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ABSTRACT 

This study presents a scientific and experimental justification for improving the design of a grain screw 

extruder for processing crop and forestry residues. The screw assembly is the core and most sensitive part 

of any extruder. To transform the initial feed mixture into the finished product at the extruder output, the 

material passes through a series of technological processes along the screw length. The accomplishment of 

these processes over a shorter screw length—without compromising the product quality—reduces the 

processing time, construction costs, and energy consumption, while it increases productivity. This research 

evaluates the potential for performance improvement through modifications to the screw assembly. The 

justification for modernization began with theoretical investigations. Both existing and newly derived 

analytical equations were used to assess the screw design and its impact on the performance and efficiency 

when processing crop residues and ground Siberian fir needles. The study also validates the structural 

integrity, functionality, and technological feasibility of the modernized extruder system. The upgraded 

extruder was tested on a feed mixture of crushed sunflower stalks and heads, as well as fir needles, which 

are rich in minerals and vitamins. The tests showed that the extruder’s operation is virtually independent 

of the feedstock composition. The machine can be adjusted to process any type of crushed plant residue, 

significantly simplifying the raw material preparation for extrusion. 

Keywords-extruder; extruder screw; double-entry screw; compression rings; inter-turn spacing; screw pitch; 

die plate  
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I. INTRODUCTION  

Every feed producer strives to provide a stable supply of 
high-quality, cost-effective, and palatable animal feeds in 
various forms for agricultural livestock. To achieve this, 
priority is often given to reducing the production costs by 
lowering the price of the raw materials. Crop residues—such as 
sunflower stalks, heads, and press cake — and forestry by-
products, like shredded Siberian fir needles, are usually treated 
as waste and can be obtained at minimal cost. These materials 
can be added to conventional feed formulations in amounts up 
to 20%, enriching them with natural minerals and vitamins 
while lowering the overall cost of the feed components. 

Grains remain the primary filler in most compound feeds, 
making the physical methods of grain preparation and 
processing the most widely used. Today, more than ten such 
methods are utilized, which require various machines, 
including crushers, mills, flakers, mixers, shredders, and others 
[1-4]. 

Using different types of equipment, grain can be boiled, 
steamed, treated with hot air, roasted, flaked, pelletized, 
micronized, or extruded. While many operational and 
maintenance issues related to these machines have been 
addressed, some remain unresolved and require scientific 
justification to guide the modernization efforts aimed at 
enhancing the productivity and efficiency of the existing 
technologies. 

The present article presents the results of research on the 
modernization of the compact grain extruder PE-150, as shown 
in Figure 1, produced by the Kostanay-based company LLP 
"AGROTECHSERVICE 12" in Kazakhstan. The design 
principles discussed can also be applied to other types of 
extruders. The use of an extruder makes it possible to combine 
a sequence of operations–mixing multiple components, 
grinding, compressing, flattening, heating, cooking, steaming, 
sterilizing, coloring, and forming–into a single continuous 
process. 

The grain extrusion technology is typically classified into 
two groups: dry extrusion and wet extrusion. The difference 
lies in the moisture content of the raw material before it enters 
the extruder. Dry extrusion is used when the material has a 
moisture content of up to 15%, while wet extrusion is used for 
materials with moisture levels above 15%. Dry extrusion is a 
simpler method, where the feed mixture enters the extruder 
directly and is processed under temperatures up to 150°C and 
pressure of up to 4 MPa. This method is widely used in feed 
production due to its relatively low energy consumption (80–
120 kWh/ton). However, a drawback of dry extrusion is the 
shortened service life of the screw assembly components. The 
initial operational lifespan of the PE-150 extruder is 350–600 h, 
while other models range between 600–1200 h–significantly 
lower than the lifespan of wet-type extruders, which can reach 
8000–10000 h. Another notable disadvantage of dry extruders 
is their lower productivity and instability of the working 
process. 

Properly selected extruder parameters can reduce the 
processing time, improve the process conditions, enhance the 

feed quality, and extend the shelf life of the feed and feed 
additives.  

The extrusion process and the operational principles of 
various extruders have been thoroughly studied [5-12]. 

 

 

Fig. 1.  Grain Extruder PE-150 (assembled). 

Authors in [13] studied the reliability of the screw and 
frame of an extruder used in the production of biodiesel from 
castor seeds (Ricinus communis). They focused on the 
deformation behavior of the screw and frame under different 
loads and explored the extruder’s ability to efficiently process 
various seeds, grains, and plant materials. Their work resulted 
in safe operating parameters and screw design 
recommendations. Authors in [14] improved screw designs for 
processing biogas slurry into organic fertilizers, testing over ten 
different screw configurations and identifying the most 
effective one for specific feedstock parameters. 

Authors in [15] analyzed the failures in twin-screw extruder 
shafts and concluded that the fatigue failure caused by torsional 
and bending loads, which had not been properly accounted for 
during manufacturing, led to breakdowns. Following the shaft 
restoration, they proposed recommendations for the screw shaft 
design and operation. Authors in [16] used 3D finite element 
modeling to identify the critical stress-deformation states in 
extruder shaft fastening areas and calculated the maximum 
stress intensities along keyway edges. Their work contributed 
valuable insights for optimizing the shaft geometry and 
operating conditions. 

Authors in [17] justified the extruder parameters and 
proposed improvements in the design and extrusion process for 
sapropel-grain feed mixtures. They focused on screw sections 
with varying pitch distances to improve the extruder 
productivity. Authors in [18] conducted finite element analysis 
of a worm screw used in meat grinders and found that 
increasing the inter-pitch volume could enhance the plastic 
deformation rates. Based on these results, they proposed 
structural modifications. Authors in [19], using ANSYS static 
structural analysis, explored the causes of low efficiency and 
screw shaft failures. Despite the high cost of materials, they 
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concluded that replacing the screw shaft material was a more 
cost-effective strategy, reducing the maintenance and 
productivity losses. Several upgraded screw shaft designs were 
proposed and evaluated. 

These studies build upon the foundational work of early 
mechanical engineers who pioneered the development of feed 
production machinery. However, earlier research largely 
focused on homogeneous feedstocks with consistent properties. 
The current study, in contrast, proposes a modernization of the 
extruder design, capable of reliably processing a wider variety 
of feed mixtures, including those enriched with low-cost crop 
and forestry residues. If poorly processed, such additives can 
negatively affect the strength, hardness, consistency, 
appearance, and palatability of compound feeds [20-22]. 

The efficiency of the proposed extruder modernization was 
verified using the Python and MATLAB software. The study 
addresses the specific challenges of processing the plant waste 
at the local level, where such materials are abundant. This 
approach, through the partial substitution of traditional grain 
fillers, helps address both the economic and ecological 
challenges. 

Feeding cattle with extruded feed can increase the milk 
yields by 25–30% and live weight gains by 10–20%. However, 
despite these benefits, the production of extruded feed remains 
a budget-intensive process. Therefore, reducing the feed 
production costs is a critical part of the equipment and process 
design [23]. 

The aim of this study is to modernize and scientifically 
justify the design and technological parameters of the screw 
assembly in a grain extruder, as well as to improve the 
extrusion process for feed mixtures with added crop residues 
[24, 25]. Achieving this goal will help eliminate the need for 
costly trial-and-error approaches when upgrading other 
extruder systems, thereby increasing the predictability and 
efficiency in feed machinery development. 

II. METHODOLOGY AND RESEARCH PROCEDURE 

The screws, shaft, and screw casing are the key extruder 
components that affect the production process the most and 
need the most frequent maintenance or repair. These parts also 
require particularly close monitoring and maintenance. It is 
essential to ensure that the raw material being processed meets 
the quality and moisture specifications. An undersized or 
overdried input material can lead to failure or breakage of the 
shaft or screws. In contrast, an overly moist material can cause 
steam micro-explosions at the extruder outlet, the recoil of 
which may also damage the shaft, screws, or body of the 
machine. 

Single-screw extruders have gained wide adoption in the 
feed production industry due to their structural simplicity, 
relatively low energy consumption, and the significant 
reduction in the cost of the final feed product they offer. 

The composition and main structural elements of the screw 
assembly of the grain extruder are shown in Figure 2. 

The prepared mixture is fed from the hopper's dosing unit 
into the working zone between the extruder housing (3) and the 

screw (2), where it undergoes gradual compression and 
heating. Compression intensifies intermittently at the locations 
of the compression gate rings (6), which are sequentially 
mounted on the shaft (1) after each screw section (2). A portion 
of the processed mixture is forced through the gap between the 
housing (3) and the compression ring (6), while another portion 
is pushed backward and redirected via the horizontal return 
grooves (5) in the housing (3) back to the feed zone. There, it 
mixes with a new portion of the incoming mixture, re-enters 
the compression and heating zone, and is reheated due to the 
compression and frictional forces, then advanced forward by 
the screw flights (2), as shown in Figure 3. 

 

Fig. 2.  Screw assembly (compression unit) of the extruder: 1 – screw 

shaft, 2 – feeding screw, 3 – housing, 4 – key, 5 – horizontal grooves of the 

housing, 6 – compression gate, 7 – coupling, 8 – die head, 9 – conical tip, 10 – 

die plate (nozzle). 

 

 

Fig. 3.  Feed movement process in the pe-150 press extruder: 1 – screw 

shaft, 2 – feeding screw, 3 – housing, 4 – key, 5 – horizontal grooves in the 

housing, 6 – compression gate, 7 – coupling, 8 – die head, 9 – conical tip of 

the shaft, 10 – die plate. 

As the mixture passes through the gap between each 
compression ring (6) and the housing (3), the material 
undergoes structural transformation under shear stress and 
friction, with a simultaneous rise in temperature, leading to the 
melting of the mixture. The finished feed product exits the 
screw zone of the extruder through the die orifice (10) in the 
die head (8). The diameter and cross-sectional area of the die 
opening (10) can be adjusted via controlled tightening. 
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Changing the cross-sectional area of the die affects the overall 
pressure and temperature of the feed mixture in the screw zone 
of the extruder. The working pressure must be sufficient to 
extrude the molten feed product through the die opening (10), 
where it expands in volume due to “explosive” steam 
microbursts at the outlet. 

As a result of analytical and experimental investigations, a 
hypothesis was formulated: the width of the compression rings 
(6) and their angle of inclination toward the inner surface of the 
housing (3) have a significant influence on the pressure and 
temperature parameters of the feed mixture passing through 
them. In all feed extruders, the primary working component is a 
solid or modular screw, whose parameters significantly affect 
both the energy consumption and the quality of the final feed 
product. The screw operates along the entire length of the 
feedstock's path through the extruder. Initially, it captures the 
raw material from the hopper's feeder, mixes it, transports it 
forward, compresses, presses, propels, and contributes to the 
heating, thermal treatment, and melting of the mixture, finally 
pushing it through the die opening. 

The screw shaft is assembled in sections, with each section 
representing a segment of the modular screw separated by 
compression rings. Each section of the screw corresponds to a 
specific functional zone. In the first zone (the intake zone), the 
raw feed mixture is captured, further mixed, initially 
compressed, and transferred to the next zone–the feeding zone 
–where the components begin to mechanically break down, 
compact intensively, get pressed, heated, melted, and undergo 
shear-induced plastic deformation. 

The third zone, known as the compression or pressing zone, 
is responsible for homogenizing the mixture and extruding it 
under high pressure through the die opening. Since the tasks of 
the screw vary in each zone, the screw shaft is made modular, 
with tailored characteristics for each section. This modular 
design allows the parameters of each screw section to be 
optimized individually, thereby ensuring the most efficient 
operation of each functional zone. To achieve this, the present 
study established three research objectives: 

 To investigate the influence of the screw pitch on the 
productivity and efficiency, and determine the optimal 
screw pitch in each processing zone. 

 In zones 2 and 3, to evaluate the impact of a single-shaft 
double-entry screw on the extrusion efficiency. 

 To analyze the effect of the design parameters and shape of 
the compression gate rings on the extruder’s performance 
and structure. 

To determine the optimal operational parameters of the 
extruder (pressure, temperature, throughput), the working 
process of the modernized extruder design was mathematically 
modeled. The structural and technological parameters 
influencing the efficiency of the extruded feed production with 
the inclusion of crop residues were also defined. To calculate 
the required extrusion pressure Рр for the feed mixture 
discharge (or “ejection”), the study considered the movement 
of the mixture through the annular conical channel of the die, 
as shown in Figure 4. The forces acting on an elementary layer 

of the compressed fibrous-plant feed mixture with thickness dx 
at a distance x from the beginning of the channel are identified 
and balanced. The passage gap for the processed fibrous-plant 
mixture is formed between the conical surfaces of the die plate 
(10) and the conical tip of the shaft (9), as can be seen in Figure 
3. 

 

 

Fig. 4.  Material flow in the forming die head. 

For an elementary layer of thickness dx a differential 
equilibrium equation is constructed with respect to the 
horizontal X-axis: 

���2���� − 
��� − ��� + �����2���� − 
��� −�������� − �������� = 0    (1) 

where Рх is the pressure at the current section of the channel in 
(Pa), Ftr1 and Ftr2 are the friction forces on the die wall and 
shaft surface, respectively (N), S is the clearance between the 
die and the shaft (m), and rx is the radius of the current channel 
section (m). 

The friction force is expressed in terms of lateral pressure: 

���� = 2� ∙ �� ∙ �� ∙ � ∙ �������   (2) 
���� = 2� ∙ ��� − �� ∙ �� ∙ � ∙ �������  (3) 

where Pb1 and Pb2 are the lateral pressure on the current section 
of the channel along the die wall and shaft surface, 
respectively, (Pa), dl is the width of the selected conical section 
(m), α is the inclination angle of the generatrix of the cone 
(degrees), and  f is the coefficient of friction (dimensionless). 

In Figure 4, the width of the conical section is expressed 
through the thickness of the elementary layer dx and the 
inclination angle α of the generatrix of the cone: 

�� = ��
 !"#     (4) 

After applying the necessary transformations and taking 
into account (2), (3), and (4), the following expression is 
obtained: 

����2��� − ��� = 2��$���������2�� − �� (5) 

Assuming a linear relationship between the lateral pressure 
and the axial coordinate over the entire interval, the resulting 
equation is: 
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��%& ∙ ��     (6) 

where & is the lateral pressure coefficient, ξ = μ/(1+μ), here 
representing the Poisson’s ratio and Рх is the pressure in the die 
(at section dx), (Pa): 

�� = '(
)*+∙,-./01

     (7) 

where Р0 is the outlet pressure from the die (Pa), and Х is the 
distance from the beginning of the channel to the pressure 
evaluation point (m). 

Equation (7) can be used to determine the pressure at any 
point within the outlet section of the die. Using (7), the 
extrusion (ejection) pressure can be calculated as: 

�2 = '(
)*+∙,-./01

     (8) 

where l is the axial length (extent) of the outlet channel (m). 

For calculation convenience, the clearance S between the 
conical tip of the shaft and the die is expressed in terms of the 
cross-sectional area of the die outlet: 

�!�3 = ��2�4� − ���    (9) 

where r0 is the inner radius of the cylindrical screw housing 
(m). 

Equation (8) demonstrates that the pressure required for 
extrusion depends on the geometric dimensions of the die, such 
as its length l and the inclination angle α of the cone generatrix. 
For the values α =300, & = 0.43, f = 0,4 and Sotv = 1,1 cm2, 
theoretical data points were calculated to show the relationship 
between the extrusion pressure and the axial length l of the die. 
The trend shown in Figure 5 indicates that an increase in l leads 
to a corresponding increase in the extrusion pressure. 

 

 

Fig. 5.  Relationship between extrusion pressure Рр within the screw 

assembly and die length l.  

This relationship enables the selection of a die length l 
during the design phase that ensures that the required extrusion 
pressure is achieved. Based on (9), Figure 6 illustrates the 
relationship between the cross-sectional area Sotv of the die 
outlet and the extrusion pressure Рр for the following 
parameters: α = 300, ξ = 0.43, f = 0.4, and l = 9 mm.  

The trend in Figure 6 indicates that increasing the die outlet 
area results in a decrease in the extrusion pressure. This 
relationship can be used to regulate and maintain the overall 
pressure within the screw zone at a level sufficient for the 
proper extrusion of the final feed product. 

 

 

Fig. 6.  Relationship between extrusion pressure Pр in the screw assembly 

and the cross-sectional area Sotv of the die. 

To accelerate the increase in the internal screw pressure–
and consequently the temperature of the feed mixture–
compression gate rings are installed between the screw 
sections. The outer surface of these rings forms a reduced 
clearance with the housing, which restricts the flow of the 
processed mixture. This restriction leads to a rapid increase in 
the pressure and friction within the mixture, resulting in a 
temperature rise. Forcing the feed mixture through the 
compression gates also promotes homogenization. Within their 
zone, the gates accelerate the processes occurring in the 
mixture and reduce the cycle time of the material passage. This 
acceleration allows for shortening the length of each screw 
section, as the necessary processing completes over a shorter 
distance without compromising the extrusion quality [25]. To 
test the hypothesis that the process improvement and 
acceleration in each screw section depend on the geometric 
shape and axial length of the compression rings, the axial 
length of the rings is varied, and the cylindrical shape is 
replaced with a conical one. This modification reduces the 
volume of the compression ring and increases the volume 
available for the mixture, which is a positive factor since this 
volume cannot be recirculated through the screw casing, but 
instead contributes directly to forward movement [26]. 

The pressure Pр required to force the extruded mixture 
through a conical compression gate ring is to be determined. 
The feed material is advanced by the screw from left to right 
under the action of force Рх, and is compressed into the 
reduced clearance due to the conical shape of the compression 
rings, as depicted in Figure 7. For an elementary layer of the 
extruded mixture with thickness dx, a differential equilibrium 
equation is formulated along the X-axis: 

�����4� − ���� − ��� + ������4� − ���� − ���4 −�������� − ���2������5
� = 0   (10) 
where Рх is the pressure at the current elementary section of 
the compression ring (Pa),  Ftr0 and Ftrx are the friction forces 
on the wall of the cylinder and the compression ring, 
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respectively (N), Pbх is the lateral pressure on the wall of the 
compression ring (Pa), rx is the radius of the current section of 
the compression ring (m), r0 is the inner radius of the 
cylindrical housing of the extruder screw (m), and α is the 
convergence angle of the conical longitudinal surface of the 
compression ring (degrees). 

 

 

Fig. 7.  Material flow through the compression gate ring in the screw 

assembly of the extruder. 

The friction force is calculated using the corresponding 
lateral pressure: 

���4 = 2��4�$���4    (11) 

���� = 2��� ∙ �� ∙ � ∙ ���    (12) 

where Pb0 is the lateral pressure on the wall of the cylindrical 
housing of the extruder screw (Pa).  

Using the layer thickness dx and the cone angle α of the 
compression ring, the elementary width of the selected conical 
surface section is expressed as: 

�� = ��
 !"#     (13) 

For the same surface with thickness dx, a differential 
equilibrium equation is formulated along the vertical Y-axis: 

��42��4�$ − ���2��������� + ���� = 0 (14) 
After transformations based on (14) and (12), the following 

variables are obtained: 

��4 = '67�7��89�:#�
�(     (15) 

��� = ξ × ��     (16) 

���4 = 2���ξ ∙ ���$��1 − �>?��  (17) 

The differential equilibrium equation for the selected 
portion of the mixture with thickness dx, along the horizontal 
X-axis, is written as: 

�����4� − ���� − 2���ξ���$��1 − �>?�� −2����$�&�� − ���2����$>?� = 0   (18) 

At a distance x from the edge of the compression ring, the 
radius is determined according to Figure 5 as: 

�� = �� + $ ∙ >?�    (19) 

where r1 is the initial radius of the conical compression ring 
(m), and Х is the distance from the beginning of the ring to the 
elementary section dx (m). 

Substituting (19) into (18) and integrating the result, yields 
the pressure value at any point along the conical compression 
ring: 

�� = '@

A�BCDEFG0�*
BC*HB(* I

(,K+L *,FG0HCH,*M   (20) 

Using (20), the compaction pressure at the entrance to the 
conical compression ring is determined, where lk is the length 
of the compression ring (m): 

�2к = '@

AOBCDE@FG0P*
BC*HB(* I

(,K+L *,FG0HCH,*M   (21) 

Using (21), a graphical dependence of the required 
compaction pressure in front of the conical compression gate 
ring on its axial length is constructed, as depicted in Figure 8. 
(for & = 0.43, f = 0.4, Рk = 1.05 MPa, r1 = 0.014 m, and r0 = 
0.019 m). 

 

 

Fig. 8.  Variation of compaction pressure in front of the compression gate 

ring as a function of its length lk. 

As shown in Figure 8, an increase in the axial length lk of 
the conical compression gate ring leads to a rise in pressure in 
front of the ring, which, in turn, results in an increase in the 
overall average pressure and temperature. For each extruded 
feed mixture, a compression ring with the most optimal 
parameters can be preselected. The obtained theoretical 
dependencies allow the determination of the required pressure 
acting on the extruded material at any desired point within the 
housing of the screw assembly. The extrusion pressure in front 
of the die is determined using (8), and the pressure in front of 
the compression rings is calculated using (21). The pressure 
generated by the screw flight crests is assumed to increase 
linearly along the length of the screw, which makes it possible 
to derive the relationships for calculating the pressure retained 
after the compression gate rings, denoted as Pk1 and Pk2: 

�Q� = 'R*∙SC
SCTS*      (22) 
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�Q� = 'R�SCTS*�
SCTS*TSU     (23) 

where l1, l2, and l3 are the lengths of the first, second, and third 
screw sections. 

The pressure at any point along the screw can be calculated 
as: 

��,V = O'RW8'@WP∙S
SW     (24) 

where Ppn is pressure in front of the compression ring at the end 
of the nth screw section (Pa), Pkn is the pressure at the beginning 
of the compression ring in the nth screw section (Pa), l is the 
distance from the beginning of the screw to the designated 
pressure calculation point (m), and ln is the total length of the 
nth screw section. 

Figure 9 schematically presents the pressure development 
stages along the entire length of the screw within the housing 
of the screw assembly. 

 

 

Fig. 9.  Pressure variation in the extruder with and without conical 

compression rings. 

Preliminary theoretical studies of the relationship between 
the extrusion pressure within the screw housing and the 
structural features of the screw assembly confirmed the 
significant influence of the length of the forming head, the 
cross-sectional area Sotv of the die opening, and the axial length 
of the compression rings on the overall average pressure. 
Equations (8), and (21-23) make it possible to determine the 
pressure at any point along the screw assembly of the extruder. 
The use of conical compression rings accelerates the increase 
in the average pressure and potentially the temperature of the 
processed mixture over a shorter screw length. This is 
undoubtedly an advantage over cylindrical rings and allows 
shortening the final section of the screw–and therefore the 
entire screw–if necessary. 

According to the existing hypothesis, an increase in the 
mixture temperature may also be promoted by enlarged friction 
surfaces on the extruder screw. This is due to the increased 
frictional work, e.g., of the feed mixture mass between the 
screw flights and the rising pressure at the locations of the 
compression rings, which collectively contribute to a rise in 
temperature [27, 28]. The friction surface area on the screw can 
be increased by designing the screw flights in a double-start 
configuration, i.e., two helical threads rotating around the shaft, 
as exhibited in Figure 10. 

 

Fig. 10.  Visual comparison of parameters between double-start and single-

start screws: F1 – forces acting on the material in a single-start screw, F2 – 

forces acting on the material in a double-start screw, S1 - contact area between 

the material and the flight of a single-start screw, S2 - contact area between 

the material and the flight of a double-start screw. 

The work of the friction force in the first segment of the 
inter-flight channel can be expressed using a known 
relationship [17]: 

X� = Y ����$SC
4     (25) 

X� = Y �'WC8'(�S
SC

SC
4 × SZ��[\TS\�

"]V#∙�:# ��  (26) 

By integrating this expression, the equation for the friction 
work in the first section of the screw is obtained: 

X� = SC*Z��[^CTS^C���'WCT'(�
_"]V#C∙�:#C    (27) 

The total friction work of a three-section composite screw 
shaft is determined by summing the friction work in each 
individual screw section: 

∑ X = X� + X� + Xa    (28) 

∑ X = SC*Z��[^CTS^C���'WCT'(�
_"]V#C∙�:#C + S**Z��[^*TS^*���'W*T'@C�

a"]V#*∙�:#* +
SU*Z��[^UTS^U���'WUT'@*�

a"]V#U∙�:#U     (29) 

After performing the transformations, the following 
formulas are obtained for calculating the mass of the mixture in 
each of the three sections of the extruder: 

b� = c SC
dC O>�`� ∙ �2ℎ3��3g� − ℎ3�� � −

2h3�ℎ3�>�i1 + �>?��P    (30) 

b� = c S*
d* O>�`� ∙ �2ℎ3��3g� − ℎ3�� � −

2h3�ℎ3�>�i1 + �>?��P    (31) 

ba = c SU
dU O>a`� ∙ �2ℎ3a�3ga − ℎ3a� � −

2h3aℎ3a>ai1 + �>?�aP    (32) 

where t1, t2, and t3 are the pitch in the corresponding section of 
the extruder screw (m), rvn1, rvn2, and rvn3 are the outer radius of 
the flight in the respective section of the extruder screw (m), 
and hv1, hv2, hv3 are the flight width in the corresponding screw 
section (m). 
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By performing the necessary transformations, the total mass 
of the mixture contained within the screw flights is obtained: 

∑ b = c�SC
�C O>�`� ∙ �2ℎ3��3g� − ℎ3�� � −

2h3�ℎ3�>�i1 + �>?��P + S*
�* O>�`� ∙ �2ℎ3��3g� − ℎ3�� � −

2h3�ℎ3�>�i1 + �>?��P + SU
�U O>a`� ∙ �2ℎ3a�3ga − ℎ3a� � −

2h3aℎ3a>ai1 + �>?�aP�    (33) 

The temperature of the mixture during processing is 
significantly influenced by the pressure within the screw 
assembly of the extruder. This pressure can be predicted in 
advance by selecting compression rings of different lengths and 
shapes or by subsequently adjusting the cross-sectional area of 
the die outlet. 

The influence of the changes in the axial length and shape 
of the compression rings is illustrated graphically in Figure 
11(a), while the influence of the cross-sectional area of the die 
opening on the overall temperature of the feed mixture inside 
the screw assembly is depicted in Figure 11(b), based on the 
following parameters of the PE-150 extruder: screw pitch t1 = t2 
= t3 = 20 mm, screw lengths l1 = 160 mm, l2 = l3 = 135 mm, 
outer radius of screw flights rvn1 = rvn2 = rvn3 = 37 mm, axial 
lengths of compression rings l1k = 4 mm, l2k = 8 mm, l3k = 12 
mm, l4k = 16 mm,  and extrusion pressure before the die Рр = 
0,92 MPa. 

 

(a) 

 

(b) 

 

Fig. 11.  Influence of the axial length l of the compression ring: (a) on the 

cross-sectional area Sotv of the die opening, (b) on the temperature change of 

the mixture inside the screw assembly. 

The analysis of the data points in Figure 11(a) demonstrates 
that the length of the compression rings significantly affects the 
pressure within the screw assembly. Figure 11(b) exhibits that 
the larger the cross-sectional area Sotv of the die opening is, the 
lower is the temperature in the screw zone. Thus, during 
operation, by tightening the die, thereby changing the cross-
sectional area, it becomes possible to adjust not only the 
pressure, but also the desired temperature within the screw 
zone. 

Next, the extruder throughput was calculated, since it 
serves as an important confirmation of the machine's 
performance efficiency. As the feed mixture enters the screw 
zone, it is ground, compressed through the compression ring 
seals, melted, and propelled toward the die outlet. With equal 
screw pitch in all sections, the lowest efficiency and throughput 
occurs at the initial transport zone, which ultimately determines 
the throughput of the entire extruder. The throughput is 
calculated by multiplying the mass of the mixture in a single 
flight of the first screw section by the time per revolution [17]: 

k� = l ∙ m
�n     (34) 

o = c × p     (35) 

where m is mass of the processed mixture in a single screw 
flight (kg), and Qt is the theoretical throughput of the extruder 
screw (kg/s). 

The theoretical throughput of the grain extruder is 
determined as: 

kd = c ∙ O>��2ℎ3�3g� − 2q3ℎ3>i1 + �>?��P m
�n (36) 

When calculating the throughput of the grain extruder, it is 
important to consider that not all materials reach the die in a 
single pass. The extrusion process is characterized by a forced 
backflow of the mixture that fails to pass through the 
compression rings and is returned via the grooves in the 
housing, then recaptured by the screw. The operational 
throughput of the prototype extruder is given by: 

k) = kd∙ r1 − 'RC
'st7u    (37) 

�vw� = n�̂ x* myz
���^x8�@�d    (38) 

where Pmax is the maximum pressure generated by the screw in 
the absence of axial movement of the mixture, with the 
extruder die closed, and η is the effective viscosity of the 
mixture. 

By substituting (38) and (36) into (37) and performing the 
necessary transformations, the desired operational throughput 
of the prototype extruder is obtained: 

k) = cO>��2ℎ3�3g� − 2q3ℎ3>i1 + �>?��P m
�n ∙

L1 − 'RC���^x8�@��
n�̂ x* m{| M    (39) 

Using (38) and the data provided in Figure 11, a graph was 
plotted to illustrate the increase in the throughput with an 
increase in the cross-sectional area Sotv of the die opening, as 
depicted in Figure 12(a), as well as its additional adjustment 
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through the changes in the screw rotation frequency, screw 
pitch, and screw radius, as presented in Figure 12(b). 

 

(a) 

 

(b) 

 

Fig. 12.  Change in extruder throughput based on: (a) an increase in the 

cross-sectional area Sotv, (b) screw rotation frequency, screw pitch, and screw 

radius. 

The graph in Figure 12(a) logically demonstrates the 
increase in the throughput as the screw rotation frequency and 
die outlet area increase. However, this process is not without 
limitations: the excessive opening of the die results in the 
interruption of the extrusion process, as the pressure and 
temperature of the mixture fall below the required levels. 

Figure 12(b) illustrates the dependence of the extruder 
throughput on the structural screw parameters—namely, the 
pitch and radius of the screw flights. As the screw pitch 
increases, the throughput increases up to a certain point, after 
which it begins to decline, most likely due to the increased 
resistance in the compression rings and the enhanced 
recirculation of the feed mixture within the extruder. An 
increase in the screw radius also leads to a rise in the 
throughput. 

To compare the performance of the prototype extruder with 
other machines in the same category, the specific energy 

consumption formula was applied, and Figure 13 was 
constructed to show the effect of the temperature in the screw 
assembly on specific energy consumption. 

 

 

Fig. 13.  Relationship between specific energy consumption and the 

temperature of the feed mixture thermal processing in the extruder’s screw 

assembly. 

As portrayed in Figure 13, an increase in the temperature 
within the screw assembly leads to higher specific energy 
consumption. Therefore, a rational solution would be the 
installation of compression rings of various designs on the 
screw shaft, enabling the required temperature increase to be 
achieved over a shorter screw length, while maintaining the 
energy consumption. 

As mentioned earlier, modifying the screw pitch in the 
transport zone can also enhance the extruder throughput, but 
excessive pitch may cause the blockage of the screw with the 
mixture in the narrowed gap area above the conical 
compression ring and the housing. To prevent such blockage, it 
is necessary to accurately determine the pitch increase limit. 

III. RESULTS. 

To validate the mathematical relationships and obtain real 
operational data of the extruder, experimental studies were 
conducted. To reduce costs, a special laboratory setup was 
developed at LLP SPA Innotech based on the full-scale grain 
extruder PE-150. 

The extruded material consisted of a plant-coniferous 
mixture containing 87% grain filler, 10% crushed crop waste 
(sunflower stalks and heads), and 3% crushed Siberian fir 
needles. 

The working part (screw unit) of the extruder, shown in 
Figure 14, includes the screw shaft 1 uniting all screw sections, 
housing 2, die head 3, housing of the n-th screw section 4, 
feeding screw section 5, compression rings 6, die plate 7, 
conical shaft head 8, fastening clamps 9,  and hopper 10. 

The process of grain extrusion proceeds as follows (Figure 
14): the feed mixture is dosed from hopper 10 onto the feeding 
section of the screw 5, gradually compressed and transported to 
the first compression ring 6; the operation is then repeated in 
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the next section. During transportation, due to friction and 
compression, the mixture is flattened, pressed, and heated. The 
compression rings 6 create increased resistance to movement, 
elevated pressure, and a rise in temperature. The gap between 
the conical shaft head 8 and the die head 3 with die plate 7 also 
regulates the pressure, temperature, and the discharge rate of 
the material through the die opening 7. 

 

 

Fig. 14.  Process of grain extrusion. 

According to the conclusions of the theoretical analysis, the 
productivity of the grain extruder is significantly influenced by 
the screw rotation speed, pitch, and the radius of the screw 
flights, as seen in Figures 10 and 11. The pitch of the transport 
section of the screw can be increased by up to 1.4 times 
without causing blockage. For the experiment, screw sections 
of different lengths were manufactured, allowing for an easy 
replacement in case of failure—either replacing a short screw 
section with another short one, or one long section with two 
short ones. Figure 15 shows the designs of the screw sections.  

 

 

 

Fig. 15.  Designs of screw sections of various lengths for the extruder. 

The experimental verification of the influence of the design 
and the parameters of the screw unit on the performance 
indicators of the extruder operation was conducted in 
accordance with a multifactor experimental plan. A rotatable, 
three-level second-order Box–Behnken design for three factors 

was selected, originally developed to analyze the relationship 
between the input and output parameters. The operational 
screw rotation frequency range, 685–785 rpm, was chosen for 
an expected product output of 95–110 kg/h. The cross-sectional 
area, as shown in Figures 12 and 13 was set at Sotv = 1.2 cm². 
The screw pitch was t = 20 mm, and the external screw flight 
radius was rvn1 = 18 mm. 

According to Figure 11, the die outlet area Sotv = 1.2 cm² 
corresponds to a temperature of 120–140 °C, achieved through 
the use of compression rings with a length of (4–12) mm. 
Screw sections for the experiment were manufactured with 
pitches of 18, 24, and 28 mm. The tests were carried out under 
steady-state operating conditions in accordance with the 
developed plan. The chosen output parameters were: 
temperature, productivity, and power consumption. The values 
of T (°C), Q (kg/h), and N (kW) are given as the average values 
obtained from three repeated tests. As a result of the 
multifactor regression analysis conducted based on the 
experimental data, a relationship was established between the 
temperature of the extruded mixture (T °C) and the 
corresponding factors: screw rotation speed n, rpm (X₁); length 
of the compression rings h, mm (X₂); and the pitch of the 
transport screw section t, mm (X₃). Several experimental series 
were carried out; the insignificant factor values were excluded. 
Based on the stable data, a regression equation was developed, 
representing a full quadratic model that adequately 
approximates the experimental results with a significance level 
of α = 0.05: 

} = −197,10 + 0,8427 ∙ �� + 0,6563 ∙ �� − 0,0535 ∙�a − 0,00057 ∙ ��� + 0,08125 ∙ ��� − 0,00552 ∙ �a� (40) 

The response surface showing the relationship of the 
temperature (T °C) in the screw zone on the compression ring 
length h and screw rotation speed n (rpm), based on the 
regression model, is presented in Figure 16. 

 

 

Fig. 16.  Variation of temperature T (°C) with screw rotation speed n (rpm) 

and compression ring length h (mm) at a fixed screw pitch t (mm) in the 

transport section. 
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In Figure 16, three planes are superimposed: the top plane 
(1) corresponds to a pitch t = 20 mm; the middle plane (2) 
corresponds to t = 24 mm; and the bottom plane (3) 
corresponds to t = 28 mm. The response surface showing the 
relationship of the temperature (T °C) in the screw zone on the 
pitch (t) of the transport screw section and the length (h) of the 
compression ring, based on the regression model, is displayed 
in Figure 17. Similarly, three planes are superimposed: the top 
plane (1) corresponds to a rotation speed  n = 785 rpm; the 
middle plane (2) corresponds to n = 735 rpm; and the bottom 
plane (3) corresponds to n = 685 rpm. 

 

 

Fig. 17.  Variation of temperature T (°C) with compression ring length h 

(mm) and screw pitch t (mm) in the transport section at a fixed screw rotation 

speed n (rpm). 

The most efficient thermal regime (120–140 °C) in the 
screw zone, according to the constructed response surface, is 
achieved when compression rings with a longitudinal length of 
7–12 mm are installed and the screw pitch in the transport 
section is set to 20 mm. When this pitch increases to 28 mm, 
the required thermal regime is attained with compression rings 
9–12 mm in length. Moreover, as the longitudinal length of the 
compression ring increases, the temperature in the 
corresponding screw zone also rises. An increased screw pitch 
leads to a slight temperature decrease. Under the examined 
conditions, the rotation speed has almost no effect on the 
temperature in the screw zone. 

The next relationship, obtained after regression analysis of 
the data from a repeated experiment, adequately approximates 
its results at a significance level of α = 0.05. It excludes the 
insignificant effects and describes the change in the output 
capacity Q (kg/h) depending on the following factors: screw 
rotation speed n (rpm) (X₁), compression ring length h (mm) 
(X₂), and screw pitch t (mm) of the transport section (X₃). 

k = −171.47 − 0,2228 ∙ �� + 14,5225 ∙ �� + 17.4487 ∙�a + 0,000015 ∙ ��� + 0,0015 ∙ �� ∙ �� + 0,01888 ∙ �� ∙ �a −0,193 ∙ ��� − 0,7344 ∙ �� ∙ �a − 0,4539 ∙ �a�  (41) 

A graphical representation of the response surface 
illustrating the change in the extruder output capacity (Q) as a 
function of the corresponding factors—screw rotation speed (n) 
and screw pitch (t) of the transport section—based on the 
results of the regression analysis, is illustrated in Figure 18. 
Three response surfaces are superimposed: the top surface (1) 
corresponds to a pitch t = 28 mm, the middle surface (2) 
corresponds to t = 24 mm, and the bottom surface (3) 
corresponds to t = 20 mm. 

 

 

Fig. 18.  Variation of output capacity Q (kg/h) with extruder shaft rotation 

speed n (rpm) and compression ring length h (mm) at a fixed screw pitch t 

(mm) in the transport zone. 

A graphical representation of the response surface 
illustrating the change in the extruder output capacity (Q) as a 
function of the relevant factors – compression ring length (h) 
and screw pitch (t) based on the regression analysis results, is 
shown in Figure 19. The three superimposed response planes 
are arranged as follows: the top surface (1) corresponds to a 
rotation speed n = 785 rpm, the middle surface (2) to n = 
735 rpm, and the bottom surface (3) to n = 685 rpm. 

The analysis of the response surface confirms that the 
maximum output capacity primarily depends on the changes in 
the screw pitch and rotation speed. Increasing the axial length 
of the compression ring affects the output less significantly 
than it does the temperature and pressure, as it induces 
backflow and reverse movement of the mixture through the 
return channels in the housing. Increasing the screw pitch or its 
rotation speed leads to higher extruder productivity. 

The constructive and technological parameters ensuring the 
maximum output capacity of Q = 135 kg/h—while maintaining 
the recommended process temperature—were determined as 
follows: compression ring length h = 8 mm, and screw pitch in 
the transport section t = 24 mm. The average experimental 
productivity range was 100–135 kg/h. 

A multifactor regression analysis conducted on the 
experimental results also revealed the dependence of the power 
consumed (N, kW) in the extrusion of the feed mixture on the 
selected factors: screw rotation speed (n, rpm) (X₁), 
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compression ring length (h, mm) (X₂), and screw pitch in the 
transport section (t, mm) (X₃). The regression analysis led to an 
equation that adequately approximates the experimental results 
at a significance level of α = 0.05: 

� = 2,735654 − 0,004685 ∙ �� + 0,012739 ∙ �� −0,004756 ∙ Хa + 0,000005 ∙ Х�� + 0,000062 ∙ Х� ∙ Х� −0,000018 ∙ Х� ∙ Хa + ,001875 ∙ Х�� − 0,001287 ∙ Х� ∙ Хa +0,000365 ∙ Хa�     (42) 

 

 

Fig. 19.  Variation of output capacity Q (kg/h) with compression ring length 

h (mm) and screw pitch t (mm) in the transport zone at a fixed extruder shaft 

rotation speed n (rpm). 

The response surface characterizing the changes in the 
consumed power (N) during the experiment, as influenced by 
the axial length (h) of the compression ring and the screw 
rotation speed (n), based on the results of the regression 
analysis, is shown in Figure 20. 

 

 

Fig. 20.  Power consumption N (kW) as a function of extruder shaft rotation 

speed n (rpm) and compression ring length h (mm) at a fixed screw pitch t 

(mm) in the transport zone. 

The three response surfaces overlaid in the Figure 20 
almost merge, yet exhibit slight distinctions and are arranged in 
the following order: the upper surface (1) corresponds to a 
screw pitch of t = 20 mm, the middle surface (2) to t = 24 mm, 
and the lower surface (3) to t = 28 mm. The analysis of the 
response surfaces confirms the theoretical dependencies of the 
power consumption on all selected factors: screw rotation 
speed (n), screw pitch (t), and axial length (h) of the 
compression ring. An increase in the axial length (h) of the 
compression ring leads to an increase in the power 
consumption (N). In contrast, an increase in the screw pitch (t) 
reduces the power consumption. A rise in the screw rotation 
speed (n) increases the power consumption. During the 
experiment, the power consumption ranged from 1.94 kW to 
2.53 kW. 

IV. CONCLUSION 

The theoretically substantiated and experimentally 
validated constructive and technological parameters of the 
screw assembly of a grain extruder enable an accurate and 
predictable selection of the optimal design parameters during 
the modernization of the grain extrusion equipment. The use of 
compression rings of varying lengths allows achieving the 
required processing temperature and extrusion pressure over a 
shorter screw length. The most effective extruder configuration 
involves the use of a double-start screw with an increased pitch 
in the feeding zone and conical compression rings. 

Optimal processing conditions ensuring the highest feed 
quality are achieved with the following parameters: 
compression rings with an initial radius of r1 = 14 mm, final 
radius r2 = 16 mm, and length l = 8 mm; double-start screw 
with a crest radius rvn1 = 18 mm, tooth height 4 mm, screw 
pitch t = 20 mm, transport zone length 60 mm, compaction 
zone 35 mm, pressing zone 35 mm, and screw rotation speed n 
= 785 rpm. The most effective method for adjusting the 
processing temperature is by changing the cross-sectional area 
of the die opening. 
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