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Abstract: This study explores the influence of blade design on the low-pressure extrusion process,
which is relevant to techniques like spheronization. We investigate how blade geometry affects the
extruded paste and final product properties. A model paste was extruded through a basket extruder
with varying blade lengths to create distinct wedge gaps (20°, 26° and 32° contact angles). The
theoretical analysis explored paste behavior within the gap and extrudate. A model material enabled
objective comparison across blade shapes. Our findings reveal a significant impact of blade design on
the pressure profile, directly influencing liquid distribution in the paste and extrudate. It also affects
the required torque relative to extruder output. The findings of this study hold significant implications
for continuous granulation, a technique employed in the pharmaceutical industry for producing
granules with uniform size and properties. Understanding the influence of blade geometry on the
extrusion process can lead to the development of optimized blade designs that enhance granulation
efficiency, improve product quality, and reduce energy consumption. By tailoring blade geometry,
manufacturers can achieve more consistent granule characteristics, minimize process variability, and
ultimately produce pharmaceuticals with enhanced efficacy.

Keywords: extrusion; continuous granulation; particulate material formation

1. Introduction

The extrusion of powder materials as a paste is a process in which equipment based on
different principles is used. It is usually a low-pressure extrusion, achieved in equipment
such as a dome, radial, axial or basket extruder. These results in the final product either in
cylindrical form (noodles) or in an intermediate product, which is further processed into a
microgranulate by another operation, for example, in a rotating plate by spheronization [1,2].

In all these extruders, the main problem is the regulation of the extrusion pressure P.
One of the possibilities is to modify the rheological properties of the paste by adding a suitable
lubricant or by varying the moisture content of the paste w. However, both methods modify
the character of the paste. In the case of additives, the final result manifests in the presence of
substances that are unnecessary for the final product. If the rheological properties are adjusted
by changing the amount of a liquid phase, other problems arise. If the amount of the liquid
phase is low, extrusion pressure P rises, and the extrudate is hard, which causes a problem
with its further processing into micro granules.

In contrast, the presence of a larger amount of liquid phase decreases the strength
of the extrudate. The individual extrudates stick to each other and the wall of the device,
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rendering the formation of micro granules impossible. In addition, any increase in the liquid
content causes an increase in the financial costs associated with drying the product [3,4].

However, it is not always necessary to adjust the rheological properties of the paste in
this way. An effective tool is the regulation of extrusion pressure by changing the geometry
of the extrusion element: the blade (radial or basket extruder) or the end of the screw (dome
or axial extruder) [1,4].

It is necessary to clarify what is meant by the term the geometry of the extrusion
element. This geometry refers specifically to the angle «; formed between the blade and the
die surface. This configuration creates a wedge between the blade and the die (matrix). The
movement of the blade across the die surface, combined with the adhesive characteristics
of the paste, plays a crucial role in drawing the material into the narrowing wedge space.
Adhesion in this context is determined by the wall friction angles between the paste and
both the blade and die surfaces.

Furthermore, phenomena like liquid film formation and liquid migration are essential
considerations for a complete understanding of this process. Thus, the paste is gradually
pulled into the wedge gap and is compressed. This compression creates the extrusion
pressure P, which increases to a value at which the paste is forced to flow through the holes
of the die. Here, the extrudate is formed into the shape and dimensions of the holes in
the matrix. It is the angle of the wedge gap «;, which has a significant effect on two very
important phenomena, namely the distribution of extrusion pressure in the wedge gap and
the associated migration of the liquid phase in the paste before it is pushed through the
holes of the matrix [5-12].

The smaller the angle of the wedge gap «;, the greater the predominance of the normal
component of the force N;, which pushes the paste into the holes of the nozzle. Conversely,
the greater this angle, the greater the effect of the shear force T;, which forces the paste to
move tangentially to the die surface. This inserts a shear stress T; into the paste, as a basic
parameter of the rheological properties of the paste, together with the rate of shear strain y
of the paste [3,8,13].

The rate of shear strain y of the paste affects the apparent viscosity of the paste 1,.
If the moisture of the paste w is constant, the interaction of the three parameters, normal
stress o, shear stress T and the rate of shear strain v, is reflected in the resulting extrusion
pressure P [3,5].

However, the extrusion pressure P distribution under the blade has a complicated
behavior. It can be assumed that the smallest values are on the inlet side, where the wedge
gap is the widest, and the paste enters it. It is gradually compressed, which increases the
extrusion pressure P, which reaches a maximum value at a certain point under the blade.
This pressure profile causes the liquid in the gaps between the particles to migrate in the
direction of the pressure drop, thus changing the paste homogeneity [9,11,14].

The aim of this study is to investigate the relationship between the geometry of the
extrusion blade and the speed of its movement as independent parameters that influence
the pressure profile in the paste in the wedge gap between the die and the blade. Then, we
will examine how this pressure profile affects the migration of the liquid phase under the
blade and in the extrudate [9,11,14].

To facilitate a comparative analysis of the aforementioned effect, a specific granular
material is required. This material, upon the addition of a controlled amount of liquid
phase, should transform into a paste with suitable rheological properties for extrusion
through blades with varying geometries. However, investigating the extrusion process
with specific materials often presents economic challenges due to potentially high material
consumption and cost. Therefore, for investigating specific phenomena, utilizing a model
material offers a more advantageous approach. This strategy was adopted in the present
work. The primary component chosen was very finely ground limestone. Additionally, a
specific amount of sand was incorporated to enhance the rheological properties of the paste.
This combination allows for exploring the influence of various extruder blade geometries
and paste moisture content on the extrusion process. [9,11,14].
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2. Materials and Methods
2.1. Experimental Material

A model material was used for the experiments. It was a mixture of very finely ground
limestone, sand and water. The aim of the work is not to investigate the properties of a
particular material but to study the extrusion process in terms of pressure distribution
under the blade and the associated accompanying phenomena when the geometry of the
extrusion blade is changed.

At first, a paste made of fine-grained material with water was tested. It was very finely
ground Calmit limestone from Baumit s.r.o—RohoZnik, Slovakia. Due to its particle size
distribution, limestone represents a wide range of powders used in the pharmaceutical,
chemical, food and related industries. The physical properties of the individual components
and the model material mixture are shown in Table 1. The physical properties of the individual
components and the model material mixture are shown in Table 1. The physical properties
were measured by standardized tests (particle shape: electron microscope JEOL IT300LV
(Jeol Ltd., Welwyn Garden City, UK), particle density: helium pycnometer Quantachrome
Micro Ultrapyc 1200e (Quantachrome Instruments, Inc., Boynton Beach, FL, USA), bulk
density: theometer of powder materials Freeman Technology FT4 (Freeman Technology Ltd.,
Tewkesbury, UK), porosity for bulk material: porosimeter Quantachrome PoreMaster-60
GT (Quantachrome Instruments, Inc., Boynton Beach, FL, USA), particle size distribution:
Malvern Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK), compressibility: uniaxial
pressing on a KISTLER electromechanical press (Kistler Group, Hook, UK) with a 20 mm
diameter press, strength diagram of the mixture: theometer of powder materials Freeman
Technology FT4).

Table 1. Physical properties of individual components of the 80% limestone + 20% sand model material.

Very Finely Ground Limestone Sand

Particle density

pg = 2702.8 kg-m 3 pg = 2630.5 kg-m >

Bulk density

on = 986.7 kg:m > oy = 1615.1 kgm 3

Porosity for bulk density

&; = 0.650 g; = 0.386




J. Manuf. Mater. Process. 2024, 8, 127

4 0f22

Table 1. Cont.

Very Finely Ground Limestone

Sand

Particle size distribution

Sand

Very Finely Ground Limestone

Volume density [%)]

4
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Series Name Cohesion. kPa | UYS, kPa | MPS, kPa | FF | AIF,° | AIF (E),° | BD, g/ml
PR0488_50mm_Shear_15kPa_20-Sand-80-Limestone2_R01 1.15 447 247|551 | 354 39.9 142
PR0489_50mm_Shear_9kPa_20-Sand-80-Limestone2_R02 1.12 4.06 15.0 | 3.70 | 322 395 1.39
PR0490_50mm_Shear_6kPa_20-Sand-80-Limestone2_R03 0.836 3.09 10.2]3.30| 331 413 135
PR0491_50mm_Shear_3kPa_20-Sand-80-Limestone2_R04 0.556 201 528|263| 320 428 129
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However, one property of this limestone is that it can be processed as a paste only
in a very narrow moisture range, approximately w = 14 — 17%. This phenomenon is
an important factor for the processes associated with the material in the pharmaceutical
industry in the production of drugs by the wet method, which is why this experimental
material was chosen as a model, even though limestone and sand are not directly relevant
materials in the pharmaceutical industry [15-17]. At a lower moisture level, a higher
extrusion pressure is required. As a result, there is a risk of the paste dewatering and
stopping the extrusion. At a higher moisture level, extrusion usually occurs without major
problems, but the extrudate is too wet. Then, there is a problem with maintaining its
shape. In addition, if the extrusion is to be followed by spheronization, the extrudate or the
microgranulate sticks together.

The same problems occur in real applications in the pharmaceutical industry, where
continuous wet granulation processes such as extrusion, spheronization and continuous
twin-screw granulation are applied. Regardless of whether the materials in question
are genuine pharmaceutical excipients combined with Active Pharmaceutical Ingredients
(APIs) or any other mixture, a rigorous two-step analysis is essential. The first step priori-
tizes the processing aspects and the resulting product’s desired mechanical and physical
properties, which aligns with the focus of this study. The second step delves into a de-
tailed analysis of the manufactured products, encompassing various considerations such
as their chemical composition, potential changes in crystallinity and polymorphism, and
the influence exerted by the API content [18-21].

Bearing this comprehensive approach in mind, a model material was selected specif-
ically to validate the first step. This material selection extends the applicability of the
findings beyond the pharmaceutical industry, encompassing the chemical, agricultural,
and potentially even fertilizer production sectors.

Such fine-grained material was unusable for extrusion with the geometry of some
of the blades that were to be used for the experiments. Sand, with its particle shape,
particle size distribution and significantly lower compressibility, is an inert material that
extends the properties of the paste. This allows the paste to be examined in a wide range of
tested extrusion parameters. Figure 1 shows the configuration of two separate materials of
different particle size, polydispersity and compressibility.

Figure 1. Configuration of the paste skeleton of different materials: (1) sand; (2) very finely ground
limestone; (3) a mixture of sand and very finely ground limestone. e; > &7 < €3, Ag; < Agg > Aeg.

2.2. Influence of Normal and Shear Stresses on Extrusion Pressure

There are several principles and devices used in paste extrusion [4,22-26]. One of
these principles is to extrude the paste through a perforated matrix with a blade inclined at
an angle to the surface of the matrix.

In such devices, the ratio between the diameter and depth of the die hole is relatively
small; often the diameter of the hole is greater than the thickness of the die. The purpose is
not to form a hard cylindrical extrudate but only to preform the paste and thus obtain an
extrudate suitable for spheronization, for example [3,4].

The principle of such a device is shown in (Figure 2). It is a radial or basket extruder.
The blade (1), or generally the extrusion element, has such a geometry that, together with
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M:]
1 R

the matrix (2), it forms a tapered wedge gap. Due to the adhesive forces, the paste (3) is
drawn into the wedge gap when the inclined blade moves. Here, it is compressed, and
when the optimal extrusion pressure P is achieved, the paste starts to flow through the
openings of the matrix (2) [3,4].

2

MRS ¢
blade No.1 No.2 No.3
blade length L; =160 mm L, =120 mm L; =90 mm
radius of curvature of the blade R; = 140 mm R, = 140 mm R; = 140 mm
the angle between the blade and matrix a; = 20° a, = 26° az = 32°

Figure 2. Radial extruder with the different geometries of the extrusion blade: (1) blade; (2) matrix;
(3) paste; (4) extrudate.

The integral force F; in Figure 2 represents the integral value of the extrusion pressure
P that is distributed on the surface of the blade. If a suitably oriented control volume [3] is
selected in the paste, this force can be expressed as two components. The radial component
Nj is perpendicular to the surface of this volume. Its effect is manifested by compressing
the paste in the wedge gap, thus creating normal stress o;. The tangential component T;
acts in the direction of the tangent to the surface of the control volume and creates shear
stress T;. The index i varies according to the geometry of the blade, defined by the radius of
curvature R; and the angle «; [3,4].

The ratio between the components N; and T; and the direction of action of the integral
force F; is given by the geometry of the blade. The blade can be straight or curved. It
is important to define its length L;, radius R; and the apex angle of the wedge gap «;.
Their interactions then manifest themselves in the form of a measurable quantity, i.e., the
extrusion pressure P [4,5].

In general, both the pressure p and the extrusion pressure P, are defined by the
relationship between the tensors of normal and shear stresses [3,5,14,27]

o=pd+T 1)

where o is the tensor of normal stresses, T is the tensor of shear stresses, 9 is the unit tensor,
p is the pressure.

Due to their consistency, pastes represent a multiphase system, the basis of which is a
skeleton of granular material, a solid phase. The gaps between the particles are filled with
a liquid phase, which has the function of a lubricant, and its content defines the rheological
properties of the paste during extrusion. Behind the matrix, in the extrudate, it forms
capillary bridges, which ensure the strength and shape of the extrudate before further
processing, e.g., by spheronization or drying [1,28-31].

The multiphase composition of the paste creates the preconditions for two approaches
to the study of the paste extrusion process. The first is based on the mechanics of particulate
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matter and considers the paste to be a discrete or semi-continuous environment. It uses
experimental procedures of the mechanics of particulate matter. The second approach
assumes that the paste is a continuous environment, a continuum. This approach is based
on the study of its rheological properties. From the point of view of extrusion, these two
principles work simultaneously. First, the granular material is compressed and consolidated
in the extruder. This is followed by extrusion through the holes of the die or matrix. This
is caused by the effect of a screw or blade. The structure of the grains in the skeleton
is reorganized, and the distribution and size of the pores change. At the same time, the
tension in the skeleton increases until the yield locus state is reached. At this moment, the
granular skeleton is set in motion. However, since the liquid phase is also present, it moves
in the pores between the particles. These phenomena are described by the mechanics of
particulate matter and are not significantly dependent on the rheological properties of the
system [1,2,9,10,22,27,32-34].

When the skeleton is consolidated, a certain degree of liquid saturation of the pores S
is reached. If it is close to the value S = 1, the system becomes a paste, and the extrusion
process is influenced by its rheological properties [4,13,33-35].

These two approaches are reflected in two important parameters of extrusion. These
are the extrusion pressure profile P; as a measurable parameter and the homogeneity of the
paste from the point of view of the distribution of the liquid phase w;. These two parameters
interact with each other. This is reflected in the fact that the higher the extrusion pressure
P is required, the more the fine-grained skeleton of particulate matter is compressed.
However, the more it is compressed the more inhomogeneity of the pore distribution
among the particles is presented. This results in fluid migration towards to larger pores.
The distribution of the liquid in the pores, as a basic parameter of the rheological properties
of the paste, affects the extrusion pressure P. Thus, the extrusion process is stabilized when
the balance between the extrusion pressure profile P; and the liquid distribution w; in the
pores of the skeleton of the particulate matter is set [4].

Applying these notes on the process to the basket extruder with different blade ge-
ometries, it is possible to compile a diagram of the interactions that occur during extrusion
(Figure 3).

THE CHANGE OF THE EXTRUSION ELEMENT GEOMETRY AFFECTS:

the ratio between normal o and shear T stresses

this has an effect on the consolidation of the particle skeleton and the pore size distribution £

pore size distribution £, atfects fluid distribution and thus change in the local humidity w,

local humidity and the ratio between shear stresses T and normal stresses o, if the rate of shear strain y
remains constants, affect the rheological properties and thus the apparent viscosity 1,

the set of these parameters therefore affects extrusion pressure P

however, extrusion pressure P affects the consolidation of the skeleton and the pore size distribution =

after reaching the equilibrium of these parameters extrusion occurs under constant conditions

[ distribution of the liquid affects the plastic viscosity 1 _in the case of Bingham bodies

[ it has a cumulative effect on product properties and quality

Figure 3. Scheme of influences of extrusion parameters.
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The consolidation of the particulate material is one of its basic states, which is obtained
under the influence of the pressure Pr.;s, which is a directly measurable parameter. However,
it must be said that it acquires its under-consolidated, consolidated or over-consolidated state
by the interaction of normal stresses o and shear stresses T. The normal stress o compresses the
granular material, and due to the mutual contact of the particles, a shear stress 7 is generated
among them. If the equilibrium is disturbed, the grains are moved to a new, more stable
position. It results in a reduction of the volume of the gaps between the particles. If there
is liquid in the gaps, the saturation S will increase. The stress state, defined in this way; is
interesting, especially until the moment when the flow occurs. In the mechanics of particulate
materials, it is a state when the stresses are on the yield locus [2,32,35,36]. The granular
skeleton comes into motion, and flow occurs [37,38]. The strength diagram of the particulate
material describes the different states of consolidation. Each of them corresponds to one locus
yield. It follows that a certain locus yield corresponds to a specific consolidation, which is
achieved for only one pressure P;. For each consolidation, only one density of the paste, or
wet particulate material, pp; is also achieved.

It follows from this note that for the testing of the extrusion of pastes, the primary
effect is the extrusion pressure P. Then, the wet particulate material can be considered as a
quasi-continuous medium, i.e., a paste. The influence of the consolidation of the skeleton
formed by the particulate substance is also manifested. Its consolidation is defined by
the voidage or porosity ¢;. This parameter, together with the liquid content, indicates the
degree of saturation of the pores by the liquid S [15].

Ultimately, the course of the extrusion pressure P in the wedge gap is reflected in two
facts. It is the migration of the liquid phase in the opposite direction to that of the increase
in pressure P. The second manifestation is the amount of extrudate m,; behind the matrix,
varying along the narrowing wedge gap [15].

In the next part of the text, attention is paid to the extrusion process in terms of
pressure distribution P; under the extruder blade, liquid migration in the granular skeleton
w; due to inhomogeneity of pore distribution ¢; and the moisture distribution w,; in the
extrudate just behind the matrix. In addition, the dependence of the mass flow m1;,; of the
wet material through the holes in the matrix as a function of the pressure profile of the
extrusion pressure P; under the blade is investigated [15-17].

2.3. Experimental Equipment

The experiments were performed in an extruder with a cylindrical perforated matrix
(Figure 4). The edge of the extrusion blade moved over the surface of the matrix. The
device consists of a matrix (1) which is mounted on a plate (2). The plate (2) is on a bearing
(3), which is connected to the frame (4). An arm (5) of the plate (2) is supported by a force
sensor (6). This configuration allows the measurement of the torque My, as the result of the
shear component T; of the integral force F;. For each series of experiments, the configuration
with only one blade (7) was used. This blade was placed on a rotor (8), which is driven by
a motor gearbox. It allows various speeds ny to be set. A lid (9) is placed on top of the
matrix (1), thus creating a closed chamber in which the paste (10) is located. The matrix (1)
is made of a perforated metal sheet of thickness /1) and rolled into a cylindrical shape. The
diameters of the holes in the matrix are dj; with distance 4, and the holes are in a triangular
configuration. A jig for the location of the pressure sensor (11) is welded on the outer side
of the matrix. This sensor has a ceramic membrane of 18 mm diameter. It was used to
measure the pressure P.
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Dm
Dr

=
Hwm

inner diameter of the matrix Dy =255 mm
matrix thickness hy = 3 mm
thickness of the matrix Hy = 60 mm
diameter of holes Dy = 8 mm
hole spacing a=12mm
rotor diameter Dr = 160 mm
rotor speed ng = 0—25min~!
arm of force for torque calculation Ryx = 225 mm
ceramic membrane diameter of the pressure transducer ds = 18 mm

Figure 4. Laboratory radial extruder. Main parameters of the extruder: (1) matrix; (2) base plate;
(3) bearing; (4) frame; (5) arm; (6) force sensor; (7) blade; (8) rotor with shaft; (9) lid; (10) paste;
and (11) pressure sensor.

2.4. Experimental Measurements
The experiments were focused on the following basic areas:

- The pressure profile in the paste in the wedge gap;

- Migration of the liquid phase in the paste in the wedge gap;

- The course of the amount of extruded material through the die and its moisture
depending on the extrusion pressure.

The composition of the model material (Table 1) was constant. The model material,
the paste, consists of three components. For each experiment, the 4.0 kg of dry, very finely
ground limestone and 1.0 kg of sand were mixed. To this mixture, 988.2 g of water was
added. The dry components of the mixture were poured into the horizontal homogenizer
with slow-moving blades and mixed together. Then, the water was gradually added
by spraying it through the nozzle. The ratio between the solid and added liquid phase
represents the absolute humidity w = 16.5%.

This model material makes it possible to investigate the extrusion process at a relatively
wide range of apex angles «;, while the ratio of the thickness of the matrix hy; to the
diameter of the holes d) remains the same, without the need to change the moisture of the
paste w.

The actual moisture values of the paste after homogenization varied slightly. This was
due to the fact that part of the injected water remained on the wall of the homogenizer or
was in the layer that was stuck to the surface, blades and shaft of the homogenizer. For
this reason, each experiment is unique, and the result of the monitored parameter is the
average of five measurements.

The independent variable parameters were the rotor speed ng with the blade, the
blade length L; and the apex angle «;.
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The tested variables were the course of the extrusion pressure distribution P under
the blade, the moisture distribution of the paste in front of the matrix w; and behind the
matrix w,;, corresponding to the value of pressure P; and the amount of extrudate m,;. The
values with the index i refer to the values obtained from the control volumes V;,,; and V,,;
(Figure 5e). The five control volumes V;,,; were defined in the space between the blade and
the paste matrix. The additional control volumes V,,; were defined for the extrudate. Their
number depends on the geometry of the blade. They are defined as the radial projection of
the blade length onto the matrix surface. The height of the control volume is Hj;, which is
the height of the matrix.

Vc.\iv M

N\ /

Vexts Mej

(e)

Figure 5. The main experimental steps and the definition of control volumes and pressure profile
under the blade as a function of the blade position: (a) the extruder chamber filled with colored layers
of paste before the experiment; (b) colored streams of the paste in the wedge after the experiment;
(c) the wedge of paste from the chamber before cutting; (d) extrudate behind the matrix; (e) definition
of control volumes.

After each test, a wedge of paste was removed from the space under the blade and
cut into five sections defining a control volume of V;,; (Figure 5c). Similarly, the extrudate
corresponds to the control volume of V,,; behind the matrix was collected (Figure 5d).

In order to monitor the flow of the paste in the wedge gap, it was necessary to color part
of it. Therefore, after homogenization, it was divided into two parts. One was stained with
pigment (purple tint), and the other one remained uncolored (grey tint). Each section was
homogenized once more. Then, the extruder chamber was alternately filled so that the color
shades alternated in the tangential direction (Figure 5a). The color differentiation made
it possible to monitor the flow of the paste in the wedge gap. The paste flow monitoring
experiment was performed only for rotor speed g = 10 min .
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2.4.1. Pressure Profile in the Wedge Gap

A paste without staining was used for measuring the pressure profile in the wedge
gap and for monitoring the migration of the liquid phase. Prior to each experiment, the
rotor (8) with the blade (7) was positioned relative to the sensor (11) on the die (1) such
that there was an angle of about 90° between the attachment point of the blade and the
axis of the sensor (Figure 3). In such a position, the extruder chamber was filled with the
paste (Figure 5a) and closed with a lid (Figure 3). The required rotor speed ng was set,
the measuring system was switched on, and the device was started. The rotor with the
blade made one turn, and the device was turned off. A signal from the pressure sensor
was recorded. The signal acquisition frequency was 10 Hz. The pressure sensor detected a
pressure profile in the paste as the blade passed in front of the sensor. In this way, it was
possible to obtain a pressure profile as a function of the position of the control volume
under the blade.

Only the data obtained between the two blade positions were used to evaluate the
experiment. The beginning is when the attachment point of the blade has reached the sensor
level. This corresponds to the position of the blade edge in position 1 (Figure 5e). The interval
ends when the blade edge passes behind the pressure sensor, position 4. It is assumed that
the flow and pressure ratios in the wedge gap have stabilized at this, and the pressure sensor
records the pressure profile under the blade as a function of blade geometry.

2.4.2. Migration of the Liquid Phase in the Paste in the Wedge Gap

This phenomenon was investigated by the mass balance of paste and extrudate in
control volumes. The moisture distribution of the paste w; in the wedge gap between the
blade and the matrix was monitored by means of control volumes Vj,;.

The moisture balance w; in the control volumes were ascertained by weighing the
mass m,; of these volumes in the wet state. Then, they were dried in a chamber drying
oven at a temperature of 105 °C for 24 h and weighed again to get the dry weight m;. The
difference in weights provided the necessary data for the moisture balance and distribution
w; in the wedge gap in relation to the extrusion pressure P;.

2.4.3. Course of the Amount of Extruded Material through the Die Depending on the
Extrusion Pressure

The moisture distribution of the extrudate behind the die was evaluated by its weight
in V,y; control volumes. The external volumes V,,; were also used for measuring the
throughput of the extruder. It was the amount of extruded material m,; measured over
the individual surface areas of the matrix that correspond to external control volumes V,;.
These data allow analysis of the effect of pressure on the amount of extruded material.

This was repeated for every revolution of the rotor ng = 10/13/16/19/22 min~ .
Each experiment was carried out five times.

3. Results and Discussion

It can be seen (Figure 5c) that the paste is deformed in a tangential direction to the
surface of the matrix and the blade. Layers that are closer to the matrix surface are stretched
and tapered. This is due to the flow of paste towards the holes in the matrix and under
the influence of the shear stresses in the paste. The layers of paste by the blade are moved
in front of the blade (tangential motion) and gradually fill the free space left by the paste,
which has already flowed through the holes of the matrix (radial motion). From the point
of view of the rheology, it can be seen that the deformation of the paste increases from the
blade towards the surface of the matrix. However, the circumferential speed also increases
in this direction as a function of the radius. This means that the rate of shear strain y
also increases. Therefore, it is possible to assume a change in the apparent viscosity 1, in
this direction. However, this is a complex phenomenon, and it would require a separate
investigation, which is not the subject of this article.
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3.1. Pressure Profile in the Wedge Gap

The pressure profile under the blade was recorded as a function of the position of the
blade edge from position 1 to position 4, relative to the sensor axis (Figure 5e).

This figure shows a schematic principle of measurement. The positions of the blade
and the sensor and the course of the measured quantities in relation to the control elements
are monitored. Thus, the values of the pressure P; and the amount of material extruded into
the control elements V,,; are measured. The pressure profile is shown as a function of time,
i.e., the time of transition of the blade above the sensor from position 1 to position 4. This
time depends on the rotor speed ng and the blade length L;, i.e., on the geometry of the
blade. At position 1, extrusion pressure P; begins to increase. It corresponds to the value
of P; at the entrance to the tapered wedge gap and the extruded amount of extrudate 1,;.
The blade moves around from point 1 to point 4. The pressure P; increases, and the amount
of extruded material m,; increases in all the individual control elements. The pressure rises
and reaches the maximum P, value when the blade is in position 2. Then, the entire sensor
membrane is still under paste pressure. As the blade moves to position 3, a pressure drop is
recorded. It is caused by the fact that the surface of the membrane is no longer fully loaded.
The pressure acts on an ever smaller area of the membrane and therefore the P, pressure
drops to zero at point 4. The pressure drop between points 3 and 4 to a negative value
is due to the response of the unloaded membrane. The pressure values between points
2 and 4 are not considered in the results. Therefore, point 2 is considered the end of the
measurement of the pressure P; and also the amount of extruded material m,;.

The results from the pressure profiles P; and the amount of the extrudate m,; were
evaluated not on the length of the blade L; but on its projection L),; on the surface of the
matrix. This is because the pressure sensor is located on the matrix, and the extrudate is
located behind the matrix.

Figure 6a shows the course of the extrusion pressure P as it was recorded by the
pressure sensor during the motion of the blade, as can be seen in Figure 5e. According to
the speed of the rotor ng, i.e., the circumferential speed of the blade edge at the point of
contact with the matrix surface, the length of the pressure profile interval also changes.
Such a presentation of the pressure profile P is not advantageous. Therefore, the time
interval At is recalculated to the projection length of the blade L; on the surface of the
matrix in relation to the circumferential speed.

After the experiment, the extruded material is located in the control elements V,,;
(Figure 7). There is the smallest amount of this material in the control volume V,,; and its
properties correspond to the pressure P;. The weight of the extruded material m,; increases
from V,; to V,y5. This is due to the fact that each control volume V,,; contains all the
material from the previous elements and the material also extruded into this volume V,,;,
which is the weight m,;.

Thus, in each control volume V,,;, there is an extrudate whose moisture is w; and
consolidation determined by the pressure P;, but also the extrudate with the properties
from the previous control volumes. It means control volume V,,; contains the material
with the properties corresponding to the pressure P;. In control volume V., the properties
of the paste correspond to the pressure P, but there is also the extrudate from the previous
control volume V,,q. In control volume V3, there is the paste extruded by the pressure
P; with the corresponding properties, but also the extrudate from control volumes V4
and V,y, etc. The last control volume V,,5 contains the paste from all volumes. This is
also the reason why control volume V,,; has the least extrudate and its amount increases
towards control volume V,,s. It is the result of the differential weight gain in the individual
volumes. The result is an inhomogeneity of the extrudate.

From a practical point of view, it is more advantageous to present the measured data
not as a function of time (Figure 6a) but in relation to the projection length of the blade L;
on the inner surface of the matrix Lyy; (Figure 1).

Therefore, the value of time At on the x-axis is converted to the projection length of
the blade Lyy; on the graphs. They are shown in (Figure 6b). They show the values of the
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pressure increase P; between points 1 to 2 (Figure 7). The pressure profile consolidates the
paste and causes its extrusion.
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Figure 6. The pressure profiles in the wedge during extrusion: (a) before the conversion as the
graphical record of the sensor; (b) after the time interval At conversion to the projection length of the
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Figure 7. The process of the paste extrusion. The distribution of the extrusion pressure under the
blade and the diagram of the principle of extrudate formation depending on the position of the blade,
the weight of the extrudate m,; and the mass flow ;.
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3.2. Migration of the Liquid Phase in the Paste in the Wedge Gap

The wedge of paste was removed from the volume under the blade (Figure 5c). Then
it was cut into the five control volumes of Vj;; to Vj,5. Each of them was weighed and then
dried. After drying, it was weighed again, and a simple moisture balance was made. Each
experiment was repeated five times. The results are shown in the graphs in Figure 8.
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Figure 8. Comparing the liquid distribution: (a) in the wedge gap between the blade and the matrix;

(b) in the extrudate; (c) interval of scattering of the average values of the moisture in the wedge for

all speeds of the rotor; (d) interval of scattering of the average values of the moisture in the extrudate

for all speeds of the rotor.

The results show that by increasing the blade inclination angle, the average moisture
scatter interval for each rotor speed narrows. This fact is probably related to the rheological
properties of the paste. At the 20° angle of inclination of the blade, the compression of
the paste in the space between the blade and the matrix caused the normal forces to be
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more pronounced than the effect of shear forces. As the angle of inclination of the blade
increases, this scattering decreases, and the smallest average values are at the angle of 32°
(Figure 1). At this angle, the magnitude of the normal forces is smallest, and the effect of
shear forces increases. Another interesting phenomenon is the decrease of the moisture in
the 4th control volume (Figure 8a), marked zone. This phenomenon would need a more
detailed examination.

3.3. Amount of Extruded Material through the Die and the Liquid Distribution

The moisture of the extrudate w,; decreases in the direction of the narrowing wedge
gap, i.e., in the direction of the increase of the extrusion pressure (Figure 8b). This phe-
nomenon is again related to the redistribution of the liquid inside the extruder, between
the blade and the matrix (Figure 8a).

The influence of the rotor speed can be predicted as follows from the achieved results.
If only the extreme speed values are taken for comparison, i.e., ng = 10 min~! and
ng = 22 min~!, then the following can be stated. For the angle o; = 20° it can be stated
that the scatter w,; is the largest as a function of rotor speed ng. It is evident that at the
speed ng = 10 min~! the moisture of the extrudate w,; is the highest, the lowest is at
ng = 22 min~!. This scattering decreases towards the angle «; = 32°. In this case, the
moisture of the extrudate is highest at ng = 22 min~! and lowest at ng = 10 min~ 1. It
is important that as the angle of the blade «; increases, the moisture of the extrudate w,;
decreases. This is due to the fact that the paste is less compressed and thus the migration of
liquid through the holes of the matrix is less.

Figure 9a shows the course of the amount of extruded paste behind the die. For the
blade with the angle «; = 20°, which is the longest, the samples were taken from 13 control
volumes of V,,;. For blades with angles «; = 26° and «; = 32°, ten control volumes V,,;
were provided. From these results, it is difficult to assess the effect of rotor speed with the
blade on the amount of extruded material. However, it can be seen that the larger the angle,
the greater the variance of the values. This is the absolute amount of extruded material, not
the throughput dependent on the rotor speed. Figure 9b indirectly shows the throughput
of the paste through the holes in the individual control volumes. The flow speed is hidden
in the throughput of the extruder, i.e., the weight of the paste extruded through the holes
of the matrix in control volumes per unit time. In this case, the effect of increasing the
speed on the flow rate of the paste is evident. The throughput of the extruder increases
with increasing blade angle «; and with increasing speed ng.
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Figure 9. Balance of extruded paste in the control volumes outside the matrix: (a) weight in individual
control volumes V,,;; (b) weight of paste extruded through the die holes in control volumes V,,; per
unit time.

In these cases, the effect of speed is hidden in the rheological properties of the paste. As
already mentioned, if the apex angle of the blade increases, the paste is less compressed, and
the shear stress increases. The redistribution of the ratio between the normal stresses o and
the shear stresses T in favor of shear stresses is associated with the skeletal consolidation of
the paste, liquid migration and the rate of shear deformation.

3.4. The Course of the Amount of Extruded Material through the Matrix Depending on the
Extrusion Pressure

Figure 10 shows the distribution of moisture in the paste that is in the space between
the blade and matrix (control volumes from V};; to V};;5) and the extrudate V,,; as a function
of the extrusion pressure profile P;. The figures for the individual rotor speeds ng show
how the liquid is distributed between the extrudate and the paste in the wedge for the
individual inclinations of the blade angle «;. This phenomenon is best observed at speeds
ng = 10 min~! and blade angle «; = 20°. If the parameters are set in this way in the
extruder, the largest difference between the moisture of the extrudate w,; and the moisture
of the paste in the wedge w; occurs. As the angle of inclination of the blade «; increases,
these differences decrease. This is probably due to the fact that at low speeds ny there is
a relatively longer time for the liquid to move in the wedge space and outwards into the
extrudate. At the same time, the angle of inclination of the blade «; again redistributes the
ratio between the normal stresses o and the shear stresses T in favor of the shear stresses,
and thus, it has a positive influence on the paste flow in terms of the rheological properties.
The liquid migration is in the opposite direction to the pressure increase.
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Figure 10. Influence of the extrusion pressure P, blade geometry and rotor speed ng: (a) on the
distribution of the liquid before the matrix w;, in the extrudate we;; (b) on the mass flow of the
extrudate through the openings in the matrix ;.

The course of the mass flow m1;,; as a function of pressure is also interesting. At the
lowest rotor speed ng = 10 min !, the effect of the blade angle «; is very small. For the
angle «; = 20° the increase in the mass flow of the extrudate m,,; is the smallest. This is
probably due to the prevailing normal stresses o. They consolidate the paste and force the
liquid to leak through the matrix openings into the extrudate. The consolidated paste has
worse flow properties, and it causes the pressure to increase but not the mass flow ;. By
increasing the blade angle «;, the paste is less consolidated. Due to this, the rheological
properties are changed again, and the paste becomes more fluid and the mass flow of the
Mye; €xtrudate increases.

Figure 11 shows the interaction of the mass flow of the extrudate through the holes in
the matrix m;,; and the torque Mj; required to drive the rotor. The mass flow m;,; is defined
in (Figure 7) and depends on the rotor speed ng. The parameter is the geometry of the
blade, represented by the angle between the blade and the surface of the matrix «;. The
effect of rotor speed np is hidden in the mass flow of the m;,; extrudate.

The torque My; decreases when increasing the angle «;. The mass flow of the extrudate
my; has the opposite tendency. For the blade with the apex angle «; = 20°, there is a
significant increase of the torque My, in relation to the increase of the mass flow of the
extrudate m,,;. This is related to the decomposition of the integral force on the blade F; in the
direction of the normal component N; and the tangential component T; (Figure 1). For this
blade, the force component N; predominates, i.e., the normal stress o, which consolidates
the particulate matter, reduces the porosity ¢; and redistributes the moisture of the paste w;
in the wedge gap under the blade. The force N; pushes the consolidated paste through the
holes of the die, but at the same time, it causes a frictional force between the paste and the
surface of the matrix. This frictional force contains two basic components.
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Figure 11. Influence of the mass flow of the extrudate through the holes in the matrix m;,; on the
torque M, required to drive the rotor with the blade.

The first force T,,; is the friction between the paste and the surface of the matrix.
(Figure 1) It is defined by the angle of wall friction for wet powder @y, [6]. The second
one is the result of the internal friction in the paste as it enters a hole in the matrix. The
paste is pressed into it by the force N; but the shear component T); is the internal friction in
the paste. It is defined from the point of view of the mechanics of particulate matter as the
angle of internal friction ¢;. According to the rheology, this shear stress is hidden in the
apparent viscosity 1, of the paste. The sum of these forces acts on the arm of the radius of
the matrix Dj;/2 and thus the torque Mj; is created.

This analysis shows that as «; increases, the influence of the force N; decreases and
the influence of the force T; increases.

The main consequence of the redistribution of the ratio between N; and T; is the
change of the consolidation of the skeleton, i.e., the bulk density of the particulate matter,
specifically the density of the paste and the migration of the liquid.

This means that in the marked area (Figure 11) it is possible, while maintaining the
mass flow of the extrudate m1,,;, to change its bulk density and consolidation by changing
the geometry of the blade, while other input parameters of the paste need not be changed.
The strength of the agglomerates depends on the consolidation of the paste. It follows that
their strength can be varied by the geometry of the blade.

4. Conclusions

A model material was used for the experiments. It allowed the testing of a relatively
wide range of parameters of the extrusion process. The aim was to find out how the
individual parameters, i.e., the rotor speed and the geometry of the blade, affect the
behavior of the paste during extrusion.

The scatter of the results is due to the fact that the rheological properties of the paste,
made of limestone and sand, are very sensitive to changes in moisture. Therefore, any
inhomogeneity causes deviations and impairs the reproducibility of the measurements.
The results showed that the geometry of the blade, represented by the angle between
the tangents to the matrix and to the blade at the point of contact, affects the pressure
distribution in the paste in the wedge gap formed by the surface of the blade and the matrix.
The uneven pressure distribution causes the liquid migration in the paste before extrusion.
However, the redistribution of moisture in the paste before extrusion, in the wedge gap,
and in the extrudate itself is also remarkable.

In basket extruders, the matrix and blades have the shape of curves generally, so that
the geometry of the wedge boundary has the shape of a body defined by the areas of these
curves. In this case, they are sections from cylindrical surfaces. As a result, the increase of the
extrusion pressure is not linear. The smaller the apex angle of the wedge, the more exponential
the pressure increase is. On the contrary, as the wedge angle increases, it approaches a linear
course. This knowledge is important from the point of view of the consolidation of the
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granular skeleton in the direction of increasing pressure. This causes the pores to shrink and
the fluid in the paste in the wedge gap to migrate in the opposite direction as the pressure
increases. The motion of the liquid in the direction of the widening gap also causes the
moisture of the extrudate behind the matrix to change. The least liquid contains extrudate that
is extruded close to the narrowest gap. Then, the moisture of the extrudate increases in the
opposite direction as the pressure increases under the blade. An interesting finding is the fact
that as the distribution of the moisture of the paste in front of the matrix and the extrudate
behind the matrix decreases with increasing wedge angle, the distribution of the amount of
extruded material increases. This phenomenon can be explained by the fact that the smaller
the apex angle, the greater the influence of normal stresses. They, together with shear stresses,
consolidate the granular skeleton more intensively.

As a result, the voidage decreases more significantly and the migration of the liquid
increases. However, this affects the rheological properties of the paste. This results in the
ratio between the output of the extruder and the torque required to drive the rotor with
blades to the detriment of the output of the extruder. The results show that the smaller
the apex angle, the smaller the amount of extruded material, but the higher the energy
requirements for driving the device, i.e., the higher the extrusion pressure, the higher the
torque values. Thus, an area has been found where it is possible to influence the magnitude
of the torque by changing the geometry of the blade, thus providing a basis for optimizing
the quality of the product in terms of energy requirements for the extruder drive. The
results also show that the modification of the product quality does not have to be done
only by changing the rheological properties of the paste or its composition. This can also
be achieved by changing the extrusion pressure. This can be regulated by the inclination of
the blade in a device of this type. For pastes that are soft or have a low tendency toward
liquid migration, it is possible to use longer blades, creating a wedge gap with a small apex
angle. For pastes with a tendency to easily dewater, it is better to use short blades, creating
a wedge gap with a larger apex angle.
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Nomenclature

a [m] hole spacing

dy [m] diameter of the matrix holes

dg [m] diameter of the pressure sensor membrane

hy o [m] matrix thickness

my;  [kg-s™']  mass flow of the extrudate

me kgl weight of extrudate

mg kgl weight of the paste under the blade before extrusion in the i control
volume in the dry state

my; kgl weight of the paste under the blade before extrusion in the i*" control
volume in the wet state

nR [s~1 rotor speed

p [Pa] pressure

t [s] time
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absolute moisture of the paste

absolute moisture of the extrudate in the i*" control volume
absolute moisture of the paste under the blade in the i’
control volume before extrusion, local moisture of the paste
angle of internal friction according to Freeman rheometer FT4
angle of internal friction [effective] according to Freeman rheometer FT4
bulk density according to Freeman rheometer FT4

cohesion according to Freeman rheometer FT4

inner diameter of the matrix

rotor diameter

flow function according to Freeman rheometer FT4

integral force on the blade surface

matrix depth

blade length

projection of the blade length onto the matrix surface

torque

major principle stress according to Freeman rheometer FT4
radial component of integral force, normal force

extrusion pressure

extrusion pressure per i control volume

consolidation pressure

blade radius

arm radius for torque calculation

degree of liquid saturation of pores, saturation

tangential component of integral force, shear force

shear force in the paste in the shear plane at the entrance to a matrix hole
shear force between the paste and the matrix surface
unconfined yield strength according to Freeman rheometer FT4
control i" volume between the blade and matrix

control i volume containing extrudate

the angle between the tangents to the blade and surface of the matrix
voidage, porosity

porosity difference from sample compaction

rate of shear strain

plastic viscosity

apparent viscosity

bulk density in the compressibility test

bulk density

bulk density of particulate material or density of a paste after consolidation
by extrusion pressure P;

density

normal stress

normal stress in the compressibility test

normal stress for the blade inclination at an angle «;

shear stress

shear stress for the blade inclination at an angle «;

angle of an internal friction

the angle of wall friction between the surface of matrix and paste
angle between components of a force

time interval

change of the voidage or porosity

moisture scattering in the wedge section i

Kronecker delta

normal stress tensor

shear stress tensor
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