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Abstract 
This paper presents a novel concept for an extruder to be used with plastics and polymer 
composites, especially in the food industry. The design solutions include a grooved feed section 
with adjustable geometric parameters, which makes it possible for dynamic adjustment of the 
depth, inclination angle and number of grooves used for granulate transport during continuous 
operation of the machine. The proposed grooved feed section concept facilitates optimum 
performance, and is adjustable to suit the general parameters of production. The scope of our study 
also included the numerical strength and thermal analysis of the designed grooved feed section, 
conducted using the finite element method. Numerical calculation involved a coupled temperature-
displacement analysis which constituted a geometrically and physically non-linear problem. The 
results corroborated the achievement of satisfactory strength for the structural elements of the 
grooved feed section in the extruder and demonstrated the suitability of the adopted solution in 
terms of temperature distribution in the parts of the machine, as well as the correct concept of the 

rcial program. 

1. INTRODUCTION 
The growing requirements concerning polymer materials, legal regulations, and market 
competition result in the emergence of new materials and composites with various fillers, e.g. 
organic fillers from renewable sources or nanofillers, which in many cases become hard-to-process 
mixtures with specific processing properties, such as high molecular weight, high viscosity and 
low coefficients of friction, e.g. UHMWPE, or classic polymers (PE, PP) filled with short fibre or 
powder. Their processing using standard plasticising systems in processing machines, mainly 
extruders, is tending to become ineffective, unstable, and uncompetitive. In the literature, there are 
several publications which demonstrate the impact of the size and shape of granulate on the 

to feed the plasticising system in a W-25 extruder with a plasticised poly(vinyl chloride) granulate 
characterised by similar values of granule length and diameter, and the process being carried out 
with the highest-possible rotational speed of the screw. Other granule dimensions did not facilitate 
such good performance. On the other hand, Jia M.-Y and Pa L. et al. developed a novel pellet-size 
physical model to guide the available design of the barrel channel geometry for positive conveying 
[2]. The possibility of selecting the geometric properties of the granulate to achieve the most 
optimal effectiveness of extrusion was demonstrated. However, it is also possible to take the 
opposite approach, by adapting the design of the plasticising system to the size of the granulate 
fed into the extruder. 

The impact of the geometric properties of the feed section on the output and pressure of the 
mate
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In this regard, extruders with a grooved feed section perform the best, and facilitate a several-
dozen-percent increase in performance and pressure. All extruders of this kind have grooved feed 
sections with unchanged designs. Wortberg [3] determined that the experimental data presented in 
his paper show that grooved barrel conveying can substantially enhance the performance of screws 
in single screw extruders. Furthermore, the improvements in through rate and melt temperature 
control are evident for a broad range of resins, such as PA, LDPE, and PVDF. Further 
developments, like gearless extruders with high screw speeds or melt separation techniques, may 
be based on an optimized grooved feed section design. Sasimowski et al. demonstrated that the 
application of a grooved feed section could significantly increase the performance of low-density 
polyethylene processing [4], while Bruce A. Davis et al. noted that the performance of an extruder 
with a 45 mm screw and a grooved feed section was comparable to that of extruders with a screw 
diameter of 90 mm and smooth barrels [5]. 

The quality of the extrudate is confirmed by the degree of mechanical and thermal homogenisation 
of the material, which in many cases requires the application of additional devices, which take the 
form of static mixers installed in the process line. This is of particular importance in the case of 
filled plastics, including those filled with nanofillers, which can in many cases be subject to 

stated that the modification of polymers by a wide variety of fillers causes numerous changes in 
the processing, mechanical properties, and morphology of product structure, while admitting, as 
have other researchers [7, 8] that the properties depend, first and foremost, on good mixing. 

Thus, innovative plasticising systems were designed for a single-screw extruder with an adjustable 
grooved feed section. They facilitate the introduction of changes to the design features, such as the 
number of grooves and groove depth during extrusion, and adjusting these parameters to the 
variable granulate size. The main benefits of using an active grooved feed section during extrusion 
is that without the need to stop the operation of the extruder or change the operating parameters, 
you can affect the extrusion process by adapting it to the variable dimensions of the granulate and 
maintain a constant performance regardless of the properties of the extruder feeding material. 
Before commercialising the developed solutions, it is recommended to carry out design and 
optimisation processes, which should include virtual modelling with an analysis of the kinematic 
parameters in order to eliminate any possible conflicts between the moving parts of the machine. 
An FEM numerical simulation follows the optimisation of the design features, which makes it 
possible to evaluate the proposed design in terms of its strength thermal properties, thus allowing 
the selection of an optimal solution without costly and extended testing. 
The objective of this paper is to present a novel concept for an extruder plasticising system 
featuring an innovative adjustable grooved feed section, facilitating the adjustment of groove 
depth, inclination angle and number of grooves during the extrusion process. This concept is fully 
functional and tested in terms of strength and thermal properties, i.e. ready for further stages of 
commercialisation. 

 

sure optimal 
granulate transportation conditions, in terms of achieving the desired performance of the machine, 
the feed section was designed as a grooved type. This concept entailed making internal grooves in 
the extruder barrel to facilitate the required compression of the granulate and allow an increase in 
the volume of the transported material by increasing the internal volume of the machine. The 
proposed concept facilitates changes in the internal space through the use of variable-depth 
grooves. These changes can be adjusted on an ongoing basis during the operation of the extruder, 
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which makes it possible to obtain optimal extrusion parameters. The concept of a feed section with 
an adjustable grooved section is presented in Figure 1. 

The primary and most innovative component of the machine is the main sleeve (1), around which 
the extruder screw rotates. The main sleeve has closely matching slots with four segments (3) 
seated therein, which can rotate around the axis of the pivots (7). The inclination angle of the 
segments, which facilitates the maximum depth of the grooves, is set using the special adjusting 
screw (8) and nut (9) mounted in the support (4). Figure 2a presents (as a cross-section) the 
machine without grooves, while Figure 2b presents the machine with grooves. 

The main sleeve (1) is encased in the barrel (2) with a specially designed cooling system. Cooling 
of the feed section is crucial for correct performance of the feeding process. In this section of the 
extruder, the granulate should be received by the plasticising system, but it should not plasticise. 
In addition, a cooling disc (5) is installed on the front surface of the sleeve. It serves as a thermal 
barrier, separating the feed section of the extruder (which should remain cold) from the plasticising 
section (which is hot). The designed cooling unit is composed of two circuits: the main line cooling 

cooling system is presented in Figure 3. 

 
Fig. 1. Conceptual design - exploded view: 1  main sleeve, 2  barrel, 3  moving segment, 4 

 support, 5  separating cooling disc, 6  hopper, 7  rotational pivot, 8  adjusting screw, 9  
special nut 

 
Fig. 2. Conceptual design: a) in the closed position, b) open position 
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Fig. 3. Cooling ducts in the conceptual design 

3. NUMERICAL ANALYSIS OF THE DESIGN 

3.1. Methodology of the numerical calculations 
Numerical calculations were carried out using the finite element method [9, 10]. The scope of 

coupled temperature-displacement analysis, which combined the static strength analysis and 
thermal analysis, facilitating the determination of stress and temperature distribution in the 
structure in question [11 14]. The basic formula for the fully coupled thermal-stress analysis can 
be expressed as: 

(1)

where u and  are the respective corrections to the incremental displacement and temperature, 
Kij are the submatrices of the fully coupled Jacobian matrix, while Ru and R  are the mechanical 
and thermal residual vectors, respectively. Solving this system of equations requires the use of a 
non-symmetric matrix storage and solution scheme. Furthermore, the mechanical and thermal 
equations must be solved simultaneously. The method provides quadratic convergence when the 
solution estimate is within the radius of convergence of the algorithm. 

The numerical calculations constituted a non-linear geometric and physical problem, based on 
the incremental iterative Newton Raphson method [15 19]. The numerical tool used was a 
commercial finite element method package  the ABAQUS  program. 

 
 

 geometric model 
prepared using the Catia V5 software. The discretisation of the geometric model was carried out 
using C3D10 tetragonal solid elements, which were 10-node elements with a second order shape 
function and complete integration, and solid C3D8R hexagonal elements, which were 8-node 
elements with a first order shape function and reduced integration. In addition, C3D10MT 
tetragonal elements (10-node elements with a second order shape function) and C3D20MT 
hexagonal elements (20-node elements with a second order shape function) were used, including 
the thermal analysis, taking the thermal degree of freedom into consideration in the numerical 
analysis. The applied method of structure discretisation resulted in the creation of a discrete model 
containing 288058 finite elements and 501818 nodes. This allowed the authors to solve the 
numerical problem with 2594808 non-linear equations in the coupled analysis 
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An elastic-plastic model of the material with properties corresponding to those of 40HM steel 
(assumed for the material properties presented in Table 1) was defined for all structural elements 
in the devised discrete model. 
Tie interactions were defined in the discrete model in order to ensure the required connections 
between the mating structural elements. These interactions ensured permanent connection of the 
finite element meshes, by connecting all degrees of freedom on the touching surfaces of these 
elements. This made it possible to model the capacity for smooth transfer of loads and 
displacements between the connected structural elements. 

In the case of mating structural elements, which took into account mechanical and thermal 
interactions, contact interactions were applied, facilitating the modelling of the mechanical 
interactions of the mating elements in the normal and tangential directions, and also allowing the 
ability to transfer heat on the interaction surfaces between these elements. 

Table 1. Mechanical and thermal properties of 40HM steel 

modulus 
 

E [Pa] 

 
 ratio         

 
[ - ] 

Yield 
strength   

 
Re [Pa] 

Tensile 
strength    

 
Rm [Pa] 

Elongation       
at break    

 
[%] 

Density 
 
  

[kg/m3] 

Coefficient       
of linear 

expansion  
 [ - ] 

Thermal 
conductivity 
coefficient 

  
 

Specific 
heat  

 
 

2.1e+11 0.3 8.8e+11 1.03e+12 10 7860 1.2e-5 58 450 

The definition of the boundary conditions of the numerical model was met by fixing the nodes 
located on the specific surfaces of the model, blocking their displacement (translational degrees of 
freedom of the nodes located on those surfaces) in three directions  X, Y, and Z. The numerical 
model fixing was carried out by restraining the rear face of the body by blocking all translational 
degrees of freedom and on the inner edge of the opening of the front face by blocking 
displacements in the axial direction of the barrel. Figure 4 presents the numerical model of the 

 

 
 

The load on the numerical model corresponding to continuous operation of the extruder was 
18.000s, and included the mechanical and thermal loads. The mechanical load imitated the 
pressure 
distribution of pressure along the length of the grooved section, LR = 100 mm, was determined 
with a maximum value (at the end of the section from the filling end) of p = 10 MPa. Figure 5 
shows the introduction of pressure into the structure of the grooved section.  
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The temperature generated through friction between the granulate transported by the screw  and  

the exponential distribution of temperature was determined along the length of the grooved section,

a) b)

Fig. 5. Loads on the grooved section elements: a) mechanical load, b) thermal load

LR = 100 mm, with a maximum value (at the end of the section from the filling end) of T = 120oC. 
The initial temperature of the numerical model was assumed at T0 = 22oC. Figure 5b shows a 
diagram of the introduction of the temperature load. In addition, thermal analysis involved liquid 
cooling systems, with the liquid temperature of Tc = 10oC. Figure 6 shows the diagram of loading 
the discreet model with the cooling liquid temperature.
a) b)

Fig. 6. Diagram of loading with the cooling liquid temperature: a) cooling the grooved 
section body, b) front cooling disc

4. RESULTS AND DISCUSION
variable geometric groove 

parameters demonstrated an increase in extruder performance as regards the processing of low-
density polyethylene, when compared with regular structural solutions for feed systems. This is 
confirmed by the distributions of material pressure along the length of the plasticising system, 
calculated for a sample screw speed of 120 rev/min and presented in Figure 7.

The graph was obtained using an
that the screw has a diameter of 25 mm and the L/D ratio is 25. The lengths of the feed, 
compression and metering zones are 8D, 8D and 9D, respectively. The active grooved area is 100 
mm long. The internal diameter of the screw is 16.6 mm and 22.0 mm, respectively for the feed 
and metering zones. The properties of low density polyethylene Malen E FGAN 18-D003 from 
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Basell were used for calculations. The viscosity was obtained experimentally using a capillary 
rheometer. 

a)

 

b)

 
Fig. 7. Distributions of material pressure along the 

system: a) barrel without grooves, b) barrel with grooves 

The graph shows the calculated pressure profile along the extruder taking into account the screw 
geometry, the polymer properties and the operating conditions. The calculations were made 
considering the complete process, from the hopper until the polymer emerges trough the die. For 
that purpose all the functional zones of the plasticising process were considered, such as, the solids 
conveying by gravity in the hopper, the solids conveying in the first turns of the screw due to the 
friction between the polymer pellets and the screw and barrel walls, the delay zone were a melt 
film near the barrel wall exists, the melting process taking into account a five zone model and the 
melt conveying in the screw and in the die. The calculations were made using a numerical method 
based in finite differences. 

 
The favourable characteristics of the material pressure distribution along the length of the 
plasticising system confirm the increase in the processing performance as a result of the application 
of the grooved section, which proves the innovativeness and favourable properties of the proposed 
concept of a feeding system for a single-screw extruder, therefore serving as a basis for the 
commercialisation of this new structural solution. In order to verify the correctness of the designed 
grooved section, the strength and rigidity of the structural elements were analysed based on 
reduced stress distributions, determined in accordance with the Huber-Mises-Hencky  (HMH) 
strength hypothesis. A general view of the distribution of reduced stress for mechanical load (with 
pressure) against a deformation model is presented in Figure 8. The values of pressure are 
expressed in Pa.  
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a)  

b) 

Fig. 8. Distribution of HMH reduced stress in the grooved section elements:         
a) general view of the model, b) structural elements in a critical stress-strain state 

The maximum values of HMH reduced stress in the structural elements of the grooved section for 
z 

segment regulating groove depth (Fig. 8b). These values were low and posed no risk to the safe 

loading the feed section with temperature and the simultaneous application of the cooling system. 
HMH stress distributions in th
continuous operation of the machine for 5 hours, are presented in Figure 9. 

 
Fig. 9. Distribution of HMH reduced stress in grooved feed section 

elements 

The introduction of thermal load z 
602 MPa, in the internal sleeve body at the end zone of the grooved feed section. The observed 
high gradients of HMH stress in this zone pose no risk to the safe operation of the extruder, as the 
maximum stress was much below the assumed yield strength of Re = 880 MPa. The stress levels 
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in the remaining structural elements of the grooved section were lower (green), facilitating uniform 
critical stress-strain state of the individual structural elements. 

Figure 10 presents the distribution of temperatures in the grooved feed section elements after 5 
hours of continuous operation of the extruder. The scale is graduated in oC. 

 
a)  

b)  

Fig. 10. Distribution of temperature in the grooved section elements: a) section view 
of the grooved section, b) distribution of temperatures in the internal sleeve 

5. CONCLUSIONS 
The maps of temperature in the grooved feed section elements demonstrate the distribution of 
temperature in the structure during continuous operation of the extruder. After analysing the 
results, one can state that the cooling system was correctly designed. This is corroborated by the 
temperature maps for the materials of the internal components, directly exposed to the friction 
temperatures generated by the transported material. The mapped temperature distribution shows 
that high temperatures of T = 120oC were  concentrated  in  the  very  narrow  end  area  of  the 
internal sleeve. In the remaining areas of the internal body the temperatures were low (light blue 
and light green) with values within the range of T = 20  70oC. The distribution of temperature in 
the grooved section indicates the stable operation of the extruder, preventing premature 
plasticisation of the transported granulate. 

The paper presents a novel design of feed section for a polymer extruder. The application of a 
grooved section with an option to adjust groove depth, inclination angle and number during 
uninterrupted extruder operation makes it possible to optimise production and improve efficiency. 

conducted with the finite element method being employed. The calculation results made it possible 
to verify the correctness of the extruder design in terms of strength and rigidity, assuming a 
production duration of 5 hours. 
The calculations involved the procedure for coupled temperature-displacement, which made it 
possible to take into consideration the impact of friction temperature caused by the transported 
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analysis results corroborated the performance of the designed cooling system, with no granulate 
plasticisation during transport. The additional thermal barrier, which took the form of a front 

facilitating optimal material transport conditions in the feed section. 
The proposed concept is an innovative solution for an extruder, featuring an adjustable grooved 
feed section, and will be fabricated and put in production service for commercialisation purposes. 
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