Separation and Purification Technology 405 (2026) 138878

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

ELSEVIER

L))

Check for

Modeling and process analytics as a basis for future predicting the dynamic &
behavior of a lab-scale vacuum belt filter

Volker Bichle ', Merlin Marvin Wolske, Stefan Schmidt, Marco Glei

Karlsruhe Institute of Technology, Institute of Mechanical Process Engineering and Mechanics, Strasse am Forum 8, 76131 Karlsruhe, Germany

ARTICLE INFO ABSTRACT

Editor Name: V Tarabara Real-time analysis and prediction of the process performance is a major challenge, as parameters such as e.g.
cake porosity cannot be measured directly during filtration and the correlations between parameters are com-
plex. In case of the example cake porosity the empirical correlation depends on particle size distribution, solids
volume concentration, particle shape and pressure difference. As a result, it is calculated indirect through
measurements of cake height and weight. Unknown changes to parameters in real systems are therefore only
detectable in terms of the filtrate volume flow or filtration time. In this context, time-consuming and cost-
intensive large-scale studies on the influence of the respective parameters are necessary. One approach is to
introduce real-time analysis methods and a model to describe filtration. This paper presents, on the one hand, the
implementation of an optical method using a camera to detect the transition between filtration and desaturation.
On the other hand, it presents the detailed introduction of a multi-compartment model to describe filtration and
desaturation on a lab-scale vacuum belt filter. Experiments have shown that only the bright-field method for
optical detection can deliver reliable results as particles within the suspension scatters the light, too. For the
filtration model a sufficiently fine spatial resolution of 7.6 mm (50 compartments) enables a realistic repre-
sentation of the residence times, while too coarse discretization quickly leads to pronounced axial remixing,
which does not occur in this form in real belt filters.
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average specific cake resistance in his calculations and proved that
Sperry's equations were mathematically equivalent to his [7]. Carman
and Kozeny subsequently expressed the hydraulic resistance in the
Darcy's equation by applying material-specific parameters based on the
Sauter diameter, a porosity function [8,9]. After the fundamental
equation for permeability through porous media Grace looked at the
structure and performance of filter media which prevent penetration of

1. Introduction

Cake filtration is a widely used technology for separating solids from
liquids and offers the possibility of mechanical dewatering. The driving
force is an applied pressure difference between the top and bottom of a
filter media that retains the solids particles on its surface. Continuous

vacuum filters are continuous operation machine which use a vacuum
pump to generate the applied pressure difference [1]. Due to the flexible
machine design, this type of filter is applied in several industrial appli-
cations. Examples can be found in the pharmaceutical [2] and chemical
industry or minerals processing [3]. Especially vacuum belt filters are
applied in the chemical industry because they allow an efficient filter
cake washing. Here, the estimation of the cake formation process is
based on Darcy's law which allows to correlate pressure difference and
filtrate flow for laminar conditions [4]. In the 1920s, Sperry introduced
the concept of specific resistance, defined as the reciprocal of Darcy's
permeability coefficient [5]. At the same time, he developed a method
for determining the resistance [6]. Ruth examined the compressibility of
filter cakes and its effect on fluid flow through filter media. He used an

* Corresponding authors.

particles while filtering [10,11]. This is followed by studies of the in-
ternal structures of filter cakes by Tiller and Shirato in the 1960s
[12,13]. They looked into the porosity of filter cakes under constant
pressure and introduced first mathematical approaches for compress-
ibility. According to Tiller and Yeh, fine particles in the range below a
characteristic particle size of 10 to 20 pm form highly porous structures
through significant agglomeration, as interparticle surface forces
outweigh the gravitational forces [14]. All of these approaches need an
empirical basis to mathematically describe filtration devices and are
therefore insufficient for describing and adapting to unknown
conditions.

To increase efficiency, solutions are being explored in the industrial
environment to enhance the efficiency of filtration devices. In addition
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Symbols

Latin letters

ao,a;,az Parameter for the fit function I(x),-

a,b Material-dependent fitting parameters for desaturation, —
A Filter area, m?

Ay Cross section of the filter cake, m?

A(x,y) Matrix: Values of the optical image, —

B Belt filter width, m

B, Blue value of the optical image from the camera, —
cy Solid volume concentration, %

dpo Pore diameter, m

Ap Pressure difference, Pa

At Time step simulation, s

G, Green value of the optical image from the camera, —
GR Gray value, —

h. Filter cake height, m

hy Height of liquid above filter cake, m

I(x) Matrix: Light intensity distribution of the optical image, —
1(x) Matrix: Normalized light intensity distribution, —
I(x) Fit function through the light intensity distribution, —
K Kinetics parameter for desaturation, —

L. Compartment length, m

Lper Belt filter length for filtration, m

me Filter cake mass, Kg

m Liquid mass, Kg

me Mass flow of formed filter cake, Kg st

Mer Mass flow of transported cake, Kg st

Mg, Liquid filtrate mass flow, Kg st

my Liquid mass flow, Kg s~!

My ar Liquid mass flow leaving the filter cake, Kg st

n Fit parameter, —

N Number of iterations per compartment, —

N Number of compartments, —

N, Number of pixels for the length of the belt filter, —
M, Number of pixels for the width of the belt filter, —
Pe Filter cake permeability, m?

Deyrel Relative filter cake permeability, m?

DPx Capillary pressure, Pa

R, Red value of the image from the camera, —

S Filter cake saturation, —

Si(t) Time dependent desaturation, —

Sr Remnant saturation, —

Seo Equilibrium saturation, —

t Time, s

V. Filter cake volume, m®

\% Liquid volume, m®

Vpo Pore volume, m®

Vot Total volume of filter cake, m®

Vin Feed volumetric flow, mL min~?

Vi Liquid volumetric flow, m® s™?

Vigr Liquid volumetric flow leaving the filter cake
(desaturation), m® s

Vﬁh Filtrate volumetric flow, m® s~!

x Coordinate for the length of the belt filter, —

X50.3 Mass/volume related median diameter, pm

y Coordinate for the width of the belt filter, —

Greek letters

a Height specific cake resistance, m ™2

p Filter media resistance, m ™

4 Surface tension water, N m ™

£ Cake porosity, —

m Dynamic viscosity of the liquid, Pa e s

K Concentration parameter, —

Y Transport velocity for liquid, m s~!

Vgr Transport velocity of the belt, m s

Ps Solid density, Kg m ™3

P Liquid density, Kg m™3

T Residence time, s

Vbelt Belt speed, Mm min~!

@ Solids volume fraction, —

Abbreviations

CFD Computational fluid dynamics

CFL Courant Friedrichs Lewy number

ODE Ordinary differential equations

PDE Partial differential equation

RMSE Root mean square error

TCP Transmission control protocol

to the use of optimized device components, process analytics and
modeling also contribute to an increase in efficiency. Today, enhanced
computing power combined with efficient solution algorithms offers
enormous potential and enables the development of innovative
modeling strategies. This is particularly important when mathematical
models will be used as the basis for model predictive control or the
integration of soft sensors to predict the current state of the apparatus.
[15,16]

The scientific basis of cake filtration for actual simulation was
developed in the 1970s and 1980s. Filtration is based on a similar
theoretical basis as thickening [17-20]. The mathematical analysis and
application of numerical methods then took place in the 2000s [21-23].
These approaches mainly consider the liquid phase, since flow calcula-
tion in a filter cake is a common procedure and the compression of the
pores in the solid phase is based on the same principles of thickening.
Biirger et al. [24] subsequently extended the theory of sedimentation
and consolidation to pressure filtration, while also taking into account
the deformation and movement of the solid phase. According to Biirger
et al. [24] the filtration is divided into five steps: cake formation,
compression, dewatering, cake washing, and repeated cake dewatering,
focusing on the first two steps. Stickland et al. [25] extended this

approach for compressible filter cakes to vacuum filtration and exam-
ined the transition between cake formation, consolidation, and dew-
atering in a one-dimensional physical model. The one-dimensional
approach was then extended to vacuum drum filters, whereby it was
found that the filter cake in the dewatering zone tends to solidify at a
lower flow stress than the capillary inlet pressure [26]. But even these
approaches have the assumption of a homogeneous filter cake over the
complete filter system.

Sauer et al. [27-29] model inhomogeneities in the filter cake height
and validated simulation results with experimental data. These models
take physical aspects into account, but are unsuitable for real-time
analysis and predictions due to the high computational effort
required. To achieve this, a reduced model for filtration is necessary.
This has already been examined in detail for solid bowl centrifuges
[30-33]. For vacuum belt filters Boiocchi et al. [34] introduced a model
which describes the filtration process in more detail with mesh sizes of
350 pm in their case, but is also not real-time capable. Currently, there is
a lack of real-time capable process models for vacuum belt filters to
predict process behavior and enable process optimization. Real-time
simulation has the decisive advantage of making an important contri-
bution to the development of digital process twins to achieve
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autonomous operation in the future using adaptive model predictive
control strategies.

The aim of this work is to develop a mathematical model for calcu-
lating the dynamic process of a vacuum belt filter, which will later serve
as the basis for an adaptive control strategy. To this end, we present a
multi-compartment model, which allows to predict the filter cake for-
mation process and subsequent mechanical desaturation. Therefore, the
mathematical model divides the vacuum belt filter into different zones
to consider the behavior of the filter cake due to cake formation and
desaturation by gas differential pressure. The validation is based on
different experiments for calcite suspensions. Therefore, we imple-
mented different measurement methods on the vacuum belt filter. A
camera system detects the transition between cake formation and cake
desaturation based on the total internal reflection. Additionally, a laser
is used to determine the cake height at the end of the filter device to
estimate the porosity of the filter cake.

2. Modeling vacuum belt filter

Vacuum belt filters involve continuous processes in which the cake
height and saturation change over time. A suitable way to model the
temporal and spatial change on the filter apparatus is the use of a multi-
compartment model. This simplifies the mathematical formulation to
ordinary differential equations (ODE). The use of ODEs simplifies the
system of equations and allows for a simpler numerical calculation of the
coupled equation system. This is particularly important in the context of
integrating mathematical models into model predictive control to ach-
ieve dynamic optimization during the determination of the control
variables with the greatest possible computational efficiency.

Fig. 1 shows the multi-compartment model of the investigated lab
scale vacuum belt filter. Two zones are used for modeling. In the cake
formation zone, the suspension is fed onto the belt filter via the inlet.
Subsequently, in the operation of the belt filter a vacuum is applied on
the bottom of the filter medium, resulting in a pressure difference to the
top, causing the suspension to flow towards the filter medium. The filter
medium has the task of restraining the solid particles which generate
particle bridges and form filter cake and producing a filtrate that is as
pure as possible. Thus, filter cake formation takes place due to an
applied gas differential pressure.

The following assumptions were made for the mathematical
modeling of cake formation and mechanical dewatering.

1. The particles are significantly smaller than the apparatus, which
allows for macroscopic modeling.

2. The suspension feed leads to a homogeneous distribution of the
suspension on the filter medium. Segregation effects within the
suspension are not considered (ideal back-mixing which leads to no
concentration gradient of solids in the first and every subsequent
suspension compartment)

3. All particles are in the same shape and density.

Reduced-order modeling
based on different zones

FeedE Cake formation i Mechanical |
Qi zone i desaturation 1} Cake
: Suspension : ZOH i discharge

4 y I‘I Filtrate
Y.
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4. The particles and the fluid are incompressible. In the dewatering
zone, gas and liquid flows within the filter cake are independent and
must be calculated separately. It is important to realize that gas flow
is only a consequence of pore desaturation through gas differential
pressure, not the cause [1]. In this work, only the liquid phase is
balanced, rendering the compressibility of the gas phase irrelevant.

5. The filter cake builds up evenly on the filter belt. No segregation
along the filter belt width.

6. Cake formation process can be described according to Darcy.

7. The filter cake has a constant porosity. The filter cake behaves in an
incompressible manner.

8. Mechanical undersaturation occurs purely through gas differential
pressure filtration after the capillary entry pressure has been
exceeded.

In contrast to a CFD model, the multi-compartment model does not
take flow behavior into account but approximates the inflow using an
average flow velocity derived from the volume flow.

2.1. Material functions

Material functions include filtration properties to describe the cake
formation process and mechanical desaturation of the filter cake. Ac-
cording to our assumptions, ideal back-mixing occurs in the compart-
ments, thus neglecting sedimentation of particles which results in a non-
uniform cake formation process.

On a belt filter, the driving force for cake formation is the pressure
difference of 0.5 bar caused by an applied vacuum. For systems with
very fine particles, a compressible filter cake may form. According to
Tiller and Yeh compressible filter cakes occur with particle sizes smaller
than 10 pm to 20 pm [14]. The used particles are smaller, which assures
that this filter cake has at least a slight compression. Compression shows
its difficult filtration behavior with changing pressures and cake heights.
In this work the pressure difference stays around 0.5 bar in our belt filter
device and the cake heights will stay in the range between 1 mm and 2
mm, as the filtration time is limited. The specific cake resistance a to
describe the resistance of the porous filter cake is measured with exactly
these parameters. Therefore, a include the compression and porosity at
this parameter set and is used as a constant value throughout this work.
Bourcier et al. [35] introduce a model to describe the influence of par-
ticle size and shape on the compressibility and validated it experimen-
tally. Additionally, the assumption of a homogenous formed filter cake
with a constant porosity is used to calculate the cake formation process.
The porosity and cake resistance are determined experimentally as
shown in Table 1.

With pressure differences greater than the capillary entry pressure,
gas invades the saturated filter cake and replaces liquid, resulting in
dewatering. Capillary pressure depends on pore size, causing the largest
pores to be drained first. Liquid is then only present within smaller pores
and joints with decreasing liquid saturation. As a result, the liquid flow

Multi-compartment approach

Feed

|

Fig. 1. Schematic figure of the multi compartment approach for the belt filter with the two zones for cake formation and desaturation. On the left side is a schematic
figure of the vacuum belt filter and on the right is the discretisation. The coordinate system describes the position on the belt filter, where x represents the belt length,

y the belt width, and z the height of the slurry/cake.
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Table 1
Summary of constant (top) and varied (bottom) model parameters for simulation
and experiments.

Name Value Unit Determination

Constant parameters

Belt filter width B 0.06 m Experimental setup
Belt filter end position 0.38 m Experimental setup
Lperr
Pressure difference Ap 0.5-10° Pa Measurement filter
Capillary pressure py 0.2-10° Pa Young-Laplace Eq.
(22)
Spec. Cake resistance a 4.1 .10 m~2 Measured acc. [41]
Filter medium 9.0 - 10" m! Measured acc. [41]
resistance
Porosity ¢ 0.55 - Measured
gravimetrically
Equilibrium saturation 0.38 - Fit parameter
Seo
Solid density p; 2600 Kgm~3 Literature [46]
Liquid density p; 998 Kg m~3 Literature [46]

Dynamic viscosity 7 1.002-10%  Pas Literature [46]

Varied parameter range in experiments and simulations

Number of 5-1000 -
compartments N

Compartment length L. Lpeie/N m

Feed volume flow V;, 30-50 mL
min !

Belt speed vpe; 100-300 Mm
min~?

Solid volume 10-20 %

concentration cy

rate continues to decrease and equilibrium saturation is achieved
through a balance of forces between the pressure difference and the
capillary pressure. Here, it is assumed that the pore size distribution in
the filter cake is constant. The relative specific liquid permeability
Perel(S) starts at 1 (100%) and S = 1 (100%), when all pores in the filter
cake are still fully saturated. This correlates with single-phase liquid
flow. Eq. (14) becomes zero at the mechanical limit of desaturation S;,
where no more liquid movement is possible [36].

Sauer et al. [29] demonstrate the use of the concept of relative
permeability according to Brutsaert [36] and capillary pressure distri-
bution for the desaturation of non-uniform filter cakes at a pressure of
0.5 bar. This approach also represents the necessary material functions
for describing desaturation with the dynamic model presented in this
work.

2.2. Control volume and discretization

The description of the dynamic process behavior of the continuously
operating vacuum belt filter is based on the calculation of dynamic mass
balances for each interconnected compartment. In the cake formation
zone, the liquid mass balance for compartment i is calculated as follows:

= TMy_1 — My — M. (€Y)

Here, my; is the liquid mass, m;; ; is the ingoing liquid mass flow, my;
is the outgoing liquid mass flow and g, is the liquid filtrate mass flow.
All variables are located to compartment i. The transformation of Eq. (1)
to a volume balance allows directly the calculation geometric parame-
ters of the liquid zone and the filter cake. Therefore Eq. (1) is extended to
a volume balance:

d(p,Vii . . .
% = Vi1 — Vi — 01 Viiei- 2)

In this case, p, is the liquid density, Vi1 and Vl,i are the ingoing and
outgoing liquid volumetric flow and Vp; is the filtrate flow of

compartment i. With the assumption of a constant liquid density and a
rectangular shaped filter cake Eq. (2) becomes the following expression:
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dvy; /
dtl‘l =h; By —hyi1 B — Vg ®

Here, h;; is the height of the liquid above the filter cake and v;; de-
scribes the belt speed. The filtrate volumetric flow Vﬁh_i can be derived
from Darcy's law:

_ AeAp
711,(aohc_i(t) +8)

Here, A is the filter area which is constant for each compartment, B is
the filter belt width, Ap is the applied gas differential pressure between
the bottom and the top of the filter, #, is the dynamic viscosity of the
liquid, « is the height specific cake resistance, f is the filter media
resistance, h.;(t) is the temporal changing filter cake height in
compartment i. A mass balance for the filter cake is also necessary to
describe the filter cake formation process:

Viuri(t) 4

dmc,i
dt

=M1 — Megi +Meg. )

Here, m.; is the accumulated mass of the filter cake in compartment i,
Me i1 and m..; is the ingoing and outgoing filter cake mass flow rate
due to the belt transport of the filter cake and m,; is the mass flow of
formed filter cake. Eq. (5) can be transformed to a volume balance to
calculate directly the filter cake volume:

d(Vey)
Cde

With A ;1 and A.,; as the cross section of the filter cake on the
filter belt, v,; is the transport velocity of the belt and « is a concentration
parameter which depends on feed solids volume fraction ¢ and filter
cake porosity ¢ which allows to correlate the filtrate volumetric flow
with the filter cake volumetric flow. Particle loss through turbidity of the
filtrate is neglected. The concentration parameter « in Eq. (7) relates the
cake volume to the separated liquid volume. This parameter can also be
described with the solid concentration volume c, and the cake porosity ¢,
which represents the relative void volume in the cake and thus the
relative amount of liquid, if all voids are completely filled with liquid.

_ hEyi(t) o A _ Cy
Vﬁlt.i (t) l-¢ —e¢

=Acri1Virin — AcoiVeri + & Vi (6)

)

After cake formation and drainage of the excess liquid through the
filter cake, the filter cake becomes undersaturated during gas differen-
tial pressure because the capillary inlet pressure is exceeded. This pro-
cess is included in the dynamic model by solving a mass balance for the
liquid in the mechanical dewatering zone of the vacuum belt filter:

dmLi
dt

=M1 — My — Mygrg. ®

In Eq. (8) my; is the liquid mass in the porous filter cake, m;; ; and my;
are the ingoing and outgoing mass flow rates due to the transport of the
filter cake and m 4; is the liquid mass flow leaving the filter cake due to
cake desaturation. An important factor in describing mechanical dew-
atering of filter cakes is the saturation S of the pore system. The satu-
ration describes the ratio of liquid volume V; to pore volume V,,,:

i " 9

S = .
Vo €0 Vi

In addition, the liquid volume can be replaced by the saturation S,
total volume of the filter cake V,,, and porosity e:
Vi=SeceVy 10)
Inserting Eq. (10) into Eq. (8) yields the following expression:

as; 1
de 78. th_i

o [co(SiaViy —SiVi) — Viari ] (€8]
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Here, V;_; and V; are the volumetric flows of the transported filter
cake, S;_; and S; are the saturation of the ingoing and outgoing filter cake
and Vl_yd,,,» is the volumetric flow of liquid which leaves the filter cake due
to desaturation. Eq. (11) allows to directly calculate the saturation of the
filter cake along the horizontal position along the filter belt in the
dewatering zone. Additionally, it was assumed that the filter cake had a
homogeneous structure and therefore a constant height and porosity.
The volumetric flow of the transported filter cake is calculated by
assuming a rectangular shape of the filter cake:

Vi = Vui 0 Acii 12)

A simplified model that takes physical influencing factors into ac-
count is required to describe the desaturation process of the cake on
filter belt. Here, Anlauf et al. [1] defined a model to describe the filtrate
volumetric flow during the desaturation based on the following
formulation:

2A .pc .pc,rel,i(s) . AP 75}(
m hc.i(t)

It is important to note that A is the filtration area of compartment i, p,
is the filter cake permeability of a fully saturated filter cake with S =1,
Peret(S) is the relative filter cake permeability which occurs due to the
undersaturation of the pore space, Ap is the applied vacuum pressure
difference and py is the average capillary pressure. The relative perme-
ability can be determined using an empirical approximation according
to Brutsaert [36].

Pereti(S) = <S'1(t)fissr> ,n>0 (14)

Vigi = (13)

S, describes the limit of mechanical desaturation and S;(t) is the time-
dependent desaturation. The parameter n is a fit coefficient that de-
scribes the steepness of the function. Since desaturation only takes place
within the dewatering zone, this must be checked iteratively by means of
a logical query.

The Egs. (13) and (14) are enough to close the volume balance for
cake desaturation in this work. To further describe the desaturation
kinetic as a whole, a correlation between the saturation degree S and the
filtrate volume flow at the cake outlet V; 4 for constant porosity ¢ and
liquid density p; can be formulated:

ds .
thcogaa:—Vz‘d,. (15)

Now both Egs. (13) and (14) have to be interrelated to Eq. (15) and
integrated for the initial condition of t, = 0 and S = 1. Precondition for
the validity is the possibility to reach S = S, with the applied pressure
difference. To fulfill this condition, Ap has to be much greater than py. In
real applications of vacuum filtration the mechanical limit of desatu-
ration S, cannot be achieved. To solve this problem, Eq. (14) is related to
the corresponding equilibrium saturation S, for each particular pressure
difference. With two material-dependent fitting parameters a and b, as
well as a kinetics parameter K the Egs. (16) and (17) are formulated. The
kinetic parameter K contains all relevant influencing parameters. This
also represents the method to describe the saturation S according to VDI
guideline 2762-3. [1,37]

S-S,
1-S,

—[1+aeK]™ 16)

Ap—D
kP (bp fk).tz a7

eeoi o h2
3. Advanced process analytics and monitoring

Process analytics is implemented to assess the state of filtration in
terms of both filter cake formation and cake dewatering. For this
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purpose, a camera system is used to evaluate the surface of the filter cake
in total reflection to draw conclusions about the end of the cake for-
mation process and the start of cake dewatering to calibrate the
compartment model and estimate the current dewatering behavior of
the material. Additionally, laser measurements allow us to estimate the
filter cake height for evaluating the filter cake porosity based on a mass
balance for the vacuum belt filter. Using laser triangulation to determine
the cake height are done by Hamachi et al. and Haenecke who prove the
feasibility of accurately measuring in-situ powder thicknesses [38,39].
The implementation of the measuring equipment is shown schematically
in Fig. 2.

3.1. Optical filtration characterization

An optical method is used to distinguish between the two zones. This
method must be able to determine the position of the transition on the
belt filter. After this position, the equations for calculating the com-
partments change. For this purpose, an elongated light source is
attached along the entire length of the belt filter and a camera is used for
recording (see Fig. 2). Depending on the surface texture, different ob-
servations are made. On a smooth surface, all light beams incident from
one direction are reflected at the same angle (specular reflection). If the
surface is rough, the light from one direction of incidence are reflected in
many different directions. Due to scattering, no reflection can be
observed (diffuse reflection). Filtration shows a transition here. When
the filter still contains liquid, the surface appears smooth due to surface
tension. Conversely, the filter cake has a rough surface due to its par-
ticulate composition. [40]

This paper presents and compares the two methods of bright-field
illumination and dark-field illumination. In bright-field illumination,
the camera and light source are aligned in an angle of specular reflec-
tion. In dark-field illumination, the camera is positioned outside the
reflection of the light source, orthogonal to the belt filter surface. This
means that only scattered light (diffuse reflection) enters the camera. To
avoid unwanted scattering and false detections, a light source that is as
directional as possible is used. [40]

Both methods aim to detect the transition from cake formation to
cake desaturation. At the boundary, the change from specular to diffuse
reflection causes a sudden change in the light intensity detected by the
camera. To evaluate this signal on the camera, the following steps are
performed: image input, gray value conversion, mean value calculation,
smoothing, normalization, and edge detection. When the image is im-
ported, a color image is stored in a matrix A(x, y) with dimensions M, x
N, x 3. With the coordinates: x € {1,...,N,} (length of the belt filter),
ye{l,...M,} (width of the belt filter) and with M, and N, as the
number of pixels in the image. For each position in the two-dimensional
image, a vector with three entries is stored: red R,, green G,, and blue
value B,. In the second step, the color image is converted into a grayscale
image according to Eq. (18). The dimension of A(x,y) is thus reduced to
M, x N, with GR as the value.

Light intensity
detection

AAr

C Light source D)
Yoy v
® Cake | | !Mechanical !
@ g, formation zone |

Cake height

s i desaturation zone
o Q W D & D
_ _ _® g% §400 A RNNAnlnS P
// oSz bobaobbooobssbsboabLEb \".
I \®
\ le
N TN
g | S . i U U U U R —-— - [ ]
Exhaust air @
A

Laboratory balances

Fig. 2. Schematic diagram of the vacuum belt filter with integrated sensors for
determining process parameters.
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GR =0.299eR,+0.587 ¢ G, +0.114 e B, (18)

In the third step, the dimension is further reduced to a 1 x N, matrix,
since only the position along the belt filter is relevant for the calculation.
To avoid losing any information about the filtration edge, an average is
calculated along the y-axis (width of the belt filter) using Eq. (19). Here,
I(x) represents the intensity value along the belt filter. However, aver-
aging results in a more gradual transition of light intensity at the tran-
sition point.

M,

I(x):]% S A(xy) Ve (l,...N,} a9

0y

The light intensity obtained from averaging is smoothed in the next
step. This compensates local fluctuations. These can be amplified,
particularly when deriving the intensity directly, and thus lead to
measurement errors. Smoothing is performed using SciPy's convolveld()
function and an interval width of 50 data points. The smoothed intensity
distribution I(x) is normalized to its maximum max(I(x) ):

vx € {1,...,N,}. (20)

This step facilitates the comparability of different images. Along this

normalized one-dimensional matrix I(x), the edge can now be deter-
mined using a gradient filter. This determines the position of the
maximum gradient in the intensity distribution, which represents the
transition point after the filtration. Mathematically, this is done using a

derivation. One option is to directly derive the intensity values of T(x) by
linearizing between the individual data points. However, this carries the
risk of incorrect edge detection due to noise in the measurement signal
of individual pixels. Therefore, another option is to fit the data points
using a function of the intensity distribution I(x), according to Eq. (21).
For the intensity of the brighter area, the normalization applies values of
I(x) = 1.

(10—1

Ix)=1 +71 )

@n

The selected function I(x) always converges towards the value 1 on
one side. Parameter a, describes the intensity on the darker side,
parameter a, determines the center point of the edge on the x-axis. The
higher the value of the parameter a;, the sharper the edge in the func-
tion. The sign of a; determines whether the edge is sloping or rising.
Initial values are required for the iteration of the regression of all data

points at T(x). A positive value less than 1 should be selected for a,. For
a; the selected sign must be adapted to the method. In the bright field
method, there is a decreasing intensity curve and a; is therefore positive,
or negative for the dark field method. A positive value is selected for a,.
This allows both the expected behavior of bright field illumination and
that of dark field illumination to be described. The parameters ay, a; , a,
also provide a description of the boundary transition, which is important
for monitoring filtration. A high value of a; therefore means an elon-
gated transition and thus an inhomogeneous suspension distribution at
the inlet of the belt filter. This results in an inhomogeneous filter cake
and thus different filtration speeds across the width of the belt filter.

3.2. Experimental and simulation setup

Fig. 2 shows the schematic design of the lab-scale vacuum belt filter.
The suspension is fed onto the filter belt at a defined flow rate between
30 and 50 mL min ! using a CR 240 peristaltic pump from Verder
Deutschland GmbH & Co. KG (Haan, Germany) and transported and
filtered through a 07-1500-SK 011 filter fabric with a pore size of 11 ym
from Sefar AG (Heiden, Switzerland). A DC motor from RS Components
GmbH (Frankfurt am Main, Germany) is used to drive the filter belt,
which can be controlled with 0-30 V for speed regulation. The filter
fabric can thus move at a speed of up to 300 mm min". The filtration
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distance on the belt filter is 380 mm. This corresponds to a minimum
residence time of the suspension on the belt filter of 76 s. At the end of
the belt filter, the filter cake is removed for gravimetric determination of
the residual moisture. Drying takes place in a drying oven at 100 °C. All
parameters used for simulation and experiments are summarized in
Table 1. The measurements according to [41] are part of the supple-
mentary information. For desaturation, the capillary inlet pressure and
the average capillary pressure are important. In bridging theories, the
Xgo.3 value of the cumulative particle size distribution curve of the
bridging agent is typically matched to the maximum pore throat diam-
eter of the formation [42]. For the particle system used, this diameter is
Xg0.3 = 34.8 pm. To calculate desaturation, we assume an average pore
throat diameter d,, double the particle diameter. Using the Young-
Laplace eq. (22) with a completely water-wet mineral (cosf ~ 1) and a
surface tension y of water at 20 °C of 0.072 N m! [43], the capillary
pressure pi in Table 1 can be calculated. In real filter cakes, pore throat
diameter depends on particle shape and distribution. Therefore, it must
be measured in capillary pressure curves for each individual case to get
exact values. This will be done in further research.

__ 4ycosd

Px = (22)

o

To determine the parameters for the in-situ measurements on the belt
filter, a laser distance sensor ILD1220-25 from MICRO-EPSILON MES-
STECHNIK GmbH & Co. KG (Ortenburg, Germany), a Canon EOS M6
Mark II camera from Canon Deutschland GmbH (Krefeld, Germany) with
an EF-M 14-45 mm F3.5-6.3 IS STM lens, and a 6202BCE-1S balance
from Sartorius AG (Gottingen, Germany) are used. The laser distance
sensor is a point measurement with a measuring rate of 1 kHz which is
averaged for 1 s in the middle of the belt width for the cake height and
the balance is for the filtrate quantity. A measurement to validate the
usage of a single-point measurement is part of the supplementary infor-
mation. In addition to the camera, a TUBEKITLEDO06 8.6 W/840230 V G5
light source from Ledvance GmbH (Munich, Germany) is installed. The
pressure difference to the ambient pressure is measured using a PAA-
21Y piezoresistive pressure transmitter from KELLER Druckmes-
stechnik AG (Winterthur, Switzerland).

Anhydrite with the product name TREFIL 1313-100 from Quarz-
werke GmbH (Frechen, Germany) is used as the model particle. Anhy-
drite consists chemically of CaSO4 and has a median particle diameter at
a cumulative volume fraction of xs93 = 6.48 pm, determined by laser
diffraction spectroscopy on an LBS Helos Quixel from Sympatec GmbH
(Basel, Switzerland). For all experiments, a suspension of anhydrite and
deionized water with a solids volume fraction between 10% and 20% is
used. Image analysis is performed entirely in Python. The NumPy, SciPy,
and OpenCV packages are used [44,45]. The interface between the
sensor technology and the computer is provided by Labview. Addi-
tionally, communication between Labview and Python based on the
Transmission Control Protocol (TCP) is integrated. The clock rate set for
recording the measurement signals and changes in the input variables is
0.4s.

4. Results and discussion
4.1. Validation of the optical filtration characterization

Both bright-field and dark-field illumination methods are expected to
be suitable for detecting the transition between the two zones. Fig. 3
shows the intensity distributions of the two methods side by side in an
experiment with an initial solids volume fraction of ¢y, = 10 vol%. With
bright-field illumination, the edge is clearly visible in the image. The
intensity distribution shows the expected decrease in light intensity at
the transition from suspension to filter cake. The edge is not a clear
uniform front, but a transition zone in itself. The broadness of the signal
change describes therefore the width of the transition zone. Within the



V. Bachle et al.

V o i W":_m——s—m‘
e §
zone a

—— Measurement

0.950

0.925

0.900

Light intensity

0.875 1

0'8507\ L L L L L L L i
100 125 150 175 200 225 250 275

Position on the filter x / mm

Separation and Purification Technology 405 (2026) 138878

1.000

0.975

Light intensity I(x) / -

0.950

0.925

0.900 7

0.875F 1

0850 Measurement ]

100 125 150 175 200 225 250 275
Position on the filter x / mm

Fig. 3. Comparison of the bright field method (left) with the dark field method (right) as a snapshot from the camera and in evaluated form without smoothing

(below the images).

model there is a single transition point for calculation needed, which is
the reason for finding the bending point. In contrast, with dark field
illumination, the edge is barely visible in the image. The intensity dis-
tribution also does not show the expected shape. This is due to the high
solid concentration of the suspension of 10 vol %. The particles in the
suspension scatter the light, resulting in a brightness comparable to that
observed in the filter cake area. Lower concentrations could increase the
intensity transition. However, higher feed solids volume fractions are
more common in mining (initial solid mass content ranging from 25% to
45%), which is why lower concentrations are not considered further
[47]. Dark field illumination is therefore not suitable for the measure-
ment. In the following, only the bright field method will be considered.

The edge can now be determined using bright field illumination. To
do this, the graph (Fig. 3, left) is smoothed and then the position of the
transition point is determined using a gradient filter. According to Fig. 4,
the smoothed intensity still shows fluctuations, which can be recognized
as local extrema in the direct derivative. The measurement method
developed here assumes that the filtration transition is more pronounced
than the other fluctuations in the light distribution. The derivative will
therefore have the highest value at its position. To identify it, the global
extremum of the derivative is sought. If the fit (Fig. 4, right) is used, the
global extremum can also be determined. This has the additional
advantage that the derivative of the selected function has only one
extremum. However, due to the construction of the function, the
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parameter corresponds exactly to the position of the extremum. This
means that this step of the derivative is not necessary. Fig. 4 shows the
two methods used to identify the filtration edge side by side. In the in-
tensity distribution, there is a drop in light intensity of almost 10% at the
location of the filtration edge. This is localized by both the direct method
and the fit. It can be seen that the assumption of the global extremum in
the direct method is justified.

However, Fig. 4 only shows a comparison in a snapshot. To better
reflect practical application, position detection is performed with
continuous filtration and changing zone transitions on the belt filter.
Fig. 5 shows the progression of the filtration edge in a video sequence
during filtration over time. To create a moving edge, the belt speed has
been suddenly reduced by 10%. With this change the transition point
will move to the new steady-state. This allows us to describe the effect of
changes in the steady state on the measurement of the edge. In the left
diagram, the video sequence is determined by direct derivation and
shows jumps in edge detection of up to 10 mm between two measuring
points. In the right-hand diagram, the identical video sequence is eval-
uated using the regression of Eq. (21). Here, the differences between the
individual measuring points are a maximum of 0.5 mm. Both methods
therefore lead to usable measurement results for the simulation, as the
deviation is within a range of 5%. However, the direct method shows
smaller jumps in the progression and returns slightly different values for
the position. Due to the direct derivation method, differences from the
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Fig. 4. Determination of the transition position by direct derivation on the left and fit according to Eq. (21) on the right using the bright field method.
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Fig. 5. Movement of the transition point over time with direct derivation on the left and fit according to Eq. (21) on the right.

perfect edge shape are more significant. They ensure that the maximum
of the derivation is not hit exactly in the middle. The jumps are not
observed due to the idealization of the transition point in the fit method.
In addition, regression has the advantage that differences in the results
occur less frequently. By adjusting a given function, an assumption is
made about the course of the light intensity. If this course is not
recognizable in the data, the fit fails. This results in an error that can be
detected. With the direct method, on the other hand, an extremum can
be found even for functions without a clear edge. This means that
incorrect results are more likely to occur. However, the advantage of the
direct method is that it requires less computing power. Calculating a
numerical derivative is less complex than fitting a function with three
parameters. In principle, both direct derivation and fitting to a given
function are suitable for continuously recording the zone transition
point between cake formation and mechanical desaturation. This allows
optical edge detection to serve as input for the simulation.

4.2. Numerical effort for real time simulations

To be a basis for adaptive control strategy, the real-time capability of
the dynamic model is a key factor. Unlike pure offline simulations, the
model must be solvable in an efficient manner that the calculation can
be performed within the available computing time and the results can be
used immediately for future dynamic optimization. The goal is therefore
to achieve sufficient model quality with reasonable numerical effort.
The model structure of the vacuum belt filter is a multi-compartment
model with N spatially discretized compartments. The spatial resolu-
tion can be easily scaled by increasing the number of compartments. The
temporal discretization can be adjusted independently by varying the
step size of the numerical differential equation solver. The temporal and
spatial resolution of the model are coupled by the Courant Friedrichs
Lewy number (CFL) [48]:

:M< 1. (23)

FL
C L =

It describes the numerical stability for convection-dominated trans-
port processes. If the boundary value of 1 is exceeded, the numerical
solution can become unstable since the information spreads over more
than one spatial cell within a time step. With a CFL number limit of 1,
increasing the number of compartments and thus a finer spatial reso-
lution L, requires a correspondingly smaller time step size At to ensure
the stability of the numerical solution. Another significant factor influ-
encing the numerical effort is the simulation time. The maximum rele-
vant simulation duration can be the residence time 7 on the belt filter.
This is calculated from the belt speed vs; and the length of the filter belt
Lperr:

Lperr
=

— Zhelt. (24)
Ubelt

The number of iterations n; per compartment is then calculated from
the residence time 7 and time step size At:

T
ny = AF (25)

For each of the N compartments, three state variables must be
calculated, which are described by three coupled differential equations.
These include the suspension height, the cake height, and the saturation
of the filter cake. The number of ODEs to solved therefore grows linearly
with the number of compartments. In compliance with the CFL stability
condition, the time step size must be reduced as the spatial resolution
increases. With a constant simulation horizon, this leads to a propor-
tional increase in the number of simulation steps required. In combi-
nation with the linearly increasing number of states, this results in a
quadratic complexity for the simulation, depending on the number of
compartments. Coarse spatial discretization can result in the transport
velocity of the belt being modeled faster than the actual velocity. A
further assumption is that the transport through each compartment is
without time delay and homogeneously (ideal pipe reactor), whereby a
corresponding distance is represented numerically in a shortened form.

Fig. 6 shows the response functions for a selected operating point
with different numbers of compartments. A step change in belt speed
from 300 mm min ! to 100 mm min ' was specified as the excitation.
An increase in the number of compartments leads to a sharper sigmoid
curve of the response function during the transition to a new steady-state
operating point. The literature describes that with an increasing number
of ideal back-mixed compartments in a cascade, the dynamic behavior
increasingly corresponds to that of an ideal tubular reactor, since the
axial back-mixing is reduced and the concentration gradient is modeled
more sharply. A sharper transition of the response function is therefore
characteristic of a tube reactor-like system [49].

With fewer compartments, simulations show a longer settling time
until the new stationary operating point is reached. To estimate the
required prediction horizon, the time span between the applied step
change and the steady-state must therefore be determined. Since the
residence time depends directly on the belt speed, it is advisable to
perform this estimation based on the slowest belt speed occurring in the
operating range. Fig. 7 shows the resulting profiles of the suspension
height and cake height for two different compartment resolutions. The
absolute height of the suspension is not relevant for model predictive
control or for local flow, as the influence of hydrostatic pressure is
neglected in the model and the suspension height in the operating range
under consideration is only a few millimeters.

However, a coarser spatial resolution results in a limited accuracy of
locating the start of the desaturation zone. An inaccurate determination
of this position means that the filter cake has a longer or shorter distance
available for desaturation. This effect becomes increasingly significant
as the compartment resolution decreases. A more detailed representa-
tion of the desaturation zone for a fixed operating condition as a func-
tion of compartment resolution is shown in Fig. 7. Simulations were
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200. The bottom shows the position of the transition point between filtration and desaturation as a function of the number of compartments N.

performed with the number of compartments ranging from 5 to 400.
Even with 5 compartments and a time discretization of 10 s, the CFL
number is 0.66 and is therefore in the stable convergence range. The
maximum difference in the position of the mechanical dewatering zone
is approximately five millimeters. From a resolution of 50

compartments, the deviation is less than one millimeter. Based on the
reference solution with 400 compartments, this results in a relative
deviation of less than 1 %, meaning that the solution can be considered
converged as the number of compartments continues to increase.
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4.3. Simulation and validation

The findings from Fig. 7 can now be used to simulate the cake height
and residual moisture content of the filter cake for a compartment
number of N = 200. Fig. 8 shows an example of the spatially progress of
the cake formation process and subsequent desaturation along the belt
length for one operating point. After a filter belt length of 210 mm, the
suspension has completely drained into the filter cake, so that desatu-
ration of the cake begins at this point. The desaturation zone extends
over a length of 170 mm, corresponding to 44.7% of the effective filter
belt length. At the transition to the desaturation zone, there is an abrupt
drop in cake saturation, which turns into an asymptotic curve within a
few millimeters and approaches equilibrium saturation. Noticeable is,
that equilibrium is not reachable within the limited time frame of our
belt configuration. Overall, it can be seen that approximately 92% of the
total desaturation is already achieved within the first 3 mm of the
desaturation zone. Conversely, around 98% of the desaturation zone is
responsible for the remaining 8% of desaturation. However, these per-
centages and the sharp gradient are not universally valid, but result
exclusively from the fit parameter n = 3 of the desaturation kinetics
assumed here.

From this, it can be qualitatively deduced that, from a desaturation
perspective, a higher suspension feed rate would be feasible. However,
this is initially limited by the structural constraints of the test facility,
which restrict a high feed rate and make operation difficult. The non-
linearity of desaturation along the desaturation zone observed in this
work is qualitatively consistent with the results of the work by Liu et al.
[50]. There, the authors show that the majority of dewatering is ach-
ieved in the early phase of the desaturation process, while extending the
dewatering time has only a minor additional effect on the residual
moisture. This confirms the findings here that most of the desaturation
takes place within a few millimeters and that the further desaturation
area has only a minor role in the process. This can also be seen from
experiments. All residual moisture values measured in the varied
parameter range according to Table 1 resulted in values between 12.3%
and 15.3% by mass without clear correlations to the parameters. Based
on the porosity and solid density from Table 1, the calculated saturation
levels range from 0.32 to 0.38. According to Fig. 8, these values are
within the simulation range and confirm the plausibility of the as-
sumptions made. A similar trend is also evident when comparing desa-
turation to the air flow rate during desaturation in the supplementary
information. Here, the air flow rate through the filter cake does not in-
crease further after 10 s, indicating that a steady state has been reached.
It can therefore be assumed that all filter cakes are in the range of the
equilibrium saturation for the investigated states of the lab-scale vac-
uum belt filter. The further focus is therefore more on the cake height.

Simulations show the steady state that should be achieved with the
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assumptions on the belt filter. In order to compare the simulated values
with measured values directly on the belt filter, the dynamics of the
measured cake height and pressure difference for the starting range up
to the steady state are therefore important. Fig. 9 shows an example of
the measurement result of a validation test for the time course of the
measured cake height and the pressure difference. At the beginning of
the measurement, only the height of the unloaded filter belt is recorded.
After about t = 300 s, a characteristic filter cake height is established.
Although the operating parameters do not change during the measure-
ment, the cake height shows temporal fluctuations even after signal
smoothing. These are due to a slightly uneven feed and the resulting
axial and lateral inhomogeneity of the filter cake. The observed fluctu-
ations in cake height during steady-state operation should therefore not
be interpreted as measurement artifacts, but rather as inherent process
dynamics of a continuously operated belt filter. Steady-state operation is
to be interpreted here in the statistical sense, where the mean value
settles over time without a completely constant signal curve being
achieved. This results in a comparatively large standard deviation for
model validation, meaning that an evaluation based on time-averaged
values is preferable to a comparison of individual points in time. The
pressure curve shown in Fig. 9 can essentially be explained by the
loading condition of the filter belt. At the beginning of the measurement,
the pressure difference is low because large areas of the filter belt are not
covered with suspension, resulting in an increased intake of foreign air.
As the load on the belt increases, the pressure difference rises continu-
ously and approaches a value of approximately 0.5 bar.

The pressure curve shows that a pressure difference of 0.5 bar can be
expected in a steady state. However, pressure fluctuations in the belt
filter still lead to deviations between modeled and actual filtration times
and saturations. The filter cake height is not affected by the assumption
of an incompressible cake with homogeneous and constant cake
porosity. Fig. 10 shows the average measured cake height in a steady
state and the corresponding simulated cake height. Since different
measurement parameters are compared here, Table 2 provides an
overview of the settings. The adjusted volume flow fluctuates depending
on the preload of the silicone tube to transport the suspension with a
peristaltic pump from feed tank to the belt filter, which is why the
volume flow was measured again for each experiment and the actual
value was adapted after calibration. The calibration is done gravimet-
rically with the density of fluid and solid.

The model quality increases as the deviation of the data points from
the parity line decreases. Overall, there is a good agreement between
simulations and experiments within the operating range. With a coef-
ficient of determination of R> = 0.741, the model shows a basic suit-
ability for describing the process behavior for the lab-scale belt filter, but
exhibits relevant deviations. The remaining deviations can be explained,
by the comparatively high noise level of the measuring system. In
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relative terms, this influence is particularly pronounced at low cake
heights, as the sensor resolution has a greater influence on the mea-
surement in this case. As the cake height increases, the sensor noise
becomes less significant. Instead, process-related effects such as inho-
mogeneous suspension feeding, edge effects on the filter belt, and un-
certainties in parameter estimation dominate the model deviation. The
model's computation time is another critical factor for real-time

11

Vin =50 ml

Table 2
Overview of experimental tests with operating parameters and measured vol-
ume flow and cake height for model validation in Fig. 10.

Index Vin / mL min~t Vpe / Mm min cv/% he / mm
1 29.9 50 5 0.50
2 67.4 100 10 1.10
3 32.6 100 10 0.40
4 67.4 100 10 1.14
5 27.5 300 15 0.51
6 52.2 100 15 2.14
7 49.6 300 20 0.54
8 33.3 100 20 1.46
9 49.6 300 20 0.83
10 33.3 100 20 1.45

controlling capability. However, computation time depends on the
specific architecture and the performance of the individual CPU/GPU.
These simulations were run on an Intel Core i7-1065G7 CPU. At a res-
olution of N = 200 compartments, a single run took between 3.32 s and
3.67 s. With a minimum residence time of 76 s for the suspension on the
belt filter, this corresponds to a simulation-to-process time ratio of 20:1.
If a model predictive controller is additionally integrated, this time ratio
decreases. Therefore, the computation time must be rechecked in the
future after integration model predictive control to ensure stable process
dynamics. While the Nyquist Theorem says only 2 times the highest
sampling frequency is needed, practical controllers need 5 to 10 times to
minimize phase lag and maintain stability [51]. Therefore, the model
shows at the moment a useful agreement between simulated and
measured parameters and is therefore suitable for future model pre-
dictive control developments.

5. Conclusion and outlook
This paper provides an optical measurement method using a camera

that makes it possible to measure the transition from filtration to desa-
turation. The principle of this optical measurement is based on Beyerer
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et al. [40]. Experiments have shown that, when comparing the bright-
field and dark-field methods, only the bright-field method can deliver
reliable results, which is in contrast to statements of Beyerer et al. [40]
who mentions the dark field method to be more accurate. Particles also
scatter the light, which means that the dark-field method does not detect
any transition in light intensity. The application of the bright-field
method to a video sequence proves its feasibility in a continuous pro-
cess. Similar work is done by Huttunen et al. [52] who uses a thermo-
graphic camera to characterize the desaturation of filter cakes in
vacuum filters. With a combination of his work with the result shown
here, more information about the filtration process are detectable using
the same equipment.

In addition to the optical measurement method, a multi-
compartment model to describe the dynamic filtration behavior on a
lab-scale vacuum belt filter was developed, which is based on the work
of Gleif et al. and Zhai et al. [30,31]. At this point, the vacuum belt filter
is divided into two zones, the cake formation zone and the mechanical
dewatering zone, with different physical behavior. The interconnection
of compartments which allows to predict the temporal change of the
filter cake height and the mechanical desaturation dependent on the belt
length. The results show that the number of compartments influences
the retention time behavior of the filter cake on the belt. A critical
assumption is that no sedimentation occurs, since the particles have a
density difference of a factor of 2.7 compared to the liquid. Therefore,
this model cannot be directly applied to pilot belt filters, as the de-
viations in filtration from the model increase with increasing residence
time. For A comparison between experimentally and simulatively
determined cake heights shows that the differences have a coefficient of
determination of R? = 0.741 and are therefore sufficient for a determi-
nation and estimation. With this verification, the next step to connect
both systems of real-time measurement and model is possible and dy-
namic changes can be tested. A further combination of this work with
Sauer et al. who simulated inhomogeneous filter cakes would help to
enhance the belt filter model [29].

This work serves as the foundation for further research aimed at
improving the prediction of cake formation and dewatering on vacuum
belt filters. This includes predicting currently unknown parameters such
as relative permeability, capillary pressure, and porosity from experi-
mental data. However, predicting unknown material properties requires
the integration of a parameter estimation framework. Another applica-
tion of the presented model is the integration of the dynamic model with
MPC to control the belt speed to reach an optimal minimum residual
moisture content of the filter cake. This involves investigating the in-
fluence of the number of compartments on computation time, the inte-
gration of the aforementioned state estimation for unmeasurable
variables and the defintion of constraints. Ultimately, it would be
conceivable to achieve autonomous operation under fluctuating feed
conditions by combining in-line measurement technology, modeling,
and control. Additionally, it is conceivable to extend the presented
model to other continuous vacuum filters such as drum filters, disc fil-
ters, and plate filters. For this purpose, the compartment model must be
adapted to the geometry of these filter apparatuses.
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