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ABNORMALLY VISCOUS FLUIDS IN THE
CHANNELS OF THE EXTRUSION DIE

O6’ckmom 0CHiONCeHHS € BUXPOBT CIMPYKMYPU, WO BUHUKAIOMD NPU Nepebizy AHOMAIbHO-6 A3KUX cepedosull
6 Kanaiax Gpopmysanviozo ooiaonanins. OOnum 3 Haubiivw NPOOIEMHUX MICUb € HeDOCMAMHS BUBHCHICTL NPO-
uecie 3apoodicenns i po3sUmKY yupKyiayiunux meuit. Ile noe’ssano 3 mum, wo 2i0poOuUHaAMIUNT MEXAHIZMU UUX
npouecie ne 306cim 3po3ymini. Ipuuunoio ypozo € GI0CYMHICMb MOUHUX AHATIMUYHUX PIlUeHb, W0 00360LLI0MDb
onucamu modeav npoyecy i 6ubpamu memoo 2i0poounamivnozo YnPasiinus UXPOGUMU CIMPYKMYPAMU i HA 11020
0cHo6i ydockonaiumu popmyoue 001a0HAHHS.

B x00i docnidxcens scmarnosieno, wo Haubiieuw 0ieeum cnocobom ynpasiinis 2i0pooUHaAMIMHUMU XADAKMEPUC-
MUKamu nomoxy 6 061acmi piskozo 38yxcenis Kanaiy € nidsedenns 000amxo6oi eumpamu piounu 6 padiaiviomy
HanpamKy no eionowenHo 0o 0CHOBH020 Nomoky. Pospobaeno xoncmpykuio gopmyionoi 20106k, KA 0036019€
Peanizysamu peicum 3MiuLy8anms KOMNOHEHMIE 3 NOTINULEHUMU MEXHOLOZIYHUMU MA eHeP2eMUYHUMU NOKASHUKAMU.
Ile nog’sasamno 3 mum, w0 3anPONOHOBAHUT MEMOO YNPAGIIHHI GUXPOGUMU CIMPYKMYPAMU MAE PO GIOMIHHUX PUC,
30Kpema excmpydosanna cepeda npoxoouLa uepe3 Kanaiu 20106KU Y 6UzIA0i PaNMo6oz0 36YiCeHH, A NOMIM 1O
X00y meuii, KOnYycHozo po3uwupens. Texnonro2iunuil KOMnoHenm, aKuil nioiseae MIULAHHIO, NOOAEMbCsL PAJIANILHO
8 001aCcMb GUXPOBUX CIMPYKMYP 13 30HOI0 SHUNCEHO20 MUCKY. 3A60AKU UbOMY 3A0€3NEUYEMBCA MONCIUBICID 3PUBY
BUXDOBUX CIPYKMYDP, MypOYyAi3auis meuii i inmencusHe Miluanms 0CHO8H020 i 000amK06020 NOMokie. Y nopie-
HAHHI 3 AHANOZIUHUM BI0OMUM 00LAOHAHHAM 8 KAHALAX 20]106KU He Nepedbaueno po3mauiy6anis 3Miuy6aivHux
npucmpois i cmayionapnux mypoyii3amopie, w0 3HUNCYE eHepzosumpamu na npouec excmpysii. Kpim mozo,
HAOAEMbCsL MONCAUBICID Ol NOOAUT MEXHOI0ZIUH020 KOMNOHEHMA 68 6A306ULl NOMIK GUKOPUCTNOBYBAMU HACOC

MEHULOT NOMYHCHOCMNI.

Pospobaenuii npucmpiil 01 66e0ens mexHOI0ZIUHUX KOMNOHEHNIE 8 eKCMPY08aAHNHULL MAMEPiaL 0(OPMACHO

namenmom Yxpainu Ne 201503942,

Kmaouozi cnoBa: panmoase 36ydcenns KanaLy, GUXPOGi CMPYKMypPu, niosedenns sumpam é padiaioHomy HanPAMKY.

1. Introduction

The inclusion of technological components into the
extruded material is widely used in the production of
polymer compositions, co-extrusion of food products, petro-
chemical industry, as well as in other industries that use
extrusion.

The determining factor of the technology of input and
mixing of components is the processes occurring in the
extrusion die. To implement these processes in practice,
extrusion dies of various types are used, characterized by
a multitude of working channel configurations [1].

Symmetrically tapering and expanding channels are
common elements of extrusion dies. At the same time,
the geometric simplicity of the channels does not lead
to symmetrical flows, moreover, the flow of the liquid
is characterized by such effects as secondary circulation
structures and compression of the flow in the narrow part
of the channel.

At the same time, the implementation of mixing tech-
nologies is significantly limited due to the lack of efficient
and simultaneously simple in terms of design execution
of equipment that mixes components in the liquid phase
with the possibility of operative process control.

Different methods of extrusion mixing of technologi-
cal components on real objects are not effective enough,
since they have a narrow specialization and do not take

into account the hydrodynamic features of the interaction
of the extruded stream with the introduced formulation
component. In addition, the development of equipment
often does not take into account the effect of the design
parameters of the channels of the extrusion dies on the
amount of useful power at a given extruder capacity. In
most cases of design, the task of optimizing these tech-
nological processes is to eliminate stagnant zones in the
channels of the forming equipment.

In this regard, relevant studies are devoted to the
search for ways to improve the technological processes of
mixing components in extruded material. When develo-
ping appropriate technological solutions, it is necessary
to take into account the peculiarities of the rheologi-
cal and hydrodynamic behavior of mixing media in the
equipment channels.

2. The ohject of research
and its technological audit

The object of research is the vortex structures arising
during the flow of anomalously viscous media in the chan-
nels of the forming equipment. One of the most proble-
matic places is insufficient knowledge of the processes of
origin and development of circulation flows. This is due
to the fact that the hydrodynamic mechanisms of these
processes are not completely understood. The reason for
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this is the lack of precise analytical solutions that allow
describing the process model and choose the method of
hydrodynamic control of vortex structures and on its basis
to improve forming equipment.

To identify the specifics of management methods, a tech-
nological audit was conducted to determine the hydrodynamic
conditions for the detachment of vortex structures when
additional flow is applied to the area of sudden narrowing
of the channel.

The studies were carried out on an experimental bench
of a closed type, the channels of which were made of
Plexiglas (polymethylmethocrystal), which possesses the
necessary optical properties. This made it possible to
study the kinematic characteristics of the flow by opti-
cal visualization. The flow rate of the fluid was step-
lessly controlled by the pump by changing the number
of revolutions of the DC motor. This made it possible
to carry out investigations in a wide range of Reynolds
numbers (10—10000) with diverse media, in terms of their
physicochemical properties. The flow rate was measured
by a volumetric flowmeter.

Observation of the object during the experiment allows
to state the following. The method of controlling vortex
structures is useful for turbulence of flow with a certain
ratio of the main and secondary flows. In this case, the
most important should be considered the need to con-
trol the effective viscosity of the medium, the geometric
parameters of the sudden narrowing of the channel and
the Reynolds number. This will allow in practical condi-
tions to increase the efficiency of the process of mixing
components and reduce the energy costs associated with
extrusion technology.

3. The aim and ohjectives of research

The aim of research is development of hydrodynamic
methods for controlling vortex structures in channels of
forming equipment, leading to turbulent mixing of flows.

To achieve this aim, it is necessary to solve the fol-
lowing tasks:

1. To determine the influence of the rheological pro-
perties of the liquid on the processes of the vortex forma-
tion of the flow in the region of sudden narrowing of the
channel.

2. To set the value of the additional flow introduced
in the radial direction relative to the main flow at which
the vortex structures are disrupted.

3. To develop a constructive solution for the extrusion
die, which provides a rational mode of mixing technologi-
cal components.

4. Research of existing solutions
of the prohlem

The following studies should be noted of the modern
studies analyzing the unstable flow of non-Newtonian me-
dia with the formation of stagnant zones in the angular
regions of the forming head.

In [2-6], an isothermal flow of a viscoelastic fluid in
channels with a sharp symmetric constriction is investi-
gated. The authors, using Maxwell’s relaxation model by
the control volume method, establish that there exists
a dependence of the dimensionless region of the circulation
flow on the Deborah number. It is also shown that the

flow scheme with a smooth transition from a wide part
of the channel to a narrow one leads to a decrease in the
dimensions of the region of the circulation flow. However,
it should be noted that in these studies the influence of the
temperature of the medium on the development processes
of circulation flows is not presented. This means that it
is not determined how the processes of vortex formation
in the region of sudden narrowing of the channel undergo
a change in temperature. From a practical point of view,
this can cause difficulties in calculating the hydrodynamic
parameters of the forming equipment.

To eliminate this problem, studies of an axisymmetric
non-isothermal steady-state and non-stationary flow with
a narrowing factor of 8:1 are performed in [6—9]. The
dynamics of the behavior of the circulation zone and its
interaction with the angular flow are shown for diffe-
rent Weissenberg numbers. It is established that when the
angular circulation flow is absorbed near the sharp edge
of the channel, stress and pressure peaks appear. Despite
the practical significance of these results, the problems of
eliminating vortex structures are not considered. Obviously,
this is due to the complexity of numerical modeling of
these processes using the method of control objects.

The expediency of using methods of controlling the
process of the onset of the nonlinear effect of loss of flux
symmetry is given in [9-13]. A comparison of the flow
line contours is shown for flow in the region of sharp
channel narrowing for Newtonian, pseudoplastic and dila-
tant liquids, respectively. Investigations establish the values
of Reynolds numbers for each of the model fluids, under
which there is a transition from a symmetrical flow to
an asymmetric one. However, it should be noted that the
introduction of additional elements (blocks) on the walls
or the channel axis, in order to eliminate the asymmetry
of the flow, has not found practical application. This is
due to the fact that the installation of stationary elements
in the flow of non-Newtonian media leads to an increase
in pressure losses along the length of the channel.

In [14], analytical and experimental studies of unsta-
bilized flow are performed with a radial supply of ad-
ditional liquid flow to the local resistance region. It is
shown that changes in the conditions of fluid entry into
a narrow part of the channel affect the flow structure
and pressure redistribution along the length of the hyd-
rodynamic initial section. However, the hydrodynamic prob-
lems associated with the disruption of vortex structures
in the region of sudden narrowing of the channel aren’t
adequately considered.

Thus, there is reason to assert that vortex stagnant
zones are a negative phenomenon for extrusion processes.
Circulation flows lead to stress peaks, pulsations of pressure
in the flow, disruption of heat and mass transfer processes,
and as a consequence, to deterioration in the quality of the
obtained products. In the above works, let’s consider the
possibilities of controlling vortex structures by smoothing
(profiling) the input section of the channel or by placing
stationary stabilizers in the flow. The first version of control
requires additional calculations to determine the shape of
the profile for each nomenclature of the processed mate-
rial. This complicates engineering solutions for designing
equipment. In another embodiment, additional pressure
losses occur in the channels of the extrusion dies.

In this regard, there is reason to believe that an ina-
dequate study of the hydrodynamic problems of controlling
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the circulation flows of abnormally viscous media in the
region of sudden narrowing of the channel predetermines
the need for research in this direction.

5. Methods of research

5.1. The materials and equipment used in the experi-
ment. The studies were carried out using modular liquids of
various concentrations — aqueous solutions of the sodium
salt of carboxymethylcellulose (Na CMC) of grade 70/300
(TU 2231-037-26289127) and polyvinyl alcohol (PVA) of
grade 7/2 (GOST 10779-89).

Rheological studies of aqueous solutions of polymers
were performed on the Rheotest-2 measuring complex
with coaxial cylinders (production in GDR).

In order to study the kinematic characteristics of the
flow by the method of optical visualization, the channels
of the experimental stand were made of Plexiglas (poly-
methylmethocrystal), which possesses the necessary optical
properties.

5.2. Method for determining the rheological properties
of model fluids and kinematic flow characteristics. The
effect of the concentration of aqueous solutions of poly-
mers on the rheological parameters was estimated from
the measurement results with increasing and decreasing
shear rate (yo, s™'). Determination of rheological pro-
perties of model liquids was carried out on samples of
CMC and PVA at solution concentrations from 2 % to
10 % (dry matter). The temperature range was 20, 40,
60, 80, 100 °C for gradients of the steady-state shear rate
of 1.5-1310 s,

The main indicators of rheological properties, which
were determined in the experiment, were chosen:

— effective viscosity (W);

— flow index (n);

— consistency constant (K).

The determination of the systematic error of the vis-
cometer was carried out according to the following pro-
cedure: viscosimetric measurements of a reference liquid
(technical glycerin), the viscosity of which is known and
independent of the shear rate.

Determination of the viscosity of model media was
carried out according to the following procedure: after
holding a portion of the liquid in the working elements

of the viscometer (cylinder-cylinder) for 20 minutes and
stabilizing the temperature in the interval of 0.5 °C. Further,
measurements were made in the regime of uniform increase
and decrease of the shear rate. The obtained measurement
results were corrected with the help of the correction
factors found in the study of the reference liquid for the
corresponding values of the shear rate.

The kinematic characteristics of the flow in the region
of sudden narrowing were determined by the following
method: a visualization method was used, which involved
photographing the label particles introduced into the
stream and illuminated by the light source. As visuali-
zing particles, an aluminum powder was used, previously
defatted and divided into fractions in hydraulic size.
This method provides the required accuracy of measure-
ments (about 12—15 %), has a wide informativeness and
universality [15].

6. Research results

As shown by the experimental data, the rheological
model of the flow of the investigated media can be charac-
terized by the Oswald-de Ville power equation:

T=Ky", ey

where T — shear stress, N/m? y — shear rate, s™!; K — consis-
tency constant, MPa-s; n — flow index.

It should be noted that in terms of the slope of the
flow curve, in the range of three decimal orders of change
in the shear rate (in logarithmic coordinates), the flow
index n is determined, and IgK is the segment formed
by the intersection of the flow curve with the axis Igt.

Experimentally obtained points, as well as rheological
curves approximating them, of the investigated concentra-
tions of model media with increasing, and correspondingly
decreasing, shear rate are shown in Fig. 1.

It should be noted that the investigated solutions be-
have as pseudo-plastic structures which viscosity decreases
with increasing shear rate (Fig. 1, curves 1, 2, 3).

As can be seen from Fig. 1, the flow curves with a smooth
increase in the shear rate (upper curves) and a decrease
in the shear rate (lower curves) for a low CMC concen-
tration practically coincide (curves 1).
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Fig. 1. Dependence of the viscosity CMC and PVA solutions on the shear rate:
1 — concentration of 3 % CMC; 2 — concentration of 8 % CMC; 3 — concentration of 10 % PVA
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With increasing concentration of CMC and PVA solu-
tions, the flow curves (curves 2, 3) form hysteresis loops,
that is, the medium exhibits the properties of thixotropy.
There is a destruction of the structure of the medium
during deformation with a constant shear rate, which leads
to a decrease in the effective viscosity.

It should be noted that according to the activation
theory of flow [16], the quantitative characteristic of the
thixotropy phenomenon can be the area of the hysteresis
loop formed by the flow curves.

The results of the dependence of the effective visco-
sity of solutions of CMC and PVA on temperature are
shown in Fig. 2.

It is necessary to pay attention to the fact that in the
temperature range 20—100 °C the effective viscosity of
the investigated media (Fig. 2, curves 1, 2, 3) decreases
according to the dependence close to exponential.

The obtained results on changes in the shear stress t in
a wide range of shear rates vy, characteristic for extrusion
processes, can contribute to the selection and calculation
of the technological parameters of the forming equipment.
In particular, to calculate the shear rate of the medium
in the cylindrical part of the extrusion die and the pres-
sure difference nP expended on the flow of material under
isothermal conditions [17]:

3n+1
Yzw, @)

nnr

where Q — volume flow; r — radius of the channel,

B 21L B 2u-yL

nP=— — 3)

where L — length of the channel.

The results of investigations of the kinematic charac-
teristics of the flow in the region of sudden narrowing
of the channel are shown in Fig. 3.

It should be noted that in the course of the 3 %
aqueous solution of CMC with the value of the generalized
Reynolds number Re <90, no pronounced vortex formation
was observed in the region of sudden constriction (contrac-
tion coefficient Ko=.51/S2=23). The main vortex A is formed
at Re>120, and the clearly expressed axis of rotation of
the vortex appears at Re>320 (Fig. 3). Further, as the
Reynolds number increases (Re>1300), a decrease in the
intensity of the vortex structure, a decrease in its size,
and some displacement of the axis of rotation toward the
side wall of the channel are observed.

The results of the research show that when Re reaches
1560-1600, the main vortex A disconnects, some volume
of liquid separates from the vortex and moves along the
side wall in the direction opposite to the main stream.
The part of the vortex interacts with the main flow and
a stagnant zone C forms (Fig. 3).

It should be noted that when the Re>1750 number is
reached, pulsations of the vortex zone occur with respect
to the longitudinal and transverse axis of the channel and
the return flow along the bottom of the channel. This
situation affects the redistribution of the stress-strain state
in the flow.
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Fig. 2. Dependence of viscosity on temperature: 1 — 3 % CMC; 2 — 8 % CMC; 3 — 10 % PVA
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Fig. 3. Model of flow in the region of sudden narrowing of the flat-slot channel: A — main vortex; B, [ — stagnant zones; £ — annular insulated cavity
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Thus, the above results allow to conclude that the
dimensions of the vortex structures A, B, and C, as well
as the process of their development, depend on the geo-
metrical parameters of the local resistance, the rheological
properties of the moving fluid, and the Reynolds number.

It should be noted that in the channel with a smaller
cross-sectional area (S,), an annular isolated cavity E is
observed (Fig. 2). In this zone of secondary flows (S.)
tangential stresses on the channel wall have the same
directions with the flow in the flow core, and the velocity
gradient along the normal is insignificant. At the value
Re=1250 in zone E two vortex zones interacting with
each other and having an S-shape are observed.

The energy loss for the investigated channel section
can be represented as two components:

nPy and nPo,

where nP, =nP., — reversible energy losses, determined on
the section between sections 1-2 (Fig. 3), and nP,=nP,; —
irreversible energy losses, determined by the corresponding
in the section 2—3.

The total pressure loss in a given section of the chan-
nel, i. e., nP=nP,+nP,; is determined from the following

expression:
ol(1 t Y
nP= P E fg -1 K’_ -1 ,

where p — density of the liquid; Q — flow rate; S — area of
the compressed section;

(4)

Ko=(8/8:)>1, Ky=(8,/8,)<1.

In the first approximation, the relationship between
the coefficients Ky and K, can be represented as:
K, =2K, 1. (5)
As shown by experimental studies, there is a relation-

ship between the coefficients Ky and K., which can be
represented as a graph in Fig. 4.

8,08, |
0.8 /
0.6 /
04 /.
02 /

0 : ‘ : : :
05 0.6 0.7 0.8 0.9 1

S./S,

Fig. 4. Dependence of 55/5; on 5,,/5, at flow of 3 % CMC
solution (carboxymethylcellulose) in sudden narrowing of the channel

Analysis of the experimental data shows that for the
3 % aqueous CMC solution (flow index n=0.967), the
error of formula (4) does not exceed 14 %. In the case
where the fluid exhibits anomalies of viscosity to a greater
extent, expression (4) needs to be corrected.

The dependence (4) can be represented in the fol-
lowing form:

nP-Dr-s,
u-Q
Re= . 6)
1 1 1 1 7 (
K ) (Ko
where u — dynamic viscosity of the liquid; D, — reduced

diameter.

The right-hand side of expression (6) contains a di-
mensionless quantity proportional to the energy loss in
the region of sudden constriction and characterizing the
compression degree of the flow in the channel with a smaller
cross-sectional area.

For a Newtonian fluid, this quantity is numerically
equal to the Reynolds criterion, and for a non-Newtonian
medium it is proportional to the criterion Re with a coef-
ficient of proportionality K.

Thus, by analogy with the definition of the physical
meaning of the Reynolds number, it can be concluded
that the parameter obtained above also characterizes the
ratio of inertia forces in the flow of a moving medium to
viscous friction forces, but only in the investigated re-
gion. Essentially, the resulting dimensionless parameter (6)
is the Lagrange criterion corrected for the region of the
compressed flow (Fig. 4).

Given that nP is defined as a sum of nP,+P,, then
to determine the energy loss in the region of sudden nar-
rowing of the channel, a relationship must be valid:

La; La,
- )

oM o))

where La; — the Lagrange criterion corresponding to ir-
reversible energy losses; La, — the Lagrange criterion cor-
responding to reversible energy losses.

It should be noted that one of the most effective ways
to control the hydrodynamic flow characteristics in the
area of sudden narrowing of the channel is to supply an
additional liquid flow rate Q4 in the radial direction
with respect to the main flow (Fig. 3). At the same time,
it is possible to significantly change the location and size
of the vortex structures A, B, C.

Supple of Qu4s also leads to a redistribution of the
energy of the flow in an isolated vortex cavity E (Fig. 3),
at which part of the cavity energy is transferred back to the
main flow. At a ratio Q,;/Q,, =0.16—0.24 in a rectangular
channel, after a sudden narrowing (5,/S, = 2), the character
of the piezometric line changes in such way that its ex-
tremum associated with the pressure in zone E disappears.

At the ratio Q,,/Q, =0.3, in the region of Reynolds
numbers (R62103), the vortex structures break down and
the turbulence of the stream is intense along the length
of the hydrodynamic initial section located behind the
sudden narrowing of the channel.

It is established that the dependence (1) has a power-
law character, which is confirmed by the coefficient of
correlation 0.9956.

When determining the dependence of the viscosity
of CMC and PVA solutions on the shear rate, as can be
seen from the obtained results (Fig. 1), it is natural to
decrease the viscosity value with increasing shear rate
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and the manifestation of the thixotropy phenomenon [16].
This is due to the fact that the investigated structures
during deformation with a constant shear rate are gradual-
ly destroyed and this leads to a decrease in the effective
viscosity. It should be noted that when the deformation
is removed, the structure of the medium is gradually re-
stored. At the same time, an increase in the concentration
of solutions quantitatively changes this phenomenon, that
is, an increase in the area of the hysteresis loop, which
is formed by the flow curves (Fig. 1).

Analysis of the flow curves with increasing temperature
(Fig. 2) causes a decrease in the shear stress and viscosity
of the solutions. Evaluation of these data opens the pos-
sibility for obtaining rational modes of mixing components
in the channels of the forming head during extrusion.

The flow pattern in the region of sudden narrowing of
the channel (Fig. 3) shows the mechanism of formation
and development of vortex structures.

It should be noted that the flow visualization method
used has weak points related to the inability to determine
the stress-strain state of the medium flow. At the same
time, this method provides quite accurate information about
the evolution of vortex structures in the region of sudden
narrowing of the channel.

In favor of this assertion is a qualitative coincidence of
the processes of development of circulation flows obtained
by numerical modeling of the flow of viscoelastic media in
plane step-like symmetric channels [2—5]. The quantita-
tive discrepancy between the results can be explained by
the choice in the above works of the rheological model
Oldroyd-B, which characterizes the elastic properties of
the liquid (finite relaxation time).

It should be noted that for the Oldroyd-B and FENE-P
models in flat channels with a step configuration with
constriction coefficients of 8:1, 16:1 for different Weis-
senberg numbers, the effect of formation, development and
disappearance of the vortex structures is also manifested.
But this happens with other values of the elasticity of
the medium [6-12].

Analyzing the way to break the vortex zones from
the walls of the sudden constriction at the radial sup-
ply of the flow (Fig. 3), it is possible to state that the
ratio Q,;/Q, =0.3 provides a detached flow with a sharp
change in the flow parameters, characterized by a turbu-
lent displacement.

7. SWOT analysis of research results

Strengths. Among the strengths of this research, it is
necessary to note the obtained results on the control of
vortex structures in the channels of forming equipment,
which made it possible to develop the design of a device
for introducing components into extruded material and to
reduce energy costs for the process. This conclusion is
supported by the above-mentioned results of the analysis
of scientific periodicals and patent information in which
such data are not available. It is for this reason, in the
practical conditions of operation of mixing equipment, it
is difficult to select priority measures for improving the
input devices of components in extruded material. Using
the same data obtained with respect to the hydrodynamic
control of vortex structures for flow turbulence allows
to solve the problem of choosing rational technological
modes of mixing components. Criteria for choosing this

are, on the one hand, an extended range of practical ap-
plications and equipment performance, and on the other
hand, minimizing the costs for the modernization process
itself. The latter may be due to a reasoned choice of con-
structive solutions of extrusion dies by the criterion of
«price-quality», or by the criterion of reliability.

Weaknesses. The weaknesses of this research are related
to the fact that the proposed solutions are based on the
assumption of isothermal flow of media in the channels
of forming equipment. At the same time, it is well known
that such assumption for real extrusion processes turns
out to be incorrect. The reason for this is the temperature
factor affecting the process, for example, the temperature
dependence of the viscosity of the components, the forma-
tion of a radial temperature inhomogeneity of the medium
in the region of stagnant flow zones, and a number of
other negative effects. As a result, research data used in
the design of equipment can lead to a drop in perfor-
mance and, in some cases, deterioration in product quality.
Therefore, in order to prevent this weakness associated
with the complexity of carrying out the non-isothermal
experiment, special attention should be paid to the results
of mathematical simulation of extrusion mixing processes.
In other words, the experimental results supplement the
information corresponding to the practical requirements
for the design of extrusion dies despite the fact that the
priority direction of equipment modernization is simple
mathematical methods.

Opportunities. The opportunities lie in the following
possible external factors. The technological considered ob-
ject can be operated in Ukraine and the former Soviet
republics. All objects with such functional purpose can
today be considered physically as well as technologically
obsolete. This circumstance can be considered stimulating
in the sense that a developed device can be chosen among
the list of mixing equipment, which will allow, taking into
account the research results, to ensure acceptable qua-
lity of the mixing processes of the components. It is in
this way that the task of eliminating the factor of moral
depreciation can be solved in the conditions of concrete
production. At the same time, the results obtained as
a result of the implementation can become the basis for
further development of the described research. In particu-
lar, the influence of the elastic-viscous properties of the
mixing components on the technological process can be
studied. This will allow to make appropriate changes in
the methodology of calculation and design of equipment.

Threats. The difficulty in implementation of the research
results is related to two main factors.

The first of these is the management of companies
operating the equipment. The investment of additional
funds in the acquisition of necessary equipment and the
absence of a previously guaranteed high result is a deterrent
for company management. The improperly chosen design
of the extrusion die, designed to mix technological com-
ponents, without taking into account the factors specific
to the given operating conditions, can’t at all provide
a predictable result. This risk has all the grounds, since
the results described in the work are obtained for the
isothermal process of flow of anomalous viscosity media
in the channels of the forming equipment.

The second factor is the market of modern extrusion
equipment offered from world leading companies, over-
saturated and assumes considerable competition.
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Thus, SWOT analysis of research results allows to iden-
tify the main directions for the successful achievement of
the research objective. Among them: the development of
mathematical methods for modeling non-isothermal flow of
anomalous-viscous media in the channels of mixing equipment.

1. The influence of the rheological properties of the
liquid on the processes of the vortex formation of the
flow in the region of sudden narrowing of the channel is
established. It is shown that manifestations of the anomaly
of the viscosity of media significantly affect the value of
thixotropic bonds, as well as the processes of the formation
and development of vortex structures. With a decrease
in the flow index in the power-law rheological equation
from 0.967 to 0.652, the dimensions of the main vortex
A decrease by 38—40 %. The definition of a more precise
relationship is difficult, since it is necessary to conduct
additional expensive studies.

2. It is shown that for a ratio Q,,/Q, =0.16—-0.24 in
a rectangular channel after a sudden narrowing (S,/5, =2),
the character of the piezometric line changes in such way
that its extremum associated with the pressure in zone
E disappears.

It is established that at a ratio Q,;/Q,, =0.3 in the region
of Reynolds numbers (ReZ103), the vortex structures are
disrupted and the turbulence is intense along the length
of the hydrodynamic initial section located behind the
sudden narrowing of the channel. This indicates the pos-
sibility of practical use of this method of controlling vortex
structures in the channels of extrusion dies of extrusion
equipment. At the same time, obtaining a more accurate
result is not guaranteed because of the inaccuracy of the
measuring instruments used in the experiment.

3. It is established that the results of the studies in-
dicate the possibility of practical use of this method of
controlling vortex structures in the channels of the ex-
trusion dies of extrusion equipment. Proof of this can be
considered the developed device for the introduction of
technological components in extruded material, protected
by the patent of Ukraine No. 201503942 [18].
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