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The peculiarity of the work is to develop a mathematical model of
the melt flow in the cone-annular channel of the extruder die, which
will allow you to choose the optimal geometric shape of the annular
channel, as well as the angular rotation speed of the extruder screw.
The object of the study is the cone-ring channel of the extruder matrix.

To solve the three-dimensional problem of turbulent and laminar
unsteady motion, the FlowVision software package was used, which
allows solving partial differential equations using the finite volume
method. The correct choice of the geometric shape of the annular gap
made it possible to change the molecular structure of the product by
creating a maximum pressure value. The optimally selected angular
rotation speed of the extruder screw made it possible to carry out deep
melting of the product due to the conversion of the mechanical energy
of the screw into thermal energy.

In the process of designing the forming of the cone-ring chan-
nel, the three volumes of the changing geometry of the stamp were
selected, at the borders of the transition of which extreme points
were observed. Deviations between the analyzed and experimental
values of velocity and pressure were found in the limits of 9-12 %
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and 17-22 %, respectively.

lar rotation speed of the extruder screw were revealed.

pation, i.e. autogenous mode of operation
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Based on the analysis of the obtained results of modeling, the opti-
mal geometric shape of the annular gap and the recommended angu-

The mathematical model proposed formed the basis of the devel-
oped design of the six-zone extruder. In the extruder, the geometric
characteristics of the screw (variable pitch of the turns) were sub-
stantiated and selected, which provide the maximum effect of dissi-
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1. Introduction

Optimal design of extrusion equipment, achieved by
improving the theory and methods of its calculation, will en-
sure the production of products of the required quality [1, 2].
Extrusion processes are subject to various substantial chal-
lenges due to the need in variety, efficiency, and productivity
[3]. Mathematical modeling and simulation of conjugate
flow, deformation, heat and mass transfer, as well as the rate
of reactions occurring in a twin-screw extruder, make it pos-
sible to optimize the process parameters [4, 5]. For example,
by increasing the screw speed from 8 to 15 rpm, you can
increase productivity up to 3 times [6].

Extrusion is a special method of processing raw ma-
terials, in which the mixed powder is subjected to me-
chanical action from the screw part of the extruder. The
process takes place under the influence of high tempera-
tures (about 150 °C) and pressure. The crushed mass heat-
ed under high pressure is then placed under low pressure.
As a result of such a rapid change, a so-called “explosion”
occurs, the final product increases in volume and acquires a
porous structure. Extrusion is distinguished not only by its
versatility, productivity and efficiency, but also by its low
cost and low amount of waste.

Extrusion technology is a high-temperature, short-term
continuous food processing technology (HTST) combining
mechanical and thermal energy for starch gelatinization,
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protein denaturation and reorganization of food materials to
form new textures [7].

Variations in extrusion parameters, such as the compo-
sition of raw materials, the configuration of the die, the feed
rate and the processing temperature, especially strongly
affect the quality of the final product. Therefore, it is very
important to optimize the production parameters correctly
and efficiently during the product extrusion process [7]. The
Response Surface Methodology (RSM) and central compos-
ite design (CCD) are ideal tools for process optimization [7].

The extrusion process consists of several stages: load-
ing, compression, homogenization (plasticization), pressure
stabilization zone. However, some researchers, in order to
describe most accurately the behavior of the material in
the working chamber of the extruder, distinguish more
technological zones (for example, mixing zone, pre-matrix
zone or dosing zone, etc.), which is probably more logical
and appropriate for further in-depth study of the extrusion
process. In addition, the housing of the working chamber
of the extruder under study is made detachable and con-
sists of six zones, five of which provide steam input into
the double-track housing to ensure a polytropic mode of
operation, which corresponds to the most advanced world
technologies.

This makes it possible to provide maintenance and
optimal temperature control along the entire length of the
working body of the extruder. Thus, mathematical modeling
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of the melt flow in the cone and annular channels of the ex-
truder matrix is a fairly urgent task.

2. Literature review and problem statement

A significant contribution to the development of math-
ematical models and methods of calculating extruders was
made by [7]. However, the determination of the velocity and
pressure fields that determine the quality of the finished
product and the performance of the extrusion plant remains
poorly understood.

In [8], the process of extrusion of amaranth grain for animal
feed was researched at the following parameters: tempera-
ture 110-158 °C, screw rotation speed (40—52 s') and mois-
ture content in the feed (11-16 %). The study used multiple
response criteria using the response surface methodology and
desirability function analysis, and the variable responses were
protein digestibility, sensory acceptability, water absorption
index, water solubility index, bulk density and viscosity. Opti-
mal extrusion parameters were identified: temperature 150 °C,
screw rotation speed 50 s™' and moisture content in the raw ma-
terial 14.41 %. This made it possible to achieve the digestion of
81.87 % protein, a water solubility index of 0.55 and a sensory
acceptability score of 6.69 with a desirability of 71 %. However,
the problem with making is the long preparing time, the use
of more resources and the high viscosity. Therefore, food pro-
cessing technologies that increase the nutritional value of the
combined feed are recommended.

In [9, 10], the effectiveness of the extrusion process on
the quality indicators of combined feed with the extruded
waste of oilseeds containing a sufficient amount of protein
and raw fat, which can be used in animal feeding diets to
increase milk productivity, was investigated. Using mathe-
matical methods of planning a multifactorial experiment, a
mathematical model of the process of extrusion of feed raw
materials has been developed. Based on the obtained model,
the recommended modes of extrusion of feed raw materials
from post-harvest waste are determined.

It was found that there is a directly proportional relation-
ship between the viscosity of the final product and the content
of moisture, lipids and simple sugars in it, and an inversely
proportional dependence of viscosity on the temperature of
the extrusion process and the rotation speed of the screw.

The solution to this problem was obtained by planning
multifactorial experiments, statistical processing of experi-
mental data and search engine optimization.

An analytical solution of a two-dimensional non-iso-
thermal mathematical model describing the change in the
velocity profile of a cylindrical extrusion head is present-
ed [11]. The mathematical model was constructed from the
incompressibility equation, the equations of motion, the en-
ergy equation and the rheological equation [12]. This model
depicted a non-isothermal flow of rheological fluid moving
through a cylindrical extrusion head. Computer testing was
carried out to verify the solutions obtained and compare
them with the actual extrusion process. The difference be-
tween the calculated and experimental data was below 14 %.
The results allow us to conclude that the numerical results
are consistent with experimental data, therefore, a compos-
ite model can be used in the design of an extrusion head for
single-screw extruders.

In [13], methods of mathematical analysis and data
processing in the Math CAD (Voronezh State University

of Engineering Technologies) software environment were
used and graphical dependences of the power and energy
parameters of the oil-containing raw material extrusion
process using a twin-screw extruder were obtained. With an
increase in the density of the oil-containing raw materials in
the extruder by 40.5 %, the pressure force increases by 41 %,
that is, there is an almost proportional relationship between
the pressure force and the density of the processed raw ma-
terials. With an increase in the angular velocity of the screw
more than 8 s, the pressure force during the study increases
sharply. With an increase in the density of raw materials, it
is crushed before extrusion by 40 %, the energy consumption
for the grinding process increases by 2.8 times for the recom-
mended operating mode. Energy losses during pressing of
completely crushed raw materials are reduced by 2.52 times.

However, effective mathematical modeling of twin screw
extruders has long been limited to the development of geo-
metric parameters and the justification of processing modes
based on practical experience and experimental data, due to
the rather complex design of the executive bodies.

As we can see, mathematical models of melt formation
from solid bulk product particles in the homogenization zone
of the extruder were previously investigated.

The authors do not consider the process of melting and
homogenization of the bulk mixture of the initial product, as
a result of which, due to the dissipation effect, the mechanical
energy of the working bodies of the machine is converted into
thermal energy, i.e. the product, compacting, warms up due
to the friction forces of particles on the surface of rotating
working bodies and shear deformations in the product itself
and passes from the bulk solid phase to liquid (in the form of a
gel-like, viscous melt). We draw attention to the fact that the
next stage of processing of an already formed melt is consid-
ered, namely, the three-dimensional problem of turbulent and
laminar unsteady melt flow in the cone-ring channel of the
extruder matrix. In this case, the resulting melt is moved by a
screw in the cone-ring channel of the extruder matrix and is
pressed out through its holes under pressure.

Mathematical modeling of the movement of the techno-
logical medium at individual stages of raw material process-
ing allows us to determine the analytical dependences of the
power and energy parameters of the system and carry out
their effective technical and economic assessment.

3. The aim and objectives of the study

The aim of the study is mathematical modeling of the
melt flow in the cone and annular channels of the extruder
die, which will allow you to choose the optimal geometry of
the annular channel and the angular rotation speed of the
extruder screw.

To achieve the aim, the following objectives were set:

— to denote the optimal geometric shape of the annular gap;

— to determine the recommended angular rotation speed
of the extruder screw.

4. Materials and methods

The object of the study is the cone-ring channel of the
extruder matrix.

The main hypothesis of the research is to develop a math-
ematical model of the melt flow in the cone-annular channel



of the extruder die, which will allow you to choose the op-
timal geometric shape of the annular channel, as well as the
angular rotation speed of the extruder screw.

The main assumptions of the work: at the boundary of
the calculation area, the Boolean subtraction of the volume
of cells that did not fall into the calculation area from a rect-
angular element is used, as a result of which the required cal-
culation area is formed from the remaining cell volumes. The
FlowVision software package automatically created a com-
putational grid with the possibility of an additional increase
in the number of cells in areas with a complex configuration.

To solve the 3D problem of unsteady motion of turbulent
and laminar flows, the FlowVision software package was
used, which can solve partial differential equations using the
finite volume method.

Assuming that each cell represents a finite volume, the
differential equations being solved are approximated on a
computational grid, where the rate of change of physical
quantities is balanced by quantities passing through the
edge of the cell. The streaming representation of the comput-
ing network is cartesian with local adaptation of the original
grid in accordance with the specified partitioning criteria.

Based on a single-screw extruder, three forming chan-
nels of the matrix were designed to select the most optimal
geometric parameters of the die, which affect the depth of
physico-chemical transformations occurring in the structure
of the finished product (Fig. 1).

The most suitable graphic editor for three-dimensional
design is COMPASS-3D V18, and the designed three-di-

a b c

Fig. 1. Forming channels of the extruder matrix: @ — parallel;
b — narrowing; ¢ — expanding

mensional model of the forming cone-ring channel was im-
ported into the FlowVision software package.

5. Results and analysis of mathematical modeling and
optimization of melt flow

5. 1. Designation of the optimal geometric shape of
the annular gap

The next step in modeling the melt flow in a cone-ring
channel is the choice of a mathematical model and solvable
equations that are included in the selected model. Based
on the results of the conducted research in this area, it was
found that the mode of movement of the extrudate is laminar.

In the FlowVision software package, the laminar flow
mode was calculated using the “incompressible fluid” model,
disabling the equations for turbulent transfer functions from
the calculation.

We introduce the following assumptions:

— the process is isothermal due to the fact that the prod-
uct melt in the cone-ring channel overcomes the distance

from the inlet to the outlet of the channel in such a short
period and the extruder body is equipped with a system to
maintain a constant temperature;

— we neglect the mass transfer equation since the melt
entering the cone-ring channel has a homogeneous structure.

The main design dimensions of the extruder screw are as fol-
lows: screw diameter — 160 mm; variable pitch sizes of the screw
turns: 120 (at a length of 360 mm); 90 (at a length of 360 mm);
60 (at a length of 240 mm, two-way, step between turns 30);
60 (at a length of 120 mm); 90 (at a length of 360 mm, three-
way, step between turns 30).

For the numerical solution of differential equations de-
scribing the flow of liquids and gases whose thermophysical
properties vary in a wide range, the finite volume method
is used in channels with a complex geometric shape in the
software shell.

The selected model includes the following equations:

— Navier-Stokes:
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When solving equations (1)—(4), the following boundary
conditions were taken into account: the wall formed by the
inner surface of the die, the cone of the rotating screw, the
entrance to the cone-ring channel and the exit from it.

In the FlowVision software package, to set boundary
conditions, the imported 3D model undergoes geometry re-
arrangement with the assignment of the resulting groups to
the selected boundary conditions.

a) The wall formed by the inner surface of the die (Fig. 2).

Type of the specified boundary: wall.

Type of the specified boundary condition: wall.



A condition for sticking is set at the boundary of the area:
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b) The cone of the rotating screw (Fig. 3).

Type of the specified boundary: wall.

Type of the specified boundary condition: tangential twist.

This boundary condition defines a velocity vector having
a tangent component vy to the boundary surface (there is no
normal component v,=0).

The direction of rotation is determined by the rule of the
gimlet and the sign of the degree of twist) — —»>0 “forward”
rotation; <0 — “reverse” rotation.

The direction of the tangent component of the veloc-
ity is determined by the rule of the gimlet applied to the
vector. The actually calculated boundary is represented
by flat facets. Therefore, the speed determined by the rule
of the gimlet may have a component normal to the facet.
In calculations, this component is assumed to be equal to
zero. The resulting error can be reduced by improving the
quality of the facet representation of the surface. We set
the rotation speed of the extruder screw to 20, 30, 40 and
50 rad/s.

¢) Entrance to the cone-ring channel.

Type of the specified boundary: input/output.

Type of the specified boundary condition: normal speed.

The normal component of the velocity vector is set at the
boundary of the region v,,,:
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If v,,>0, then the area highlighted in Fig. 3, a is as-
signed the flow direction value «input». If v,,,<0, then the
area in Fig. 3, ¢ is «outlet». If the resulting value has a neg-
ative value v, as a result of the calculation, then it changes
according to the following rule: «<How much mass has flowed
in — so much mass has flowed out», i.e. the mass balance is
observed:
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where 5" is the area of the boundary surface “entrance” — the
area of the boundary surface «outlet».

d) Exit from the cone-ring channel (Fig. 3).

Type of the specified boundary: free outlet.

Type of the specified boundary condition: zero pres-
sure/outlet.

The speed at the boundary of the calculated area is set
according to the following rule:
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—in the calculation cell adjacent to the boundary, the
direction of the velocity vector is determined;

—if the velocity vector is directed inside the calculated
area, then the normal component of the velocity is reset to zero;

— if the velocity vector is directed from the computation-
al domain, then the normal derivatives of the components of
the velocity vector equal to zero are established:

7|, =0, ®)
(vn)>0, V], =v,, )
(v,7)<0, A(v,n)| =0, (10)

here n is normal to the boundary, v, is the tangential com-
ponent of the velocity at the boundary.
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Fig. 2. Boundary condition: @ — wall; b — rotating screw cone

b c

Fig. 3. Boundary condition: @ — entrance to the cone-ring channel; b — exit from the cone-ring channel;
¢ — adapted calculation grid



The following melt properties were introduced into the
mathematical model as calculated physical parameters: den-
sity 1,120 kg/m3, 1,170 kg/m?3 and 1,210 kg,/m?.

The space in the ranges of which we seek a solution of the
differential equations is divided into a finite number of ele-
ments, thus creating a computational grid that allows you to
accurately and easily describe complex geometries (Fig. 3, ¢).

The initial adaptation of the computational grid is produced
by the boundary condition with the choice of criteria of split: wall
formed by the inner surface of the die, cone rotating the screw,
the entrance to the conical-ring channel and the output of it.

3. 2. Determination of the recommended angular ro-
tation speed of the extruder screw

According to its structure, the computational grid is
rectangular cells that are evenly distributed over the entire
section of the calculated variant, but when approaching
the periphery of the calculated area, the parallelepipeds are
rearranged, with the formation of polyhedra that completely
repeat the calculated area. Then a program is launched that
generates a calculated grid.

The next step was to set the parameters of the numerical
simulation method. The FlowVision program uses the finite
volume method for the numerical solution of convective-dif-
fusion transport equations, written in general form as:

Ly (y)=v(pV))+Q n

where [ is the calculated variable, V is the velocity, D is the
diffusion coefficient, Q is the source term.

With the finite volume method, equations of type (11)
are integrated by the volume of each i-th cell of the compu-
tational grid and by the time interval:
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whereV; is the volume of the cell, S; is the surface of the cell,
", t@*D are the time points of the beginning and end of the
time step:

M=t g, (13)

When adapting the calculated grid and subgrid geometry
resolution, the cell has the shape of an arbitrary polyhedron.
Those of the faces that the cell borders with other cells are
called “free”. The areaj of the free face in the i cell is denoted
by Sji. “Solid faces” are those faces of a cell that are formed
by a border that intersects the cell. The area j of the solid face
in the i cell is denoted by g/. Based on these notations, we
obtain the expression (12) in the difference form:

V(S =)+ 2 F sl +Y.Glgl +Q, =0, (14)
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where Q; is the volume source of the variable f, f is the aver-
aged value of the variable over the volume of the cell at time ¢":

(15)

the averaged flow densities of the calculated variable F/ and
G/ through the corresponding faces S/ and g/ in a time
step are determined by the expressions:

F/ =[(fV+Dvf)dt

T

; (16)
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T

: (17)

g/

where the index w denotes the values of the quantities on the
boundary of the computational domain, which corresponds
to the face g/.

The complex DV/f corresponding to the diffusion flow
of magnitude f is approximated in the FlowVision soft-
ware package by the second order of accuracy in a spatial
variable.

One of the most difficult tasks in computer-aided pro-
cess design is the approximation of the convective flow in
the calculated geometry [14—20]. Depending on the re-
quired calculation accuracy, several recovery schemes are
used (first-order recovery, smooth high-order recovery and
stepwise high-order recovery). All these schemes are based
on the recovery of the calculated variable f from its aver-
age values inside the cell of the computational grid and the
transfer of the recovered liquid along the fluid flow lines. In
addition, the so-called «beveled» scheme is used, designed to
restore the values in the cells during the diagonal movement
of a given medium. It was this scheme that was chosen for
further studies of the process of moving the product melt in
the forming unit.

This is due to the fact that in the projected area there
are areas with a <«beveled» direction of movement of the
melted product relative to the grid cells. This scheme can be
designated as an approximation scheme «with an additional
point». It is written in the following form:
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where [ is the distance from side x(;+1/9) to the additional
point, f,; and fj are the velocity values at the left and right
boundaries of the finite volume. Their values are deter-
mined from the decomposition of the function into a Taylor
series:

f(x):f(xi+1/2)+ﬂm+
1
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where
Ar=Xx—1X,,,. (20)

The coefficients of expression (19) are found using
definitions of the averaged value of the function of the i-th
finite volume, as well as neighboring i—1 and i+1 volumes.

The result is:

£:=0.5( /i +£)-0167(f =2/ +2/,);
Ji=05(f+ /) +0167( /., —2f.+2f.).
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To achieve monotonicity of reconstruction, the values
of f,; and fj; are limited to the average values of neighboring
finite volumes:

_f;gfﬂgf;+1,atf;+1_f;-20;
L[> 1> faat [ = £<0;
Sa<tfisfoat fi=f20;
{fi1>ﬂ,->f,-,at fi-f,<0. (22)

The distance / and the derivatives f,,; and f,;; on the left
and right sides of V; are equal:
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For the numerical solution of the Navier-Stokes equation,
we use an implicit splitting algorithm for physical variables. To
do this, we write down the equations for the moving volume Q:

deV = IpdV,

Vi Q;

(23)

(24)
IdeV—IdeVz—”PdeHD,
v, Q, S

where S is the surface of the volume Q, Vis the velocity field
of the specified fluid, p is the density, V are the terms of the
Navier-Stokes equation describing force, gravity, viscous
stresses, etc.

The difference analog of the Navier-Stokes equation looks

like this:

(25)
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In this equation, the unknown quantities are V**! and
P! Add and subtract additional terms in it as follows

(Vi"H+V—v)Vip"+1—Jp”V"dV:
Q;

:—r(ZR!“s—ZPh”b+ZQ"IJ]+D1.(V). (26)
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This equation splits into two:
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In (27), the pressure field taken at the previous time
step is used. This vector equation represents three convec-
tive-diffusion transport equations for the three components
of the fluid velocity. For further solution, it is split as follows:
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(30)

To determine the pressure field, consider the incompress-
ible fluid condition, from which it can be seen that:

Vs =0, 31)
S

where V7*! is the velocity value at the boundaries of the finite
volume V;.

To obtain expressions for V™', we write down an analog
of equation (28) obtained by integrating the Navier-Stokes
equations over the moving face of the volume Q. For the face
of this volume, which coincides with the face b at t=t, and
with at £+¢,+1, the expression for V;*' will have the form:

Vsn+1 =VS+%(VP7H1) _ P;+1 (VPn+1) (32)
b N

Substituting the V;*' result into expression (31) we get:

b. (33)
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After finding the pressure field P"*! from (28), the ve-
locity field V' is calculated. To prevent fluctuations of the
pressure field on non-weighted grids in FlowVision, the dif-
ference between the representation of the pressure gradient
by the second and fourth order of accuracy is introduced in
equation (31). After entering the basic physical parameters
and setting the boundary conditions, the computational grid
is adapted. After that, the calculation of the matrix channel
is started according to the specified conditions.

In order to present a visual picture of the velocity and
pressure distribution along the length of the cone-ring form-
ing channel in the FlowVision postprocessor, the computa-
tional model was divided into 16 planes perpendicular to the
axis of symmetry in 2 mm increments for visual analysis of
the complex three-dimensional flow of the melted product.
Two layers were created for each plane — velocity and pressure
characteristics. During the calculation, the program created a
separate file in which the calculation results of each iteration
were saved. After the calculation studies are completed, the
software package allows you to create a layer with a palette
(pressure fill) in the working area of the postprocessor on
each calculation plane and display an information window
with associated values of the calculated variable. Based on
the resulting color scale of the pressure distribution along the
length of the cone-ring channel, the dynamics of the process of
extrusion of combined feeds were judged (Fig. 4—12).

When processing the received files, graphical depen-
dences of velocity and pressure changes along the length of
the cone-ring channel were constructed for various groups
of combined feeds with different densities with different
angular rotation speeds of the auger with a parallel (Fig. 13),
narrowing (Fig. 14) and expanding (Fig. 15) channel be-
tween the outer surface of the cone of the auger and the inner
surface of the cone of the die.

In the process of designing the forming cone-ring chan-
nel, three volumes of changes in the shape geometry of the
die were revealed, at the boundaries of the transition of
which extremum points are observed.

The pressure in Fig. 4—12 is given in Pascals.
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Fig. 4. Change in the pressure of the melt flow of the product with a density of 1,120 kg/m? along the length of the expanding

cone-ring channel of the die at the screw rotation speed: a — 20 rad/s; b— 30rad/s; c—40rad/s; d— 50rad/s
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Fig. 5. Change in the pressure of the melt flow of the product with a density of 1,170 kg/m? along the length of the expanding

cone-ring channel of the die at the screw rotation speed: a — 20 rad/s; b— 30rad/s; c— 40rad/s; d— 50 rad/s
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Fig. 6. Change in the pressure of the melt flow of the product with a density of 1,210 kg/m3 along the length of the expanding
cone-ring channel of the die at the screw rotation speed: ¢ — 20 rad/s; b— 30rad/s; c— 40rad/s; d— 50 rad/s
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Fig. 7. Change in the pressure of the melt flow of the product with a density of 1,120 kg/m? along the length of the tapering
cone-ring channel of the die at the screw rotation speed: a — 20 rad/s; b— 30rad/s; c— 40rad/s; d— 50 rad/s
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Fig. 8. Change in the pressure of the melt flow of the product with a density of 1,170 kg/m? along the length of the tapering
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Fig. 9. Change in the pressure of the melt flow of the product with a density of 1,210 kg/m? along the length of the tapering
cone-ring channel of the die at the screw rotation speed: a — 20 rad/s; b— 30rad/s; c— 40rad/s; d— 50 rad/s




Fig. 10. Change in the pressure of the melt flow of the product with a density of 1,120 kg/m?3 along the length of the parallel

Fig. 11. Change in the pressure of the melt flow of the product with a density of 1,170 kg/m?3 along the length of the parallel
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Fig. 12. Change in the pressure of the melt flow of the product by the density of 1,210 kg/m? along the length of the parallel
cone-ring channel of the die at the screw rotation speed: a — 20 rad/s; b— 30rad/s; c —

Fig. 13. Graphical dependences of pressure and velocity changes along the length of the tapering forming channel for a
product with different densities: a,d,g —
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Fig. 14. Graphical dependences of pressure and velocity changes along the length of the parallel forming channel for a product
with different densities: a,d,g — 1,120 kg/m3; b,e,h — 1,170 kg/m3; ¢,f.i— 1,210 kg /m3

- =wesenEEEE 20T ST
'y 3.0
1.6 1.68 - ] I . L
#‘\ 1 ‘ % 25 i
g12 N\ g2 1| £[20
ZO g | —=—0=20rad/s = 08 | —=—®=20rad/s =15 =—w=20rad/s
ot L ——®=30rad/s ar|" | ——w=30rad/s| & ol| = »=30rad/s \
04| ——»=40rad/s AY 04 | —+—o=40 rad/s 21 =~ @=40 rad/s \
| =—®=50 rad/s \‘ " =—0=50rad/s 0.5 =—®=50 rad/s \
| 1 T 1 1
% 4 8 12 16 20 24 28 32 %4 8 12 16 20 24 28 3 0% 8 12 16 20 24 28 32
1, mm I, mm I, mm
a b c

[ [ [T TT] | [ [T TTTT [] [ [T T 1T
‘0'61 —s—0=20 rad/s ‘ 0.6 ——®=20 rad/s I 0.6 ——m=20 rad/s W)
1 —— =30 rad/s 4 —— =30 rad/s —— =30 rad/s
" 0441 N || ——0=40 rad/s y 7 " 0477 L[| - o=40Tad/s|| £ " 0.4 . e =40 rad/s|| | Z
K] 02\4.\\ —— =50 rad/s[1/3 5 02 N ——®=50 rad/s B E 0 RN ——@=50 rad/s /
A o SN o R AN AN SR NE .4
0.1 R P NN SN '
. TSI | ‘ 0.1 SR 0.1 N
| I
0O 4 8 12 16 20 24 28 32 00 4 8 12 16 20 24 28 32 00 4 8 12 16 20 24 28 32
I, mm I, mm I, mm
g h i

Fig. 15. Graphical dependences of pressure and velocity changes along the length of the expanding forming channel for a
product with different densities: a,d,g — 1,120 kg/m?; b,e,h— 1,170 kg/m3; ¢,f,i— 1,210 kg /m?



The first area is the volume due to the influence of the
rotation of the screw and the inner conical surface of the
die, the second is a truncated cone of a larger volume, the
third is a cylinder. When analyzing the graphical depen-
dence in the narrowing channel in the first area under
the influence of the rotating screw, for the first formula of
combined feed having a density of 1,120 kg/m3, a slight
decrease in pressure within 2.9 % of the pressure at the
entrance to the matrix is observed.

For the second formula of combined feed (densi-
ty 1,170 kg/m?) and the third (density 1,210 kg/m?), there
was also a decrease in pressure by 2.7 % and 1.5 %, respec-
tively. The nature of the change in the curve of the modulus
of the product melt velocity is similar to the pressure curve,
but the decrease is more significant and for three formula-
tions lies in the range from 60 to 55 %, which is explained by
a decrease in the influence of the rotating cone of the auger,
since the product melt flow is reoriented from rotational
motion to rectilinear motion.

In the second area, for all three formulations, the
pressure continues to decrease in the range from 14.7 %
to 15.4 %. At the same time, the velocity modulus in the
second volume of the truncated cone begins to increase
sharply in the range of 5.3—6.6 times, which is due to a
complete reorientation of the direction of movement and a
decrease in the cross-sectional area from the base to the top
of the truncated cone.

In the third region, there is a further decrease in pressure
for all three formulations within 95 % of the pressure value
in the previous section before exiting the die.

The velocity modulus in the last section continues to
increase smoothly from 45 to 66 % of the velocity value in
the previous section before leaving the die. This is due to
the transition of the melt from the region of a truncated
cone (confuser) to a cylindrical region, where, with a small
length of the section, the masses of the product melt ran-
domly move. The laminar flow regime begins to collapse
and turn into an undeveloped turbulent regime. The au-
thors found that the laminar mode of motion is restored in
the third region.

The deviation between the analytical and experimental
values of velocity and pressure varied in the range of 9-12 %
and 17-22 %, respectively.

The proposed mathematical model formed the basis of the
developed design of a six-zone extruder (Fig. 16).

The extruder consists of an electric motor 1, a reducer 2,
aloading hopper 3, a combined auger 4, a nozzle 5 for connec-
tion to a vacuum line, a nozzle 6 for entering liquid compo-
nents, adjusting bolts 7, a matrix 8, an unloading chamber 9
for the extrudate outlet, a device for adjusting the size of the
output gap using an adjustment rod 10, an unloading tray 11,
working chamber 12 (Fig. 16) [21]. Slots 13 are made in the
turns of the screw 4. A combined screw 4 is installed inside
the working chamber 12, consisting of six zones: I loading
and transportation zone, I1 pre-sealing zone, I11 vacuuming
zone, 1V liquid component injection zone, V homogenization
zone and VI pressure stabilization zone.

6. Discussion of the results of mathematical modeling and
optimization of melt flow of the extruder matrix

The device for adjusting the size of the output gap using
the adjusting rod 10 and the unloading tray 11 form the
VII unloading zone. Structurally, the combined screw 4 is
assembled from separate screw turns, differing in pitch and
diameter, and intermediate rings mounted on a smooth shaft
and fixed from turning with a key.

In the I zone of loading and transportation, the diam-
eters of the shaft and the screw turns, as well as the pitch
of the screw turns are constant. At the end of the I zone of
loading and transportation, the screw turn 4 has a gap, in
place of which an annular track of constant diameter is made
on the screw shaft.

In the IT zone of pre-sealing, the screw shaft 4 has a con-
stant, but larger diameter than in the loading and transpor-
tation zone. The thickness of the coils is increased, and at the
end of the second zone, the screw coil has a gap.

In the IIT vacuuming zone, the diameter of the screw
shaft 4 is made conical (constantly increasing), and in the
housing at the beginning of this zone there is a branch pipe 5
for connection to the vacuum line.

In the IV zone of liquid components input, the shaft
diameter and the pitch of the turns are constant and,
starting from this zone and up to the end of the screw,
slots 13 are made in the turns, and in the housing at the
beginning of this zone there is a branch pipe 6 for liquid
components input.

In the V zone of homogenization, the diameter of the
screw shaft 4 is made conical (constantly increasing).

Raw To the Introduction of liquid
materials vacuum line  components

\ Lone Il zone N zond l l Extrudate
~ L loading and vakuum hompgenizption VII zone
S .
transportation I zone IV zone VI zone oadin,
. injection of liquid pressure
for precompaction o
p pac components stabilization

Fig. 16. Extruder: 1 — electric motor; 2 — gearbox; 3 — loading hopper; 4 — combined auger; 5 — pipe for connection with
a vacuum line; 6 — pipe for liquid components input; 7 — adjusting bolts; 8 — matrix; 9 — unloading chamber for extrudate
outlet; 10 — adjusting rod; 11 — unloading tray; 12 — working chamber; 13 — slots



In the VI pressure stabilization zone, the shaft diameter
is constant and has a maximum size, and body length of this
zone, with a step equal to the distance between the discon-
tinuities along the axis of the annular lanes is equipped with
adjustment screws 7.

The discharge chamber 9 to exit the extrudate is equipped
with a device to control the values of the output gap using
the adjusting rod 10 using movable in the horizontal plane
of the matrix 8.

The unloading chamber 9 is equipped with an unload-
ing tray 11.

Starting from the IV zone and up to the end of the screw,
slots 13 are made in the screw turn 4, the presence of which
in the screw turns leads to the turbulence of the moving
product and reduces the rate of increase in product tempera-
ture due to the dissipation effect.

The extruder works as follows (Fig. 16).

The adjustable electric motor 1 is switched on, which,
through the gearbox 2, rotates the combined screw 4. The
feedstock is fed into the loading hopper 3, from which it en-
ters the I zone of loading and transportation of the working
chamber 12. When the screw 4 rotates, the processed prod-
uct is transported inside the working chamber 12.

Here the product is intensively mixed and moves along
the screw 4. Because the diameter of the screw shaft in this
zone is constant and the diameter and pitch of the screw
turns are also constant, the product is moved along the screw
channel of the combined screw 4. At the end of the I zone of
loading and transportation, the screw coil has a gap, after
which an annular track of constant diameter is made on the
screw shaft. The purpose of the screw coil break is that it
contributes to additional turbulence of the transported flow
when moving the product from the I loading and transpor-
tation zone to the II pre-compaction zone. Due to the fact
that in zone II the screw shaft 4 has a constant, but larger
diameter than in the I zone of loading and transportation
and the thickness of the turns is increased, then there is
a decrease in the working volume of the inter-turn space
along the screw 4. Due to the fact that in this zone the screw
shaft has a constant, but larger diameter than in the I zone
of loading and transportation, i.e. there is a decrease in the
volume of the inter-turn space, then the product begins to
condense, displacing air. As a result, the processed product is
compacted and compressed. At the same time, using nozzle 5
connected to the vacuum line, a low-pressure area (vacuum)
is created in zone I1T and the air is removed from it. Due to
the rupture of the screw coil at the end of zone IT and the
reduction of the shaft diameter at the beginning of the 11
evacuation zone, optimal conditions for air removal have
been created. Due to the fact that the diameter of the screw
shaft 4 in it is made conical (constantly increasing), the
product is compressed. As a result of a decrease in the free
volume of the turns in the course of the material movement,
due to a decrease in the pitch and an increase in the shaft
diameter from the beginning to the end of the screw shaft 4,
the material is compressed. At the same time, pressure arises
in the material. From the III vacuuming zone, the product
moves to the IV liquid component input zone, in which the
shaft diameter and the pitch of the turns are constant, and
slots 13 are made in the turns of the screw 4. At the same
time, liquid components are introduced through nozzle 6
located in the housing at the beginning of this zone.

In the future, the product is moved to the V homogeni-
zation zone. Due to the fact that in the V zone of homogeni-

zation, the diameter of the screw shaft is conical (constantly
increasing), the pressure in it increases, which leads to the
melting of small inclusions. The melt is intensively mixed
with a screw 4 and turbulates the flow.

In the second stabilization zone, the pressure and tem-
perature fields of the material are re-equalized. The third
compression zone allows you to obtain the required final pres-
sure of the product, by reducing the pitch of the screw turns.

When the product is further moved to the VI pressure
stabilization zone, due to the fact that the shaft diameter
is constant and has a maximum size, pressure stabiliza-
tion occurs.

The annular tracks of constant diameter made after a
rupture on the screw shaft 4 are designed to move the ad-
justing bolts 7 in the radial direction. Bolts 7, when twisted,
enter the inter-turn space VI of the working chamber zone
12, filling the space above the annular track, while the vol-
ume of the screw channel decreases, which in turn leads to
an increase in the pressure of the displaced flow.

In the turns of the screw 4, slots 13 are made in this
zone, between which annular tracks 16 are made on the
screw shaft. The product, passing through the slots 13 in
the turns of the screw, is turbulated. The adjusting bolts 7
located above the ring tracks, when moving in the radial
direction, change the volume of the screw channel, which in
turn leads to an increase (when tightening the bolts 7) or a
decrease (when unscrewing the bolts 7) of the pressure of the
transported product flow.

The extruded material at the outlet of the working cham-
ber 12 meets with a device 10 that regulates the thickness
of the output slit using a movable matrix 8. The adjusting
device 10 provides pressure regulation in the working cham-
ber 12 of the extruder.

In the VI pressure stabilization zone, a melt homoge-
neous in structure and temperature is finally formed, the
presence of slots in the turns of the screw 4 facilitates the
passage of the product and extrusion through the matrix 8.

The geometric dimensions of the slots 13 in the turns of
the screw 4 in the IV, V and V1 zones, as well as the number,
pitch and diameter of the adjustment bolts 7 in the VI pres-
sure stabilization zone, depend on the properties of the pro-
cessed material and the technological mode of processing.

With the help of the adjusting rod 10, located in the
device for regulating the size of the output gap, the required
pressure value in the VI zone is adjusted and set.

When exiting the extruder into the unloading cham-
ber 9, as a result of a large pressure drop, the homogeneous
mass swells (its explosion occurs). Due to the gelatinization
of starch, the destruction of cellulose-lignin formations, its
nutritional value is significantly improved.

The finished product is removed from the chamber 9 by
the unloading tray 11.

The proposed extruder has the following advantages:

— the extrusion process in it is adapted by the basic ki-
netic laws of the extrusion process;

— obtaining an extrudate with a given chemical compo-
sition is achieved by using an adjustable pressure along the
length of the working chamber 12;

— the possibility of improving the quality of the extru-
date by vacuuming and introducing liquid thermolabile com-
ponents and the use of softer, “gentle” temperature regimes
and uniform processing;

— extrusion of various raw materials due to a smooth,
gradual increase in temperature and pressure with their



stepwise stabilization, necessary for the course of physi-
co-chemical changes in the main components of products;

— universalization of the extruder, i.e. its use in the ex-
trusion of various products of plant or animal origin.

The disadvantages are the governing equations are pre-
sented in dimensionless form.

However, the transition from dimensionless quantities
to the real (dimensional) geometric characteristics of the
screw was obtained as a result of a machine experiment.
In particular, on the basis of a single-screw extruder, three
forming channels of the matrix were designed to select the
most optimal geometric parameters of the die (Fig. 4-12),
which affect the depth of physico-chemical transformations
occurring in the structure of the combined feeds. When
processing the data obtained, graphical dependences of ve-
locity and pressure changes along the length of the cone-ring
channel were constructed for various groups of combined
feeds with different densities with different angular speeds
of screw rotation (Fig. 13—15).

7. Conclusions

1. The optimal geometric shape of the annular gap should
be considered a narrowing channel formed by the outer sur-
face of the screw cone and the inner surface of the cone of
the die channel, because it is this shape of the channel that
makes it possible to change the molecular structure of the
product by creating the maximum pressure.

2. The recommended angular rotation speed of the ex-
truder screw is 40—50 rad/s, because it is in this range of
values that the deep melting of the product occurs due to
the conversion of the mechanical energy of the screw into
thermal energy, as well as due to internal friction directly in

the product itself when the extruder is operating in autoge-
nous mode.

The results of mathematical modeling formed the basis
for the production of an experimental sample of a die with
optimal geometric dimensions, and the conducted series of
experiments confirmed the adequacy of the calculations of
the mathematical model.

The deviation between the analytical and experimental
values of velocity and pressure varied in the range of 9-12 %
and 17-22 %, respectively.
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