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ANALYSIS OF THE INFLUENCE OF POLYMER MELT VISCOELASTIC
PROPERTIES ON THE MIXING QUALITY IN A DISK EXTRUDER CALCULATION

The amount of virgin plastic produced is increasing every year. At the same time, to meet modern requirements,
polymers are modified with various additives forming composite polymer materials. The production of this type of materials
requires the use of equipment capable of ensuring high-quality mixing of components within a wide range of properties.
One way to meet these requirements is to use cascade extrusion systems, in which a screw-disk extruder is used as a melter
and homogenizer [1-2].

The article discusses the influence of the viscoelastic properties of polymer melt in modeling the mixing process in disc
extruders, which is key to achieving homogeneous and isotropic composite materials. A Newtonian fluid model, which
ignores the viscoelastic properties of the material, can be used to determine velocity fields and productivity during extrusion.
However, its limitations lead to inaccurate predictions in cases where the material exhibits viscoelastic properties.

1o overcome these shortcomings, a second-order rheological model can be used, which describes both the viscous
and elastic properties of the material. Using numerical modeling, a comparison was made between the results obtained
using the Newtonian fluid model and the modified second-order rheological equation in the Rivlin-Ericksen formulation.
The results showed that when viscoelastic effects are taken into account, the radial flow velocity increases, and the value
of the shear strain caused by this component decreases. The values of the shear strain caused by the tangential velocity
do not depend on the magnitude of the radial velocity. The total shear strain when using different fluid models remained
virtually unchanged: 1719,2 units for the Newtonian fluid model and 1695 units for the second-order model. Thus, the
difference between the calculation results is 1,38 %, which is not significant for this indicator.
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Kinvxicmo nepsunnoco niaacmuky, wo 6U2OMOBNAEMbCA, 30LIbUYEMbCA 3 KOXCHUM pokom. Ilpu yvomy oaa
3a0e3nedeHHs. CYYACHUX 8UMO2 NOTIMEPU MOOUDIKYIOMb PIZHUMU 000ABKAMU, MAKUM YUHOM YIMEOPIOIOUU KOMROZUYIUHT
nonimepni mamepianu. Bueomoenenns o0anoco muny cuposunu nompedye SUKOPUCMAHHSL OONAOHAHHS 30AMHO20
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3abe3neuyeamu GUCOKY AKICIb 3MIULYBAHHSI KOMNOHEHMIE Y WUPOKUX Medicax eracmugocmen. OOHUM 31 WIIAXI6 GUKOHAHHSL
MAKux 6UMO2 € GUKOPUCMAHHS KACKAOHUX eKCMPY3IUHUX CUCmeM, 6 AKUX, Y AKOCMI PO3NId6uo8aid-20Mo2eHi3amopa,
BUKOPUCTOBYEMbCSL Hep8 siuHO-0uckoguil ekcmpyoep [1-2].

Y ecmammi posensanymo eniug 6 A3K0NPY;ICHUX 61ACIMUSOCTEN PO3NLABY NONIMEPY NPU MOOENIOEAHHT POy ecy 3MiuLy-
BAHMSL 6 OUCKOBUX eKCMPYOepax, AKULL € KI0408UM OJi OOCASHEHH OOHOPIOHUX MA i30MPONHUX KOMROZUMHUX Mamepi-
anie. Mooenv HbIOMOHIBCLKOI PIOUHU, WO ICHOPYE 8 SAIZKONPYHCHI BLACMUBOCI MAMEPIALY, MOXNCe BUKOPUCMOBYBAMUCH
07171 BU3HAYEHHS NOJI6 WeUOKOCmell ma NPoOYKMueHocmi npu excmpysii. [lpome ii 0omedsrcents npu38005ame 00 HEMOUHUX
NpoHO3i8 Y GUNAOKAX, KOIU MAMEPIAL NPOABIIAE 8 I3KONPYIHCHI 6IACMUBOCTI.

s nodonanus yux HeOONiKig Modkce SUKOPUCHOBYBATNUCH PEONOCIUHA MOOelb Opy2020 NOPAOKY, AKA ONUCYE 5K
6 SI3KICHI, MaK i elacmuyti 61acmusocmi mamepiany. 3a 00NOMO20I0 YUCETbHO20 MOOCMO8AHHS GUKOHAHO NOPIGHSIH-
H5L pe3ybmamis OmpuManux 3a MOOeII0 HbIOMOHIBCLKOT PIOUHU Ma MOOUDIKOBAHUM PEONOIYHUM PIGHAHHAM OPY2020
nopsaoky y gopmynroganni Pienina-Epikcena. Pesynsmamu nokasanu, wjo npu 6paxy8aHHi 8 sI3KonpysicHux egpexkmie paoi-
anbHa WEUOKICMb NOMOKY WEUOKOCMI 3DOCMAE, d 3HAYEeHHs HAaKOnu4eHoi deghopmayii, CHpUYUHEHOI Yi€lo KOMNOHEeHm-
HOI0, 3MeHULYEMbCs. SHAUeHHs Hakonuyenoi oegopmayii, CHpuduHeHoi man2eHyianbHo WEUOKICMIO, He 3a1eXHCamb 6i0
senuyUHY padianvHoi weuokocmi. 3aeanvHa nakxonuyena oeopmayisa 3cy8y npu 3acmocy8anHi pisHux mooeneu piouHu
3AIUWUNAC NPAKMuyHo HeaminHow: 1719,2 oounuys 0 modeni Hblomouiscokoi piounu i 1695 oounuys 0 mooeni
opyeoeo nopaoky. Takum wunom, pisHuys Midc pesyromamamiu po3paxyukie ckaadae 1,38 %, wo ne € snauywum ons
Yb020 NOKA3HUKA.

Knrouoei cnosa: excmpysis, ouckosuti ekcmpyoep, 3a30p Mis OUCKAMU, WEUOKICMb dedhopmayii 3¢y8y, depopmayis
3¢Y8Y, AKICMb PO3NNABY.

Problem statement

Due to their special operational characteristics, the availability of effective processing methods, and the existence of
significant reserves of raw materials, polymers are used in almost every sector of the economy [3]. As a result, there has
been a gradual increase in the mass of primary polymers worldwide, and there are currently no signs that this trend will
stop in the near future [3-5].

To meet modern requirements for polymer products, polymers are modified using various fillers, additives, and dyes,
creating composite materials with unique combinations of characteristics. The mixing process plays a special role in
the manufacture of composite materials. The uniformity of the distribution of components in the melt and, accordingly,
the repeatability and isotropy of the characteristics of the resulting material depend on the quality of the mixing of the
polymer with additives.

Although single- and twin-screw extruders are quite versatile, they are physically incapable of processing different
materials equally well, especially those with different fillers. In this regard, cascade extrusion units are becoming more
and more popular. They are more flexible because in such units, different operations are performed not by a single
working body (screw) with a fixed geometry, but by different machines with the possibility of autonomous control.

In cascade schemes for the production of filled compositions and polymer granulation, screw-disk extruder is
particularly effective as melter and homogenizer (Fig. 1). These extruders are simple to manufacture, compact, and
versatile [1]. Of particular interest is the ability to regulate and predict the degree of homogeneity of the melt at the outlet
of the screw-disk extruder [6], since in cascade installations it is mainly used as a melter and homogenizer.

Despite the fact that disk extruders have been studied since the 1950s, there is currently no methodology that would
allow quantitative assessment and prediction of melt homogenization quality depending on the technological parameters
of the extrusion process. This significantly complicates both the optimization of equipment designs and the selection of
rational technological modes for its operation.

Analysis of the latest research and publications

One of the most convenient methods for assessing the quality of melt homogenization is to determine the average thickness
of the material strips. Since polymer melts are characterized by high viscosity, their movement occurs in laminar mode [7],
and mixing is caused by shear strain. In simple shear, the thickness of the strip is related to shear strain as follows [7]:

1 1
= = M

.
o 14y 1+["th2
ds

where dV/dS — the coordinate-derivative of velocity, ¢ — shear strain duration.

Thus, knowledge of the material flow velocity fields is a prerequisite for determining the mixing effect in the clearance
of a disk extruder. Two velocity components are usually considered: radial and tangential, Fig. 2. The radial component
determines the productivity of the extruder, while the tangential component is decisive in calculating the mixing capacity
of the disk extruder.

Since the description of the disk extruder, many authors have attempted to theoretically justify the material flow
processes that occur in the working clearance. Tomita and Kato [8] were among the first, who obtained the following
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Fig. 1. Diagram of a cascade screw-disk extruder
(1 — screw feeder; 2 — screw-disk extruder; 3 — screw extruder; 4 — filter; 5, 6, 7 — drives of the rotating
parts of the cascade extruder; 8 — throttling device; 9 — forming tool)
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Fig. 2. Diagram of the clearance between the disks

equation for the radial component, using the assumption of a linear dependence of the tangential velocity on the coordinate
across the width of the clearance:

(22 —Hz), 2)

where H — clearance between the disks, 7, z — coordinates on the corresponding axes, O — extruder volumetric productivity.

Equation 2 does not take into account the influence of the viscoelastic properties of the polymer melt. This result is
rather questionable, since it is known that normal stress effects occur during the processing of polymers in disk extruders
[9]. This causes the radial velocity and, accordingly, the productivity of the apparatus to depend on the rotation frequency
of the moving disk. Nevertheless, many researchers use this dependence when developing mathematical models and
simulating disk extruders [1, 10—12].

The obtained results allow us to describe the general trends in melt flow, but their accuracy remains limited due to the
neglect of the viscoelastic properties of polymer materials. Considering the key role of these properties in the formation
of velocity fields, further development of disk extruder models is impossible without taking into account the rheological
characteristics of polymer melts.
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The study aims
The purpose of this work is to compare the velocity fields of polymer melt in a clearance between the disks of a
screw-disk extruder and the amount of shear strain using a Newtonian fluid model and a viscoelastic fluid model, which
is described by a modified second-order rheological equation in the Rivlin-Ericksen formulation.
Main research material
In a disk extruder, two mutually perpendicular velocity components are at work: tangential and radial. Taking this into
account, for a disk extruder, it is necessary to modify formula 1 for the case of a two-axis simple shear:

r

1
% GK-(1+ 1+7 +,/1+yf)

It is known that during extrusion, shear deformations are much greater than unity. Then equation 3 can be simplified
to the form

3)

r 1 1
—=s = — )
’b K.(’Yr—‘r’YI) ex.(')./rt_’_')/rt)

In a disk extruder, the most significant change of the parameters is in the channel width direction. Therefore, the
derivatives of the greatest importance are ¥, =dV, /dz and 7, =dV, /dz.
In works [13—-15], the movement of polymer in the clearance between disks of a disk extruder was analyzed using
a modified second-order rheological equation in the Rivlin-Ericksen formulation. For the case of the combined action
of disc rotation and screw thread pressure, the following equations were obtained to determine the pressure distribution
along the disk radius, as well as the tangential and radial velocity components:
2
—1}; %)

1
y LK g™ dpl H (2]2_1 Ld_P_(E) 2z
"oy K1 £ K1~ dr 8 H K1 dr n+l \ 2 H
(6)

VT=2~7c-c0'Z
H

A linear dependence was used to describe the tangential component, as it was determined that this simplifies the
mathematical model and does not lead to significant deviations in the performance calculation results [15].
The pressure gradient dP/dr is determined from the equation

H 1
2 (Z—n) . (1-n) 2 . 2 " (14+n)/n . 2
2o [|[Kapogry gL AP\ HE (ﬁj Cple g LdP L(ﬂj . ‘2 RIIFR
| LK K- dr| 8 |\H K dr| n+12 H
2
(7
H
TK,ogl-Hr |[2:2]
+0-2-1- 2 . —1|dz=0.
a1

2

When modeling extrusion processes, a stepwise approximation method is often a pretty effective approach. Its essence
lies in the fact that the extrusion process is presented as a set of sequentially arranged small volumetric elements, within which
certain parameters are considered constant, while their change occurs abruptly at the boundaries between these elements [12].

The flow process in a clearance between disks is an axisymmetric process. With this in mind, it is advisable to divide
the working volume into strips of thickness dr, which in turn are divided into elements of thickness dr and width dz, Fig. 3.

In the case of the accepted calculation scheme, the productivity of each strip with a thickness of dr is the same and
equals Q. Then the productivity of each element with a thickness of dr and a width of dz is determined by the equation

AQ,-=2'TC'R,-'dZ'V,.,-. (8)

The time the material spends under the conditions prevailing inside the element is calculated using the following
equation:

== ©)

According to the no-slip boundary condition, the velocity of the material on the walls is assumed to be zero. Thus, in
virtually any continuous mixer, the material at the walls undergoes significantly greater deformation than the material in
the central areas of the flow, Fig. 5 [7].
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Fig. 3. Diagram of the division of a clearance between disks into calculation elements
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Fig. 4. Diagram for determining parameters inside a calculation element
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Fig. 5. Velocity and shear rate profiles in a pressurized flow through a straight channel [7]
However, due to their low speed, the layers near the walls are characterized by low productivity and therefore have a

negligible effect on the overall mixing quality in the extruder. Therefore, the average shear deformation of the material
should be calculated not as an arithmetic mean, but using the equation

ZAQ,' i
- . 10

Based on the described dependencies, the program was developed using Python. It is capable of calculating the
amount of shear strain which the material gets when passing through the clearance between the disks of the disk extruder.

P
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This allows predicting the quality of material mixing at the outlet of the disk extruder, taking into account the viscoelastic
properties of the material, the geometric characteristics of the clearance, the productivity of the screw thread, and the disk
rotation frequency. By substituting different equations to determine the velocity components, it is possible to compare
the velocity fields when using both the Newtonian fluid model and the viscoelastic fluid model, which is described by a
modified second-order rheological equation in the Rivlin-Ericksen formulation.

The parameters were determined using the following initial data: clearance width H — 0,006 m, outer radius R; —

0,15 m, inner radius R, — 0,09 m, rotation frequency m — 3 s™!, number of calculation points along the R axis — 50, number
3

s m . . ..
of calculation points along the z axis — 50, productivity O — 6,184:10° —. Polystyrene with the following characteristics
s

was taken as the test material: n=0,31; K, =1,73 - 10*Pa - s"; K, = 1,77 - 10* Pa - s"; Ky = 1,64 - 10* Pa - s".

Calculations showed that the flow velocity in the radial direction, taking into account viscoelastic properties, is greater
than in the Newtonian fluid model, Fig. 6. This is explained by the consideration of the normal stress effect, which
additionally directs the material towards the axis of rotation.

0.00 - —— Second-order fluid model, R2 j
A, —— Newtonian fluid, R2 A
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Fig. 6. Velocity profiles in the radial direction
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Fig. 7. Dependence of the magnitude of the radial velocity component shear deformation on the radius
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Fig. 8. Dependence of the magnitude of shear deformation of the tangential velocity component on the radius

The nature of the dependence of the shear deformation of the radial velocity component on the radius when using both
models differs greatly. As can be seen in Figure 7, when using the Newtonian fluid model, the shear deformation does not
depend on the radius value and is equal to a certain constant. It has been determined that this value depends on the step
size AR and is described by the equation

HZZ)

A
_z Q Vi _ZZ—AZj. (11)

Since both models use the same equations for the tangentlal velocity component, the values of shear deformation
caused by this component are identical (Fig. 8). At first glance, this result seems counterintuitive, since the radial
velocities are not equal, which means that the time during which the material perceives shear rate also differs. However,
the independence of the shear strain in the radial direction from the value of the radial velocity component becomes
obvious upon detailed consideration of the equation for determining the shear strain in the tangential direction.

@Q-n-R-Az, -V,)-7,- AR
! v, 2:-m-R Az, -,

Y1:ZAQI-Q‘YU- =ZAQ Vit zz 5 J zz AR' (12)
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Fig. 9. Dependence of the magnitude of the radial velocity component shear strain on the radius
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Fig. 10. Comparative diagram of the total shear strain obtained using the Newtonian fluid model
and the modified second-order rheological equation

Summing up the corresponding results, we obtain graphs of the distribution of the total shear strain when using one
and the other fluid model (Fig. 9). The graphs are very similar, which is reflected in the final results. Thus, when using
the Newtonian fluid model, the value of the shear strain was 1719,2 units, and when using the second-order rheological
equation, it was 1695 units (Fig. 10). The difference in the results is 1,38 %, which is not a significant difference when
calculating the quality of melt homogenization.

Conclusions

As a result of analyzing the movement of polymer melt in the clearance between the disks of the screw-disk extruder, it
was determined that the material undergoes shear strain in two mutually perpendicular directions: radial and tangential. Thus,
to determine the quality of melt homogenization using the amount of shear strain, it is necessary to perform calculations
for the case of biaxial shear strain, taking into account the productivity of each calculation element. Since the process is
axisymmetric, the working volume was divided into calculation elements with a thickness of dr and a width of dz.

A Python program has been created that can calculate the amount of shear strain accumulated by the material as it passes
through the clearance between the disks of a disk extruder. To determine the velocity fields, both the rheological model of
Newtonian fluid and the modified second-order rheological equation in the Rivlin-Ericksen formulation can be used.

It has been determined that when viscoelastic properties are taken into account, the values of the radial component
of velocity increase, and the time the material remains in the clearance decreases accordingly, which is explained by the
effect of normal stresses. This is reflected in the amount of deformation accumulated by the material in the radial direction.
When applying the Newtonian fluid model, this value is 30 units, and when taking into account viscoelastic properties, it
is 6 units. It has been determined that when applying the Newtonian fluid model, the value of shear deformation does not
depend on the value of the calculated radius.

The calculation of the shear deformation in the tangential direction showed identical values when applying both
models, which is an obvious result when analyzing the dependencies used.

It has been determined that the values of the total accumulated deformation, taking into account viscoelastic properties
and without taking them into account, are 1695,4 and 1719,2 units, respectively. Thus, the deviation of the obtained values
is 1,38 %, which is not a significant difference when calculating the quality of melt homogenization.
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