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In this paper, we present the procedure and results of refined design calculations of die
(extrusion) heads intended for shaping profile products of polymeric materials. The effects
associated with the change in shape and size of the profile after exiting the die head are
taken into account in calculations. The polymer is considered as a viscoelastic fluid. The
aim of the simulation is to determine the geometric shape of the head channel, which will
result in a balancing of the outflow costs from the head and ensuring the condition for
obtaining the given product profile. The modification of the channel shape by using the
optimization algorithm allows calculating the geometry of the forming channel of the
heads for the given sizes of the extruded articles. To solve the inverse extrusion problem,
the Fletcher-Reeves algorithm is implemented, which is used in determining the geometry
of the head forming channel to provide the desired shape of the extruded profile. To
describe the dependence of the shear rate on the viscosity of the material being processed,
the Berd-Carro model is used. The developed method allows solving the inverse problem
of the process of extrusion molding of continuous products; that is to say, it makes it
possible to design the necessary configuration of the die head if the properties of the
thermoplastic material to be processed and the geometric parameters of the extruded
product are known. The obtained results of the performed studies allow obtaining analytical
dependencies and calculating the most expedient design parameters of the die heads, as
well as choosing the optimal technological parameters of the process of products
manufacture, including those with complex shapes originating from both existing and new

polymer compositions.
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Introduction

The calculations of equipment for the
production of polymer products require consideration
of many technological factors and complex geometric
configurations. Therefore, they are carried out using
computer numerical simulation methods [1—3]. The
results of numerical simulation are used as a basis
for the design and technological automated design
of the technologies and equipment under
investigation, in particular, for extrusion molding of
polymer products.

One of the effective tools for geometric
modeling of technology and equipment for the
formation of polymeric products is the methodology
of structural-parametric geometric modeling [4]. One
example of the application of this promising modern
methodology of computer-aided design is a
determination of design and technological parameters
of ultrasonic equipment. It is widely used as an

intensifying factor in the production of polymeric
composite materials, both the thermosetting plastics
and the thermoplastics [5].

In the case of forming extruded molded
products, the main tool that defines the final shape
of the product is a die (extrusion) head. The
calculations of the die heads for forming profile
products from polymeric materials also implies
modern computational methods. They allow
determining the distribution of pressure, velocity,
temperature and polymer properties without
performing costly experimental studies [6,7]. At the
same time, in order to achieve a given geometric
shape and profile dimensions, it is necessary to take
into account the effects associated with changing
the shape and size of the profile after exiting the
extrusion die [8].

The task of numerical simulations is the refined
design of the geometry of the forming channels of
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die heads for the production of polymer profiles. In
processes of the production of profile products, it is
not enough to introduce changes in the specified
technological parameters of the extrusion process,
for example, the temperature regime or the screw
rotation speed to compensate for imperfections in
product dimensions.

The geometry of the extruded profiles largely
depends on the phenomenon of swelling of the
extrudate at the exit from the head. At the same
time, polymer flow rates are rearranged in such a
way that they are decreased in the direction of flow
and increased in transverse directions (the so-called
Barus effect). In the case of angular and other
asymmetric profiles, the swelling phenomenon
predetermines the need to perform shaping channels
of a slightly different geometry. At the same time,
the melt, leaving this necessary, but not orthogonal
shape, will swell into the desired geometry of the
product.

Procedure of numerical simulation

The aim of the numerical simulation is to
determine the shape of the head channel, which
will result in balancing the output costs from the
head and ensuring the condition for obtaining the
given product profile. The modification of the shape
of the channel using the optimization algorithm
makes it possible to calculate the geometry of the
forming channel of the die heads for the given
dimensions of the extruded articles [9].

The geometry of the forming channel of the
die head is determined by solving the inverse problem
of modeling, in which the target profile is defined as
the shape of the extrudate in the direction of the
flow. The task is to establish the required geometry
of the die head forming channel at the output, which
determines the equalization of the melt velocities in
the free surface region and the given geometry of
the section of the polymer profile [10].

To apply the algorithm, the initial bounded
problem is transformed so that it can be solved as a
series of unbounded problems.

The basic approach is to minimize the following
function:

®(X) =F(X)+£(X).

where ®(X) is the pseudo-target function of the
geometry of the target profile; F(X) is the geometric
parameters that cannot be changed; f(X) is the
penalty function of deviating the geometry of the
profile from the specified profile; X is the set of
geometric parameters of the forming channel

(X:{xk}).

To solve the «inverse extrusion problem», a
Fletcher-Reeves (FR) algorithm is implemented,
which is used to determine the geometry of the head
forming channel to provide the desired shape of the
extruded profile.

The FR method implies the search for a string
method to find the minimum function in a given
search direction. The strategy of the FR method
[11] consists in the construction of a sequence of
points, k=0, 1, 2, ... such that f(x*")<f(x"), k=0,
1,2, ..

The sequence points are calculated by the
following rule:

x*'=x"-t,d,, k=0, 1, 2,...;

d, = Vf(xk)+bk_1Vf(xk’1 );

o)
R CY N

The step size is chosen from the condition of
the minimum of the function f(x*) with respect to
t in the direction of motion, that is, as a result of
solving the one-dimensional minimization problem:

f(x* ~t,d, ) > min(t, >0).

At the points of the sequence {x*!, the gradients
of the function f(x) are mutually perpendicular. The
construction of the sequence {x"} ends at the point
for which

‘Vf(xk)‘ <eg,

where ¢ is the permissible deviation of the geometry.

The design process begins with specifying the
shape of the product. The specified product is an a
L-shaped single-chamber hollow profile (Fig. 1,a)
with external dimensions of 15x30 mm and with an
internal rib thickness of 1.5 mm.

Only the shape of the forming channel is
considered which is one of the most important
elements in the extrusion process, because it must
compensate the deformation of the extrudate after
exiting the die head and ensure its predetermined
geometry.

The shaping channel is divided into two sub-
regions (as shown in Fig. 1,b) to enable the use of
algorithms for reorganizing the grid in each sub-
region when modeling their profiles. The first sub-
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Fig. 1. Calculation model: a — the dimensions of the cross-section of the extruded profile; b — the scheme for splitting
the die head and extrudate into sections of the forming channel of the die head and the extrudate that follows from it
(1 — extruded profile, 2 — forming channel)

region is a channel of the die head where the melt
flows. The second sub-region is an extruded profile
that is in contact with air [10].

Polyvinyl chloride (PVC) is used as a recyclable
material. To describe the dependence of the shear
rate on the viscosity of the material being processed,
the Berd-Carro model is used [1]. The polymer is
considered as a viscoelastic fluid. In this study, it is
assumed that the polymer temperature is constant
and equal to 180°C. The flow of the polymer melt is
considered incompressible. Gravitational and inertial
forces are neglected.

The design area must have appropriate boundary
conditions for displaying the actual conditions that
are present in the melt that passes through the
extruder head and leaves the free flow surface as
follows:

— at the entrance to the forming channel, the
melt flow rate is set;

— at the exit of the extrudate from the forming
channel, the zero pressure gradient;

— on the free surface of the extrudate
equilibrium conditions are set on the free surface
and the zero value of the swelling speed;

— on the walls of the head, the boundary
condition for the absence of slip is applied, which
under the given conditions is sufficiently correct [12].

Only the last two extrusion channels for flow
modeling have been developed and taken into
account, since they have the greatest influence on
the shape of the extruded profile [7].

The results of modeling and their analysis

At the first stage, a simulation was performed
without taking into account the possibility of
compensating swelling of the extrudate and other
effects, as shown in Fig. 2,a. The incorrect shape of
the final product is evidently due to the presence of
local sections of unstable pressure and the flow
velocity along the length of the section of the forming
channel of the head. This causes the shaping in the
process of extrusion of the profile of distorted shape
and with different wall thicknesses. The difference
in the local thickness is due to the heterogeneity of
the polymer flow velocities along the section thickness
(up to 20 mmy/s), which is shown in Fig. 2,a.

Based on the results obtained in initial
simulation, the next step was the implementation of
an algorithm for solving the inverse problem of
extrusion, which consists in determining the geometry
of the shaping channel of the head to provide the
desired shape of the extruded profile. In order to
obtain the given final form of the extrudate by the
FR method, the geometry of the forming channel
over a length of 60 mm was changed. The results of
this iterative simulation are shown in Fig. 2,a, b.

When considering each section of the channel,
one can trace the features of the flow of the polymer
and determine the regions with a slow motion of the
polymer material. This can lead to distortion of the
shape of the extruded product or to the local
destruction of the polymer in it.

The deformation of the extrudate when the
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Fig. 2. Distribution of velocities in different sections of the head and extrudate: a — without an optimized forming channel;
b — with an optimized channel shape

channel geometry is changed is the result of a
rearrangement of the velocities occurring at the exit
from the head. In areas where the flow of liquid has
a high velocity, the cross section of the extrudate
increases, and vice versa, the flow of liquid at a low
speed reduces its cross-section. To avoid this, the
considered modeling technique allows refining the
geometry of the forming channel of the head and
obtaining an extruded profile of a given shape.

Fig. 3 shows variants of the unoptimized and
optimized geometry of the initial region of the head
forming channel and the possibility of predicting the
geometry of only the last section of the forming
channel.

Fig. 3. Transverse output cross-sections of the region of the
shaping channel of the head of an unoptimized and optimized

shape: 1 — the configuration of the cross section of the head
matrix is necessary; 2 — the necessary profile configuration;
3 — irregular shape of the profile of the final product

The performed simulation implements the
algorithm of the «inverse extrusion problem», which
calculates the shape of the output section of the
head necessary to achieve the dimensions of the target
profile at the exit from the free surface. As a result,
the shape of the head channel is calculated which
will allow obtaining the shape of the specified target
profile with compensation of the swelling effect of
the extrudate.

The obtained results of the performed studies
allow determining analytical dependencies and
calculating the most expedient design parameters of
die heads, as well as choosing the optimal
technological parameters of the process of obtaining
products, including those of complex shapes [13],
from both existing and new polymer compositions.
This makes it possible to achieve savings in structural
materials in the manufacture of the die head [14]
and improve the quality of polymer products [15] by
increasing the accuracy and stability of their
dimensions as well as reducing the amount of
defective products.

Conclusions

The developed technique allows solving the
inverse problem of the process of extrusion molding
of continuous products. That means, it makes it
possible to design the necessary configuration of the
die head and, in particular, of its nozzle outlet if the
properties of the thermoplastic material to be
processed and the geometric parameters of the
extruded article are known.
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The procedure involves the use of multivariate
calculations of the domain with the methods of grid
reorganization, most suitable for 3D inverse problems
of extrusion molding. This allows achieving maximum
extrusion performance with high quality of the
resulting products, including its dimensional accuracy
and physical and mechanical characteristics.
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PEAJI3ALISA OBEPHEHOI 3AJIAYI TEOMETPUYHOTI'O
MOJEJIIOBAHHSA IJ14 ITPOEKTYBAHHA
EKCTPY3IMHUX I'OJIOBOK Y BUPOBHUIITBI
IIOJIMEPHUX MATEPIAJIIB

0.J1. Coxoavcoxuii, K.I'. Koséaaenxo, B.1. Cieeupkiii,
0.11. Koaocosa

Y oaniii pobomi naeedeno memoduky ma pezyasmamu ymo-
YHEHUX NPOEKMHUX PO3PAXYHKIG eKCMPY3IlIHUX 201060K, NPU3HAYe-
HUX 0151 pOpMYBaHHS NPOPIAbHUX 6UPODIE 3 NOAIMEDHUX Mamepi-
anie. Y pospaxyumkax epaxogyeaiucs egpekmu, nos s3awi 3i 3MiHO0
ghopmu i posmipie npoghinto nicas uxody 3 ekcmpysiiHoi 20106KU.
Tlonimep posensioaecs sk 6 ’a3xk0-npysucHa piourna. Memoro modenio-
BAHHS € GU3HAYEHHS 2eOMEMPUYHOI hopMU KAHARY 20106KU, WO
npueede 00 30A1AHCYBAHHS BUMPAM HA 8UX00I 3 20106KU [ 00 3a-
be3neueHHs yMOBU 00epICaHHs 3a0aH020 npointo eupoby. 3mina
ghopmu Kanany 3 UKOPUCMAHHAM AAOPUMMY ONMUMIZAYIT 00360~
J51€ NPOBOOUMU PO3PAXYHOK 2eoMempii (opmyouux Kananie 20a0-
80K 3a 3a0anumu posmipamu ekcmpyodosanux eupobie. /s o6uuc-
AenHs 0beprenoi 3adaui excmpysii peanizoeanuil aneopumm Paem-
uepa-Pueca, sikuii 3acmocogyemucs npu eusHaveHHi ceomempii ghop-
MYI04020 KaHARy 20108KU 045 3ab6e3neyeHHs 6axcaHoi ghopmu ex-
cmpydogaroeo npointo. s onucy 3arexcHocmi WeuoKocmi 3cygy
6i0 8 ’13K0Ccmi Mamepiany, w0 nepepobAsEMubCs, 3acmoco8yYEMbCs
Mmodens 6’a3kocmi bepo-Kapo. Pospobaena memooduxa 0o36o4s€ 6u-
piwumu 360pomHy 3a0a4y npoyecy eKcmpy3itiHo2o gopmyearnHs 6e3-
nepepenux eupobie, moomo npu 6i0oMux 6aAacmugocmsx nepe-
DOOAI0BAHOCO MEPMONAACMUUHO20 MAMepIany i 2eoMempu4HUx na-
pamempax 00epiucysanoeo eKcmpysicio supody cnpoekmyeamu He-
00Xi0HY KoHbieypauito excmpysiiHoi eonoeku. Pesyrsmamu 30diticHe-
HUX 00CAi0NCeHb 00360451H0Mb OMPUMYEAMU AHANTMUYHI 3AA€IHCHOCI
i po3paxogysamu Haubinbw 0OYiNbHI KOHCMPYKMUBHI napamempu
eKCMPY3IUHUX 201080K, A MAKONC GUOUPAMU ONMUMANbHI MEXHO-
N02iYHI napamempu npouecy 00epilcaHHs eupobie, y Momy Hucai
CKAQOHOI hopmu, 3 ICHYHOUUX | HOBUX NOAIMEDHUX KOMNOZULIL.

KarouoBi caoBa: ekcrpysisi, eKcTpy3iiiHa rososka,
MojetoBaHHS, ipodiib, TepMoriact, edekt bapyca.
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In this paper, we present the procedure and results of refined
design calculations of die (extrusion) heads intended for shaping
profile products of polymeric materials. The effects associated with
the change in shape and size of the profile after exiting the die head
are taken into account in calculations. The polymer is considered as
a viscoelastic fluid. The aim of the simulation is to determine the
geometric shape of the head channel, which will result in a balancing
of the outflow costs from the head and ensuring the condition for
obtaining the given product profile. The modification of the channel
shape by using the optimization algorithm allows calculating the
geometry of the forming channel of the heads for the given sizes of
the extruded articles. To solve the inverse extrusion problem, the
Fletcher-Reeves algorithm is implemented, which is used in
determining the geometry of the head forming channel to provide the
desired shape of the extruded profile. To describe the dependence of
the shear rate on the viscosity of the material being processed, the
Berd-Carro model is used. The developed method allows solving the
inverse problem of the process of extrusion molding of continuous
products; that is to say, it makes it possible to design the necessary
configuration of the die head if the properties of the thermoplastic
material to be processed and the geometric parameters of the extruded
product are known. The obtained results of the performed studies
allow obtaining analytical dependencies and calculating the most
expedient design parameters of the die heads, as well as choosing
the optimal technological parameters of the process of products
manufacture, including those with complex shapes originating from
both existing and new polymer compositions.

Keywords: extrusion; die head; modeling; profile; thermo-
plastic; Barus effect.
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