by using filters at the top and
the bottom of the shear cell to retain the particles in the cell
and a drainage system to ensure complete saturation of the
sediment during the shear test. The measurement method-
ology was adapted from dry bulk
mechanics. The pre-consolidated
sample passes through both states
of incipient and steady state flow.
In the case of incipient flow, the
sediment starts to move. This
state is characterized by a local
maximum in shear stress. With
further shear, the shear stress
decreases until the steady state is
reached. In addition, the ring
shear tester allows to study the
influence of shear on the com-
pression of the sediment. A com-

bination of shear and normal force leads to a higher consol-
idation of the sediment [21, 22].

2.4 Modeling of Decanter Centrifuges

The methods for designing decanter centrifuges known in
the literature are stationary black box models. Gleiß et al.
[8] and Menesklou et al. [10] have developed a multi-com-
partment model for decanter centrifuges which allows the
simulation of dynamic process behavior in real-time. Fig. 3
schematically shows the setup of the dynamic model. The
simulation domain is the unrolled screw channel of the
decanter centrifuge which is then divided into individual
compartments with a discrete length Dl. Separation-related
material functions are linked with the residence time behav-
ior of the centrifuge whereby two different types of com-
partments are present: the sedimentation zone and the sedi-
ment zone.

The sedimentation zone covers the physical behavior of
particle settling. Here, mass balances are solved for a
defined number of particle size classes. To solve the compo-
nent balance of the solid phase, it is assumed that the solid
is ideally back-mixed in each balance zone. The component
balance is linked to the grade efficiency and the hindered
settling function H, the geometric properties of the appara-
tus and the process conditions.

Ti x; tð Þ ¼
Rs;i tð Þ

Rs;i tð Þ � Rw
1� exp �

Rs;i tð Þ � Rw
� �

Bc Dl

1

��
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Geometric parameters

DrH f; tð Þx2

18hl|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Material

characteristics

w2

_Vi�1

	�
|fflfflfflffl{zfflfflfflffl}
Process

conditions

(9)

Here, Ti is the grade efficiency, Rs,i is the radius of the
sediment surface, Rw ist the weir radius, Bc is the screw
width, Dl the length of one compartment and _V the volu-
metric flow rate.

The sediment zone describes the sediment accumulation
and the sediment transport whereat the transportability is a

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 00, 1–11

Figure 2. Measurement of yield loci with a ring shear tester:
Here, the shear stress t is measured over the time t during pre-
shear and subsequent shear to failure of a cohesive bulk solid
according to Schulze [20].

Figure 3. Schematic representation of a multi-compartment model based on a sedimentation
zone and a sediment zone to describe the dynamic behavior of solid bowl centrifuges. Adapted
with permission of Gleiß [9].
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crucial parameter that significantly influences the sediment
build-up as well as the transport out of the machine. Most
models are limited to the definition of a transport velocity
in axial direction [9]. The unsteady behavior depends on
the material behavior as well as on the geometry of the
screw and the process conditions. The material-dependent
variables also include a coefficient of friction. It is usually
not measurable which is why a transport efficiency k has
been defined in this model to mathematically describe the
quality of the sediment transport. It represents the ratio of
the actual transport of the sediment to the theoretically pos-
sible transport of the sediment corresponding to the differ-
ential speed of the screw conveyor. The solids transport
velocity �vtr is calculated on the basis of the differential speed
Dn between screw and bowl, the screw pitch angle a and
the material behavior which is described by the transport
efficiency k:

�vtr ¼
kBcDn
sin að Þ (10)

A more detailed description of the model is given by
Gleiß [9].

3 Material Characterization

The methods for the material characterization are shown
on two exemplary materials: titanium dioxide (TiO2) and
polyvinyl chloride (PVC). Fig. 4 shows the particle size
distributions of the two materials. Here, the median particle
size of PVC is x50,3 = 1.96 mm while that of TiO2 is
x50,3 = 0.33 mm.

3.1 Hindered Settling Function

In order to determine the sedimentation behavior, experi-
ments with an analytical centrifuge (LUMiSizer� from
LUM GmbH) are conducted. Its main compo-
nents are a rotating disc, a light source and a
detector. The measurement principle is based on
a space- and time-resolved instantaneously mea-
surement of the absorbance of monochromatic
light with a wavelength of 865 nm (STEP-tech-
nology [23]). For the measurement, the samples
are filled in rectangular cuvettes which are
placed horizontally on a rotating disk. During
the centrifugation the transmission of the light is
measured over the entire sample height in de-
fined time steps. A part of the light is reflected
and absorbed by the particles and the walls of
the cuvette. Changes of the local particle concen-
tration over time caused by particles settling in
radial direction to the bottom of the cuvette lead
to spatially- and time-dependent changes of the

transmission. A more detailed description of the measure-
ment principle can be found in [24].

As shown in Fig. 5, the transmission profile has three char-
acteristic sections. The first section (I) represents the gas
phase above the sample. Here, the measured transmission
equals the transmission of the light after passing through the
cuvette. The second section (II) covers the time-dependent
sedimentation process. At the start of the measurement, the
transmission is reduced at the radial position of the meniscus
caused by light reflected and absorbed by particles in the
sample. Over time, the particles settle towards the bottom of
the cuvette and the clarifying of the fluid leads to an increas-
ing transmission. The progress of change in the transmission
profile includes the type of settling phenomena: In the case
of hindered settling there is a pronounced phase separation
of two zones, one containing the clarified fluid where the
transmission is high and one containing the slurry where the
transmission is low. The transition of these two zones is
abrupt which leads to a nearly vertical line in the transmis-
sion profile. During centrifugation the radial position of the
phase boundary between clarified liquid and suspension
moves in radial direction towards the bottom of the cuvette.
In contrast, if swarm sedimentation is present, the transition

Chem. Ing. Tech. 2023, 95, No. 00, 1–11 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. Particle size distribution of TiO2 and PVC.

Figure 5. Transmission profile of a measurement with the LUMiSizer� with
three characteristic sections: (I) the gas phase, (III) the sedimentation process
and (III) the sediment zone.

Research Article 5
Chemie
Ingenieur
Technik

These are not the final page numbers! ((  15222640, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200117 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



from clarified liquid to slurry is less sharp. The third section
(III) represents the sediment zone. Here, the settled particles
accumulate and form a sediment. As there is almost no light
passing through the sediment which leads to a transmission
close to zero.

Using the measured transmission profile, the fitting
parameters of the approach by Michaels and Bolger [14]
(see Eq. (7)) can be derived using two different methods.
The first method makes use of the phase separation when a
clear phase boundary between clarified liquid and suspen-
sion occurs (vertical transmission profiles). This method
measures the radial position of the phase boundary at a
determined light intensity in correlation to the measure-
ment time. With the measured data it is possible to calculate
velocity of the phase separation. The variation of the solids
volume fraction allows to fit the empirical parameters of the
hindered settling function to the experimental data accord-
ing to Eq. (7). For the calculation of the settling velocity
according to Stokes, the median particle size x50,3 is used
which can be determined by laser diffraction analysis or
with the LUMiSizer� itself by diluting the slurry as low as
possible and assuming Stokes [12].

While it is reasonable to assume hindered settling at high
solids volume fractions and thus use the local temporal
change of the separation level to calculate the settling veloci-
ty, for less concentrated slurries segregation of particles may
occur. Here, particles settle according to their size. In this
case, it would be necessary to determine a hindered settling
function for each particle size class. For this purpose, the
description of material behavior requires a particle size
dependent hindered settling function which can be derived
by the measured settling velocity distribution according to
the measurement principle of constant time or constant
position [24]. Fig. 6a shows the cumulative distribution of
the settling velocity for slurries of different solids volume
fraction. With increasing solids volume fraction the particles
settle more slowly. Low concentrated slurries show a broad
settling velocity distribution that becomes narrower with in-
creasing solids volume fraction. This indicates a shift from
particle size dependent settling to hindered settling.

Both methods allow the determination of the hindered
settling function (see Fig. 6b). The settling velocity of each
solids volume fraction is related to the Stokes’ settling veloc-
ity according to Eq. (7). With increasing solids volume frac-
tion the settling velocity decreases and correspondingly the
hindered settling factor decreases.

3.2 Compression Resistance

To describe the compression behavior with the approach of
Green et al. [15], the compression resistance ps, the empiri-
cal parameters p1, p2 and the gel point fgel have to be
derived by lab experiments (see Eq. (8)). These experiments
are conducted with a beaker centrifuge (HERMLE Labor-
technik GmbH). For the experiments, the sample is centri-
fugated until there are no more changes in the height of the
sediment at a constant rotational speed which means that
the state of equilibrium for the consolidation of the sedi-
ment is reached. In the next step the compressed sediment
is cut into slices of a defined height using a sediment cutting
setup. Using a cake cutting device the sediment is divided
into slices with a defined height hk whose total mass and
solids mass fraction is obtained gravimetrically. According
to Reinach [25], the compression resistance ps of slice k is
calculated by the following equation:

ps;k ¼ w2 rs � rlð Þ
rl

4
A

Xk�1

j¼1

RjDms;j þ
RkDms;k

2

 !
(12)

Here, A is the cross-section area of the beaker, j is the
index of the slice above the considered slice k, R is the radial
position and Dms the mass of the respective layer. With a
non-linear curve fit the empirical parameters of the
approach by Green et al. [15] are obtained. Compared to
other methods, for example, the compression permeability
(CP) cell [26], this approach has the advantage that the
formed sediment in the beaker centrifuge is representative
for the sediment formed in a decanter centrifuge as the

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 00, 1–11

Figure 6. Derivation of the
hindered settling function:
a) shows the settling veloci-
ties of TiO2 dependent on
the solids volume fraction.
The higher the solids con-
tent, the more the particles
hinder each other. As a
result, the settling velocity
decreases with increasing
solids volume fractions.
b) Shows the hindered
settling functions of TiO2

and PVC according to
Michaels and Bolger [14].
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particle orientation, hydrodynamic interactions and segre-
gation during the sedimentation are considered. Fig. 7
shows the compression resistance plotted against the solid
volume fraction. Here, TiO2 and PVC show different com-
pression behaviors. While TiO2 compresses steadily for a
rising compression resistance, PVC compresses mainly at a
compression resistance rs < 20 000 Pa. At a higher compres-
sion resistance the solids volume fraction barely changes
and a nearly steady state is reached at f » 0:65. An explana-
tion for the different compression behavior is the different
particle size distribution whereby the median particle size of
PVC is x50,3 = 1.96 mm and of TiO2 is x50,3 = 0.33 mm. The
gel point of TiO2 is fgel = 0.35 whereas for PVC a gel point
of fgel = 0.45 is determined.

3.3 Measuring Yield Loci

Ring shear testers allow the characterization of the sediment
concerning its flow behavior as well as the investigation of

the influence of shear on sediment compression. A ring
shear tester (RST.01-pc from Dietmar Schulze Schüttgut-
messtechnik) and a shear cell modified by Hammerich et al.
[16] for liquid-saturated sediment with a saturation of S = 1
were used to investigate the materials TiO2 and PVC. In the
shear cell, the particles are held back by the filters and
membranes while the liquid can flow out of and back into
the bulk material through drainage channels. Both samples
were pre-compacted before shearing.

Fig. 8a shows the course of the shear stress and the
sediment height of a liquid-saturated TiO2 sediment
during a shear test with an average shear rate of
�vshear ¼ 0:001 m s�1. Precompression took place at
spre = 80 400 Pa. The shear stress profile of the liquid-satu-
rated sediment resembles that from bulk mechanics (Fig 2).
In addition, the sediment height is shown. During shearing,
the shear stress increases until a steady state is reached
where at the same time the sediment height significantly
decreases. After that, the system relaxes until the shear
stress is reduced to t = 0 Pa. Then, a rearrangement of the

sediment occurs and the sediment height in-
creases. Afterwards, the selected normal stress
for the next shear process is set and the sediment
is compressed again. This is recognizable by the
renewed decrease in sediment height.

The yield point measurements are conducted
for three different normal stresses, as shown in
Fig. 8b. The shearing takes place at 28 100 Pa,
48 200 Pa, and 68 300 Pa. The course of the stress
conditions of TiO2 and PVC can both be de-
scribed by a linear function of the normal stress.
When extrapolating the shear stress to a normal
stress of s0 = 0 Pa the shear stress does not pass
the origin but intersect the ordinate at values
t > 0. Thus, the sediments exhibit internal
strength and are cohesive.

Chem. Ing. Tech. 2023, 95, No. 00, 1–11 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 7. Consolidation functions of TiO2 and PVC according to Green et al.
[15].

Figure 8. Shear stress: a) shows the shear stress and sediment height as a function of time of a liquid-saturated sedi-
ment of TiO2 and water. There are three characteristic sections: (I) the pre-conditioning, (II) the relaxation and (III)
the actual shear experiment. b) Shows the comparison of the shear stress as a function of the normal stress during
incipient flow for the materials TiO2 and PVC.

Research Article 7
Chemie
Ingenieur
Technik

These are not the final page numbers! ((  15222640, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200117 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 Simulation

To validate the methods of the material characterization,
the results of the multi-compartment model are compared
to data obtained by experiments on a lab scale decanter cen-
trifuge with the material PVC in form of a PVC-water
slurry. The diameter of the bowl is dbo = 0.08 m, the solids
volume fraction of the feed is ff = 4.4 vol % and the pool
depth is hw = 0.012 m.

Fig. 9 shows the solids volume fraction of the sediment
and the centrate in correlation to the centrifugal number
and volumetric flow rate for both the simulation and the
experimental data. Regarding the sediment, the solids con-
tent increases at higher centrifugal numbers caused by the
increasing centrifugal pressure on the sediment which leads
to a more compacted sediment. Additionally, more particles
are separated due to the increasing settling velocity of the
particles. The throughput, on the other hand, has no signifi-
cant impact on the sediment which shows in both the
experimental data and the simulation. In general, the simu-
lation is in good agreement with the experimental data
which proves that the presented methods in Sects. 3.2 and
3.3 are adequate to characterize the compaction behavior of
a material. The deviation between simulation and experi-
mental data is less than 5 vol % which is within the accept-
able margin of error.

Regarding the centrate, the solids content decreases for
increasing centrifugal numbers due to the previously men-
tioned increasing settling velocity of the particles. Further-
more, an increase of the throughput results in less time for
the particles to settle and thus a worse separation result.
This physical behavior is also considered in the simulation.
While the simulation generally shows a good agreement
with the experimental data, the simulation tends to slightly
overestimate the solids content of the centrate in particular
for lower solids content. A possible explanation for this is a
shift from hindered settling to swarm settling occurring at

lower solids contents. As described in Sect. 2.1, swarm set-
tling describes hydrodynamic effects which leads to faster
settling particles. Currently, solely hindered settling is as-
sumed in the multi-compartment model where all particles
settle with a mean settling velocity. Thus, the implementa-
tion of a settling velocity distribution instead would im-
prove the accuracy of the model in particular for lower sol-
ids content when swarm settling occurs. Despite this, the
deviation between simulation and experimental data is be-
low 2 vol % which allows for an adequate prediction of the
separation result.

To discuss the scale up capability of the presented meth-
ods, a theoretical scale up from lab scale to industrial scale
is conducted. Here, the industrial scale machine and operat-
ing parameters are chosen based on an apparatus typically
used for the separation process. On the industrial scale de-
canter centrifuge higher centrifugal numbers and through-
puts are achievable due to the bigger dimensions. While an
experimental validation for the industrial scale centrifuge is
not part of this work, Menesklou et al. [10] prove in their
work that the simulation result of the scale up achieved by
the described methods is in good agreement with the exper-
imental data for calcium carbonate-water slurries.

Fig. 10 compares the separation result of a lab and an
industrial scale decanter centrifuge. Referring to the lab scale
centrifuge with a throughput of 0.03 m3h–1 and 0.06 m3h–1, a
similar separation result can be achieved on the industrial
scale centrifuge for a throughput of 0.8 m3h–1 and 1.4 m3h–1,
respectively which is demonstrated in their comparable sol-
ids content of the centrate. While the separation result is
similar for both scales, there is a shift in the solids content
of the sediment. Compared to the lab scale centrifuge
(hw = 0.012 m), the industrial scale centrifuge (hw = 0.064 m)
has a deeper pool and allows a higher throughput. Conse-
quently, a higher sediment builds up in the industrial scale
centrifuge which leads to a higher centrifugal pressure on
the sediment and thus to a stronger consolidation.

Overall, the results show that it
is possible to simulate solid bowl
centrifuges with an adequate ac-
curacy based on a material char-
acterization determined by lab
scale experiments. Additionally,
the material characterization is
scalable which allows for predic-
tions of the separation result of
industrial scale solid bowl centri-
fuges.

5 Outlook

With the presented methods it is
possible to characterize materials
and derive material functions in
lab scale experiments to describe

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 00, 1–11

Figure 9. Solids volume fraction of the sediment (a) and centrate (b) for two throughputs and
different centrifugal numbers. Here, the experimental data is compared to the results of the
simulation for the material PVC.
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the material behavior. Implemented in a real-time multi-
compartment model, the simulation is in good agreement
with the experimental data. While the methods are already
being successfully used it is planned to extend them by add-
ing control approaches and optimize them by combining
the multi-compartment model with artificial intelligence.
Furthermore, the inclusion of the settling velocity distribu-
tion could further improve the accuracy of the simulation.
In addition, the model presented for the decanter centrifuge
can be transferred to other separating devices. These are
intended to represent the solid-liquid separation process
both as standalone units and within the process chain. This
would allow the comparison of different separation appara-
tuses and the determination of the most suitable separation
apparatus for the regarded process based on lab experi-
ments and the derivation of material functions.

The authors thank the BASF SE, the Forschungs-Gesell-
schaft Verfahrens-Technik e.V. (GVT) and the German
Federal Ministry for Economic Affairs and Energy
(BMWi) via Forschungszentrum Jülich GmbH (FZJ) for
founding their research. The authors also thank their
students Robin Jakobi and Mohamad Moslemani for
their work in the laboratory. Open access funding
enabled and organized by Projekt DEAL.

Symbols used

A [m2] cross-section area
Bc [m] screw width
cD [–] drag coefficient
C [–] centrifugal number
g [m s–2] gravitational acceleration
h [m] height

H [–] hindered settling function
k [–] transport efficiency
Dl [m] compartment length
m [kg] mass
Dn [s–1] differential speed
p1,p2 [Pa], [–] fit parameter
rs [Pa] compression resistance
Q3 [–] cumulative distribution
r1, r2, r3 [–] fit parameter
R [m] radius
Re [–] Reynolds number
S [–] saturation
t [s] time
T [–] grade efficiency
TMl [%] transmission
u [m s–1] settling velocity
_V [m3s–1] volumetric flow rate

vshear [m s–1] shear rate
�vtr [m s–1] solids transport velocity
xp [m] particle diameter

Greek letters

a [�] screw pitch angle
h [Pa s] dynamic viscosity
r [kg m–3] density
s [Pa] normal stress
t [Pa] shear stress
f [–] solids volume fraction
w [s–1] angular velocity

Subscripts

0 initial condition
50,3 mass-based median
bo bowl

Chem. Ing. Tech. 2023, 95, No. 00, 1–11 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 10. Solids volume
fraction of the sediment
(a) and centrate (b) for two
centrifuges of different
scale. Here, the separation
result of a lab scale centri-
fuge (dbo = 0.08 m,
hw = 0.012 m) and an indus-
trial scale centrifuge
(dbo = 0.46 m, hw = 0.064 m)
for the material PVC.
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f feed
gel gel point
i compartment index
j,k slice index
l liquid
p particle
pre precompression
s solid/sediment
Stokes Stokes condition
w weir

Abbreviations

CP compression permeability
PVC polyvinyl chloride
TiO2 titanium dioxide
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