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Abstract. The article briefly analyzes the existing mathematical models of the extrusion
processing process of plant materials. Literary evidence suggests that there are very few
mathematical models that look at areas where raw materials go into a viscoplastic state. These are
the zones before entering the matrix and in the matrix. It is in these zones that the most complex
hydrodynamic and heat exchange transformations occur. Due to the difficulties of going through
the extrusion process in these zones, the authors of the models adopt a number of simplifications
that do not allow determining the real parameters of the process and making them unsuitable when
designing extruders.

The mathematical model developed by the authors takes into account the main determining
factors that allow applying the model and calculation program for different types of extruders and
for different types of raw materials. The developed program allows to numerically assessing the
dynamics of thermal and hydrodynamic processes along the entire channel and at local points.
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Introduction.

Research and analysis of scientific works in the field of development of modern
extrusion equipment for the food industry showed that most experimental studies are
devoted to the study of quality indicators finished products. At the same time, the
heat exchange and hydrodynamic processes in the extruder channel remain poorly
studied. The mechanism of their influence on the depth of structural and physics-
chemical transformations in raw materials also remains poorly understood. Although
it is these factors that determine the effectiveness of the method and are responsible
for the quality of the product. The lack of data in the literature is associated with the
complex specifics of the process, in particular, its short duration and the inability of
measuring equipment to access the extruder channel for experimental study of the
process.

Having investigated the state of the problem and taking into account the
previous experience of scientific works, the authors formulated the following tasks:
1. Development of a mathematical model that will allow you to calculate the real
parameters of the process at any point in the channel in the most complex zones
before entering the matrix and in the matrix. Simultaneously take into account the
shortcomings and simplifications of mathematical models known in the literature;

2. Develop a universal calculation algorithm for different types of extruders and
various types of raw materials.

Main text.

Mathematical models known in the literature, considering the extrusion process
in the processing of plant materials, divide it into several functional zones. Each of
them is described by the corresponding equations. Most models known in the
literature calculate the feeding zones (dosage), grinding (compression) and
homogenization, since they are the simplest when modeling. In these zones, there are
no phase transitions of raw materials, but only grinding and mixing. The number of
models that consider the zone before entering the matrix and in the matrix itself is
limited due to the complexity of the calculation. This is caused by the fact that in
these zones there is a transition of mass from dispersed bulk to viscous and plastic.
This condition is accompanied by a decrease in viscosity due to compression,
grinding, additional fat release and melting carbohydrates. Also, the calculation is
complicated by the absence in the literature of thermophysical and rheological
properties of raw materials.

When modeling zones before entering the matrix and in the matrix, most authors
consider separately the zone in front of the matrix, assigning it to the homogenization
zone and the matrix zone, which does not allow obtain the dynamics of changes in
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temperatures, pressures and velocities. Very often, mathematical models are based on
the assumption of the isothermal nature of the process, based on the fact that the
extruder body is made with thermal insulation or is heated. This does not take into
account an important extrusion mechanism — heating the melt due to viscous
dissipation. However, this factor is the main in the cone part of the channel [1, 2].

In the overwhelming majority of works, the simulation does not take into
account the rotation of the screw and, accordingly, does not take into account the
influence of centrifugal forces on the melt and the effect of shear stresses of the
tangential velocity. Moreover, the component of viscous dissipation due to the
rotation of the cone and the heating of the liquid associated with this is not taken into
account. Very often in models, the melt in front of the matrix is assumed by a
Newtonian liquid that moves at a constant temperature and, accordingly, the viscosity
coefficient in this zone is unchanged, and non-Newtonian properties appear only in
the matrix channel. This assumption simplifies the model, but does not allow obtain
real results of the process [2, 3]. The vast majority of works, citing a mathematical
model, do not give the results of calculations at all, and therefore such models cannot
be used in practice. Most models are designed to calculate only one type of raw
material and when processed in an extruder of only one type [3, 4].

In this paper, in the process of modeling, the authors took into account the
shortcomings of existing models. In particular, the raw material in the zone in front of
the matrix and in the matrix is considered as a homogeneous non-Newtonian
viscoplastic liquid. An orthogonal conical coordinate system is also used, which
makes it possible to take into account the rotation of the screw in the zone in front of
the matrix. For the matrix channel, a cylindrical coordinate system is used, which is
associated with a conical coordinate system by simple geometric ratios.

The initial data for the developed calculation algorithm are the geometric
dimensions of the channel, the speed of rotation of the screw, pressure, temperature
and moisture content at the entrance to the corresponding zones, thermophysical and
rheological properties of raw materials, as well as temperature, pressure and
thermophysical properties of the environment — air.

The basic equations of the developed model and algorithm are the classical
equation of motion, the continuity equation, the energy conservation equation and the
empirical equation for determining viscosity, in which the dissipative function is the
quadratic tensor of the deformation velocities. The solution of the system of the first
three equations according to the standard scheme makes it possible to calculate the
speed of flow, pressure and temperature of the liquid along the channel before
entering the matrix and in the matrix, taking into account the rheological properties of
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the liquid.

The solution of the equation of motion allows us to evaluate both the total
change in pressure in the channel and the contribution of each component separately.
In particular, a reversible pressure drop associated with a decrease in the cross-
sectional area of the annular channel, an irreversible pressure drop caused by the
action of normal stresses during channel narrowing, an irreversible loss of pressure
under the action of shear stresses in the radial direction caused by friction of the axial
flow with the wall, a change in pressure due to centrifugal forces caused by the
rotation of the screw. The equation does not take into account the component of mass
gravitational forces, since this value does not significantly affect the change in
pressure in the channel. Evaluation of pressure losses caused by shear stresses due to
friction of the flow with the channel wall was carried out under boundary conditions:

Vz (Rl) =0 andv: (Rz ) =0 Determination of the change in pressure associated with
the rotation of the screw in the area in front of the matrix is carried out under

boundary conditions: V0 = ®oRX] at u=Rx; and vo =0 at¥ = Rx2 The solution of
each component of the equation of motion for the zone before the matrix is carried
out in a conical coordinate system.

The change in pressure in the matrix channel is caused only by friction of the
flow with the channel wall. Therefore, the equation of motion is calculated in

cylindrical coordinate systems with boundary conditions: Vx = 0 at U=Ry

and @Vx [du 0 g atu =

The basic equations of motion and the continuity equation include local
viscosity, which depends on the flow temperature and on the local values of the shear
velocities. During the calculation, averaging of local values is performed in each
section of the channel, which is later used in the equations as the value of the
effective viscosity.

The temperature change in the channel is associated with the viscous dissipation
of mechanical energy under the cumulative action of shear stresses, which are
considered as internal volumetric heat sources, as well as due to heat transfer to the
environment. The continuity equation allows you to evaluate the contribution of each
of the components separately. In particular, the conductive transfer of heat through
the wall in the radial direction due to the temperature difference between the liquid
and the channel wall, the conductive transfer of heat in the liquid along the channel.
At Re>1 this component can be neglected and therefore it is not taken into account
in the calculation algorithm. Viscous dissipation of mechanical energy, which
includes the following dissipative components: the first is the action of normal
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stresses on the segment dzin the direction of the axisZz; the second is viscous
dissipation due to friction between the flow and the wall; the third is viscous
dissipation associated with the rotation of the conical wall of the channel in the zone
in front of the matrix. Due to the dissipation of mechanical energy, the flow is heated
intensively, and the temperature of the raw material along the channels in front of the
matrix and in the matrix is continuously increasing.

The change in the average temperature of the liquid along the channel is
calculated by averaging along the cross section and takes into account the heat loss
due to the heat transfer of the liquid with the environment.

Based on the developed model, a computer program has been created that can be
used in calculating the zone before entering the matrix and in the matrix zone. A
computer program is universal for different types of extruders and different types of
raw materials.

Summary and conclusions.

Calculations were carried out using numerical methods, in the program Turbo
Pascal. The main results of the calculations are shown in Figure 1. In the process of
passing the zone in front of the matrix and matrix, the temperature of the raw material
is constantly growing. Calculated dependences of temperature changes showed that
along these two zones there is an increase in temperature (figure 1a).
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Figure 1 - The nature of the change in fluid temperature (a) and pressure (b)
along the channel before entering the matrix and in the matrix

Calculations have shown that the increase in temperature persists regardless of
the variable parameters of the process of the amount of moisture, productivity and the
size of the gap. It is also determined that the highest temperature depends on the
amount of moisture. Thus, reducing the moisture content by only 1% increases the
process temperature by 8...10°C. The calculations also made it possible to establish
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that in the process of passing the zones in front of the matrix and the matrix, there is
an intense decrease in pressure due to pressure losses on hydraulic supports (Figure
Ib). It is also determined that the value of the moisture content of the raw material
does not affect the pressure distribution in these zones, but an increase in the gap
reduces the pressure value to 1.4 MPa. The flow rate change also allows you to adjust
the pressure in the channel in the range of 6... 9MPa.

The model proposed by the authors allows you to calculate the change in speed,
temperature, pressure and viscosity along the entire channel and at local points. At
the same time, it allows you to estimate the loss of heat in the environment. Also,
determine the degree of heating of raw materials due to the viscous dissipation of
mechanical energy caused by active factors and assess the influence of dissipative
factors on pressure losses along the channel. In addition, it allows you to analyze the
change in the nature of the flow, the degree of heating and structural changes that are
associated with the peculiarity of the channel geometry or the speed of rotation of the
screw. The model is as close as possible to the real condition of the processing
process. All this in the end makes it convenient for practical use. In addition, it is
universal and can be used for different types of extruders and different types of raw
materials, as well as in the design of the geometry of the channel of two zones before
entering the matrix and matrix.
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Anomauia. B cmammi kopomko npedcmasneHo amaniz iCHyOYUX MAmMeMamuyHux mooeneu i
Memooi8 pPO3PAXYHKY Npoyecy eKcmpy3ilHoi 00poOKu pociunHoi cuposunu. Jlimepamyphi Oaui
ceiduamo, wo Oydce MAi0 MaAmMeMamudyHux Mmooenel, AKI po3enaoarms 30HU, 0€ CUPOBUHA
nepexooums y 8 si3koniacmuynuil cmau. Lle 3onu nepeo éxodom 6 mampuyio i 8 mampuyi. Came 6
Yux 30Hax 8i00ysaromvCs HAUOLbUL CKAAOHI 2I0POOUHAMIYHI Ma MEeNnI000OMIHHI NepemeopeHHs..
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Yepe3z cknadnowyi nepebicy exkcmpysii 6 yux 30HAX ABMOPAMU MoOOeNell NPULUMAEMbC PO
CHpoOWeHb, AKI He 003601410Mb GU3HAYAMU pealbHi napamempu npoyecy i pobaime  ix
HenpuoamuumMu npu HNpoeKmy8anHi excmpyoepie. B pospobneniii asmopamu mamemamuynii
MoOejli 8pax08aHO OCHOBHI GU3HAUANLHI (PaKmopu, AKI 00380JAI0Mb 3ACMOCO8Y8AMU MOOelb Ma
npozcpamy pospaxyHky OJisl PI3HUX MUnie ekcmpyoepie ma 0Jis pisHo20 udy cuposunu. Po3pobnena
npoepama 00380J8€ UYUCEIbHO OYIHUMU OUHAMIKY MEPMIYHUX ma 2i0pOOUHAMIYHUX NpoYecis
830084C 8Cb020 KAHALY MA 8 JIOKAIbHUX MOYKAX.
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