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1. Introduction

Manufacturers use single-screw extruders for continuous 
fabrication of products from thermoplastic polymers. Re-
cently, they have also started to use twin-screw extruders. 
Twin-screw extruders demonstrate high productivity and 
mixing ability, as well as the stability of processing parame-
ters at replacement of a forming tool (extrusion head) [1–4].

Currently, producers of equipment for processing of poly-
mers offer many twin-screw extruders with various geome-
tries, which significantly complicates the selection of neces-
sary equipment. That is why mathematical modeling of the 
process of twin-screw extrusion acquires great importance. 
That makes it possible to select the most efficient equipment 
quickly. This possibility considerably reduces expensive ex-
perimental research and development of a polymer technology.

Many studies consider the modeling of single-screw ex-
truders in detail (for example, papers [2, 3, 5–7]). However, 
there is much less attention being paid to the modeling of 
twin-screw extrusion.

Many authors have investigated a rather complex process 
of twin-screw extrusion over recent years. Authors made 
various assumptions to simplify a mathematical description 
of the process. Such an approach was acceptable for a long 
time, but as the productivity of extruders has increased sig-
nificantly over time, many processing models became unac-
ceptable for practical use. Therefore, modeling the process of 
polymer processing in twin-screw extruders, taking into ac-
count actual boundary conditions, as well as a heat exchange 
of a polymer with screws and an extruder barrel, is relevant.

2. Literature review and problem statement

Any thermoplastic material has certain properties. 
Therefore, a corresponding geometry of operation bodies 
(primarily screws) and a processing mode are necessary for 
processing of material in a twin-screw extruder. One of the 
ways to choose the most effective extruders, which provide 
the required quality of products, is mathematical modeling 
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Розроблено математичну модель процесу перероблення 
полiмерiв у двочерв’ячних екструдерах з одно- i рiзноспрямова-
ним обертанням черв’якiв. Модель враховує теплообмiн полiме-
ру з черв’яками й цилiндром, а також реальнi граничнi умови 
(черв’яки обертаються, цилiндр нерухомий).

Для аналiзу процесу використано модель видiленого 
С-подiбного об’єму, який обмежено одним витком нарiзки кож-
ного iз черв’якiв i в якому перебуває певний об’єм перероблю-
ваного полiмеру. Така модель дає змогу описати процес пере-
роблення як у випадку повного, так i часткового заповнення 
робочого каналу перероблюваним матерiалом. Це особливо 
важливо в разi дозованого живлення екструдера полiмером, що 
характерно для сучасного екструзiйного обладнання.

Дослiджено температурне поле полiмеру в робочих каналах 
екструдерiв з одно- i рiзноспрямованим обертанням черв’якiв i 
виконано порiвняння результатiв розрахункiв з експериментом. 
Теоретично обґрунтовано та експериментально пiдтвердже-
но, що на вiдмiну вiд одночерв’ячного екструдера у двочерв’яч-
ному екструдерi робочi органи спочатку потрiбно iнтенсивно 
нагрiвати, а потiм охолоджувати (у напрямку вiд завантажу-
вальної лiйки до екструзiйної головки).

Розроблена методика була успiшно використана пiд час 
вiдпрацьовування режимiв перероблення рiзних полiмерних 
матерiалiв на двочерв’ячних екструдерах з одно- i рiзноспрямо-
ваним обертанням черв’якiв дiаметром 125 i 83 мм, вiдповiдно.

Розбiжнiсть розрахованого та експериментального значень 
температури на виходi двочерв’ячного екструдера з односпря-
мованим обертанням черв’якiв Ø83×30D не перевищує 10 %. При 
цьому експериментальне значення температури дещо переви-
щило задане значення. Це можна пояснити тим, що система 
термостабiлiзацiї робочих органiв для дослiджених режимiв 
переробдення не могла ефективно вiдводити теплоту дисипа-
цiї, що видiлялася.

Використання розробленої математичної моделi дасть 
змогу краще прогнозувати ефективнi режими роботи двочерв’яч-
них екструдерiв, особливо пiд час перероблення матерiалiв з 
низькою термiчною стiйкiстю

Ключовi слова: двочерв’ячний екструдер, рiзно- та односпря-
моване обертання черв’якiв, граничнi умови, температурне поле
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of processes of polymer processing [2, 3, 5]. A basis of the 
mathematical models developed at the early stage of twin-
screw extrusion is a number of analytical solutions of a sys-
tem of equations based on the classical inverse plane-parallel 
model for screw extrusion (screws are fixed and a barrel 
rotates). The model has significant disadvantages. The anal-
ysis of single-screw extrusion showed them in papers [5–7].

Processing of polymers in twin-screw extruders is much 
more difficult than in single-screw ones. This is explained 
by the presence of two rotating screws in one or opposite 
directions, and because of the shape of a channel of a body 
(barrel) of an extruder [8–10].

Researchers also point out that a lack of reliable software 
constrains the mathematical modeling of twin-screw ex-
truders, so foundations for the design are experimental and 
practical data [9].

Due to the above, studies of twin-screw extrusion con-
sidered analysis of a process of mixing (mainly for screws, 
which rotate in one direction) for a long time. For example, 
paper [11] considers designs of mixing elements of screws 
with or without interlocking engagement. Paper [12] inves-
tigates effectiveness of screws with neutral and reversible 
pin mixing cams, and papers [13, 14] – screws with oval 
cams. Work [15] presents results of similar studies on 
screws with oval cams. Paper [16] presents classification 
and considers constructions of mixing-dispersing elements 
of screws in detail.

Authors of paper [17] studied hydrodynamics and a 
mixing effect of a co-rotating twin-screw extruder in detail. 
However, the analysis of velocity of polymer melt is in the 
isothermal approximation, which can lead to a significant 
error in processing of high-viscosity polymers.

Work [18] investigates a velocity field and pressure in a 
channel of a co-rotating twin-screw extruder [18]. There is 
no analysis of a temperature field of a polymer.

Papers [19, 20] present results of a study on the depen-
dence of productivity of a co-rotating twin-screw extruder 
and pressure along its operation channel [19, 20]. There is re-
search into screws with a channel of different geometry and 
different velocities of their rotation. However, the mentioned 
studies are relevant in the absence of a dispenser at the inlet 
to an extruder only, which in practice is extremely rare.

Work [21] considers the analysis of a process of mixing 
and distribution of pressure along an operation channel of a 
co-rotating twin-screw extruder Paper [22] provides similar 
studies (regarding screws with mixing cams). The mentioned 
works do not consider an influence of heat supply systems 
of screws and a barrel on a temperature field of processed 
material, which affects the quality of obtained products 
significantly.

Work [23] investigates melting velocity of polymer 
granules in a twin-screw extruder with counter-rotating 
screws; specifically, it determines a length of a melting 
zone in dependence on rotational velocity of screws. The 
work considers the process of processing of a polymer in 
the gap between the screws by analogy with the process of 
processing on roller machines [24]. In addition, it does not 
show the dependence of temperature of processed material 
on a length of an extruder channel, which makes difficult to 
analyze an influence of process parameters on the quality of 
obtained products.

The aim of most of experimental and practical studies 
is analysis of mixing ability of twin-screw extruders and 
determination of their productivity. At the same time, stud-

ies almost do not consider analysis of a temperature field 
of processed material, as well as determination of power of 
dissipation. However, exactly these parameters determine 
the quality of polymer melt and products, which we obtain 
in an extruder.

Due to peculiarities of the structural design of an oper-
ation channel of twin-screw extruders, heat supply systems 
of screws and a barrel, as well as real boundary conditions, 
significantly influence the process of polymer melting and 
provision of necessary temperature mode of processing. Giv-
en the above, a new approach is necessary for modeling of the 
process of twin-screw extrusion.

3. The aim and objectives of the study

The objective of the study is a mathematical modeling of 
the process of processing of polymeric materials in an oper-
ation channel of twin-screw extruders. A model should take 
into account dosed feeding of extruders with processed ma-
terial, availability of heat supply systems for its operation el-
ements, and also real boundary conditions (geometric ones, 
velocity ones and temperature conditions). This will give us 
a possibility to determine rational parameters of the twin-
screw extrusion process to ensure the required temperature 
distribution of a polymer at the outlet from an extruder at 
its given productivity. The mentioned parameters include 
the method of heating or cooling of screws and an extruder 
body, a type of a heat-transfer agent, its temperature and 
volume flow, geometry of an operation channel of screws and 
frequency of their rotation.

It is necessary to solve the following tasks to achieve the 
objective:

– consideration of features of full and partial filling of 
an operation channel of an extruder with processed material 
and heat transfer of a polymer with rotating screws and a 
stationary barrel;

– theoretical investigation of the process of processing of 
a polymer in an operation channel of an extruder;

– experimental verification of adequacy of the developed 
mathematical model.

4. Materials and methods for studying the processes of 
polymer processing in twin-screw extruders

4. 1. Modeling of the process of polymer processing in 
a twin-screw extruder with counter-rotating screws 

Among twin-screw extruders, one of the most common 
are extruders with counter-rotating screws and their full 
engagement closed both in a longitudinal direction and a 
transverse direction. A feature of such extruders is that spi-
ral channels of the screws are a series of C-shaped sections 
almost isolated from each other, each of which has a certain 
volume of processed TpM (Fig. 1). We proposed a model of 
the separated volume limited by one turn of a screw [5, 25] 
for the analysis of the process of twin-screw extrusion taking 
into account the above.

Material that enters the C-shaped section of the opera-
tion channel of the extruder from the feeding box at rotation 
of screws goes in the direction of the molding head, and two 
C-shaped volumes of TpM come out of it in one turn. Pro-
ductivity of the extruder is almost independent of resistance 
of the molding head [5, 26]. A depth of the cutting of screws 
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can be relatively large, which reduces velocity of deformation 
of TpM and intensity of dissipation, and leads to an increase 
in a fraction of heat supplied to TpM from the wall of the 
barrel. Such scheme of motion of TpM provides equality of 
time of its stay in channels of screws, which is especially 
important for processing of heat-sensitive materials.

Fig.	1.	Scheme	of	the	volume	of	processed	TpM	within	one	
turn	of	cutting	of	a	screw	of	a	twin-screw	extruder:		

1,	5	–	surfaces	of	TpM	limited	by	the	corresponding	volume	
of	the	neighboring	screw;	2	–	a	surface	bounded	by		

the	barrel;	3,	6	–	surfaces	bounded	by	flanges	of	combs	of	
the	cutting	of	a	screw;	4	–	a	surface	bounded	by	a	core	of		

a	screw;	7	–	longitudinal	axis	of	a	screw

Gaps between screws and between a screw and a barrel 
lead to some reduction in productivity, but they improve 
mixing of TpM. A transfer of material through the mentioned 
gaps from one C-shaped volume to another one depends on 
a pressure drop between volumes and depends on resistance 
of the molding head. Such gaps exist between combs of one 
screw and the core of a neighboring screw (roller gap) δrs-cs, 
between lateral surfaces of combs δrs-rs, and between combs 
of windings and the wall of a barrel δrs-b (Fig. 2).

Relative velocity of rotation of screws in δrs-rs gaps is 
approximately equal to zero at the counter-rotating screws, 
and therefore their influence on intensity of dissipation is 
insignificant. 

Fig.	2.	A	nature	of	the	engagement	of	screws	of	a	twin-screw	
extruder:	a	–	at	counter-rotating	screws;	b –	at	co-rotating	

screws

Extruders with counter-rotating screws with mutual 
engagement provide a high mixing effect with considerable 
productivity. However, in this case, radial (spreading) forces 
arise in twin-screw extruders. They lead to an increased 
wear of operation parts (primarily a barrel).

Compaction of TpM in an extruder goes due to reducing 
of a volume of a closed C-shaped volume in the direction of 
the molding head. We should note that reconsolidation and 
jamming of material is possible for different values   of a de-
gree of compression of screws. Therefore, a dosed feeding is 
necessary for twin-screw extruders operation.

Theoretically, we can define volumetric productivity of 
twin-screw extruders without considering of overflows as 
a product of two C-shaped volumes at the extruder’s outlet 
and rotational frequency of screws [5, 26]. However, theoret-
ical dependences give significantly higher values of produc-

tivity compared with practical data, which we can explain by 
presence of dispensers and the need to achieve high quality 
of processing. Thus, theoretical data gives an upper limit 
to productivity only. On the other hand, productivity of a 
dispenser determines productivity of an extruder at dosed 
feeding, and therefore determination of productivity of an 
extruder does not have a significant value for further calcu-
lation of an extruder, if the productivity does not exceed the 
maximum possible rotation frequency for the given geometry 
of screws.

We determine the maximum possible productivity of 
an extruder with dosed feeding and ns rotational frequen-
cy of screws. In this case, only the last C-shaped sections 
are completely filled, and their volume, as a rule, is the 
smallest. For this purpose, we consider a cross section of an 
extruder in a plane perpendicular to longitudinal axes of 
screws (Fig. 3) [26].

Fig.	3.	A	cross-section	of	a	twin-screw	extruder:		
D	–	diameter	of	a	comb	of	cutting	of	screws,	m;	h	–	depth	

of	the	channel	(depth	of	cutting)	of	each	of	screws,	m;		
β	is	the	angle	of	conjugation	of	screws,	rad

For each turn of screws, a doubled C-shaped volume of 
TpM with a cross-section in the form of a ring of the area 

( )( )p − − 22 2 4D D h  except for the shaded in Fig. 3 area of 
a length ( )−s ke  in the direction of the axis of an extruder 
(here, e and s are a width of a comb of a turn and a pitch cut-
ting of a screw, m, k is a number of runs of cutting of a screw) 
goes from an extruder.

The area of ABCF segment is equal to the area of OAFC 
sector except for the area of OAC triangle:
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then a volume of two C-shaped sections (m3) is equal to

( )

( ) ( ) ( )

= − =
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V S s ke

D D
h D h D h s ke  (1)

Taking into account (1), mass productivity of an ex-
truder is

( )

( ) ( )

= ρ = ρ − ×

 β β × p − − − −    

c s s

2 sin ,
2 2 2

MG V n s ke n

D D
h D h D h  (2)

where GM is mass productivity of an extruder, kg/s; ρ is den-
sity (kg/m3) of TpM as a function of temperature Т, °С; пs is 
the rotational frequency of a screw, r/s.

We can determine β angle of OAFC sector by the depen-
dence (Fig. 3)

  − β = =      
2arccos 2arccos .

OB D h
OA D

At calculation of C-shaped sections that are not com-
pletely filled with material, we can define a degree of their 
filling as a ratio of productivity of a last section to pro-
ductivity of a completely filled section in question, which 
we determine by a formula (2). A channel at the inlet to 
a roller gap will be filled completely in reality, due to a 
counter rotation of screws, and only the opposite part of 
the C-shaped section (at the outlet of the roller gap) will 
remain unfilled.

We can define a cross-sectional area of  a TpM volume in 
incompletely filled sections by a dependence (2) if we know 
the mass productivity provided by a dispenser

( )=
ρ −s

s

.MG
S

n s ke
 (3)

On the other hand, Ss area is equal to a difference in areas 
of sectors with R2 and R3 radii and an angle p − β1(2 ) . Here 
β1 is the central angle of an annular space not filled with 
TpM, rad; R2 and R3 are radii of a core of each of screws and 
an inner surface of a barrel, respectively, m.

Then, for two screws, we have
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= − = p − β − 

 

2 2
1 3 1 2 2 2

s 1 3 2

2 2
2 2 ( )

2 2

R R
S R R

or

( )( )= p − β −s 12 .S D h h  (4)

We equate dependences (3) and (4) and solve the expres-
sion obtained with respect to β1 angle. We obtain

( )β = p −
ρ − −1

s

2 .
( )

MG
n s ke D h h

Paper [5] considers a general approach to calculation of 
hydrodynamics and a temperature field of TpM in operation 
channels of a twin-screw extruder.

Then we determine total dissipation power ΔQdis in a 
volume of two C-shaped sections. We take into account that 
intensity of dissipation qdis (W/m3) varies along the radius 
only for the accepted assumptions. So, according to the 
Simpson’s numerical integration formula, we obtain

− −

= =
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where 

= −1, 3, ..., 1;i m  = −2, 4, ..., 2;j m  

ri and rj are radii of corresponding elements Δr, m; m is a 
number of nodes in the Simpson’s formula.

We determine qdis i and qdis j values, which are parts of 
dependence (5), from formula

( )( )= m γ γ + γ  

2 2
dos ,r zq

where μ is the dynamic viscosity of TpM, Pa∙s; γ ,  γ r  and γ z 
is the shift rate and its components in the direction of r and 
z axes, respectively, s-1.

In addition, drive power acts to deform melt in δrs-b, δrs-cs 
and δrs-rs gaps (Fig. 2, a). Since the rotation of screws is oppo-
site-directional, there is almost no shear deformation in δrs-rs 
lateral gaps of engagement, and therefore we do not consider 
them. Power costs in δrs-cs roller gap also have no significant 
effect on results of engineering calculations as shown by cal-
culations performed with a use of the method of calculation of 
roller machines [24]. The greatest power costs take place in 
δrs-b radial gap between a comb of a turn and a wall of a barrel. 
As we already noted, an influence of a pressure gradient on 
a velocity profile is insignificant due to a small size of a gap, 
and we can consider a flow in the gap as a flow between a 
stationary surface and a moving surface with linear velocity 
distribution. Then the shear rate in the gap is γ = δ

s rsb ,W  
and we can determine the dissipation power from dependence

( ) ( ) 
= m γ γ = m γ  δ 

  

2

2 s
dis rsb rsb rsb rsb rsb rsb

rsb

, , ,
W

q T T

where Trs-b is the average temperature TpM in a gap between 
a comb of a screw and a barrel, which we take as equal to 
temperature of TpM near a surface of a barrel Tb, °С, Ws 
is the circumferential velocity of a comb of each of screws  
( = ps sW Dn ), m/s.

Then, power costs in gaps of two adjacent C-shaped sec-
tions of both screws are equal to

( )( )D = p − β − δ    1 2 2 .dis rs b dis rs b rs bQ q D h e
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4. 2. Modeling the process of polymer processing in a 
co-rotating twin-screw extruder 

Rotation of screws of a twin-screw extruder in one direc-
tion increases their rotational frequency and excludes possi-
ble jamming of screws. Accordingly, productivity increases 
at high quality mixing of TpM and self-cleaning of screws. 
In many cases, screws have an opposite-run profile with a 
semicircular cutting, which promotes better mixing of melt.

Let us consider a three-run screw (Fig. 4). We use a 
model of the allocated volume limited by one turn of each 
of screws as for a counter-rotating twin-screw extruder to 
analyze the process.

 
 
 
 
 
 
 
 
 
 
 
 
a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
 

Fig.	4.	Design	model	of	a	co-rotating	twin-screw	extruder:		
a	–	nature	of	engagement	of	screws	with	a	semicircular	

profile	of	cutting;	b	–	velocity	components	in	a	channel	of		
a	screw	(D	–	diameter	of	a	comb	of	cutting	of	screws,	m;		

s	–	pitch	of	cutting	of	screws,	m;	hmax	–	maximum	depth	of	
an	operation	channel	(radius	of	cutting	of	each	of	screws),	m;		

r, L	–	coordinates	directed	along	a	height	of	cutting	of	
screws	and	along	the	axis	of	each	of	screws,	respectively,	m;	

φs –	angle	of	spiral	cutting	of	screws,	rad,	wx	and		
wz	–	velocity	components	along	the x	and	z	axes,	

respectively,	m/s;	Ws	–	circumferential	velocity	of	each	of	
screws,	m/s)

Fig. 4 shows that a TpM flow is redistributed between 
adjacent channels of their cuttings at the contact point of 
screws, and the motion of TpM is similar to its motion in a 
single-screw extruder for the remaining length of channels. 
Since twin-screw extruders operate under the condition of 
dosed feeding, only the last few turns of cutting of screws 
are completely filled, which provide the necessary pressure 
at the outlet from an extruder. A volume of a channel of each 

of screws decreases along its axis both due to a decrease in 
depth, and due to a reduction in a pitch of cutting. Such a 
reduction occurs usually stepwise along the length of a screw 
in a point of contact of several structural zones of a screw 
with each other. Since a TpM flow is redistributed contin-
uously, and melt in the melting zone is mixed with solid 
material, we assume that there is no clearly defined melting 
zone as in a counter-rotating twin-screw extruder. And shear 
deformation takes place in the entire volume of TpM along 
the entire length of screws.

A volume of the C-shaped section is not isolated (Fig. 4, a)  
in this case, unlike the counter-rotating twin-screw extru- 
ders. However, material fills the last cutting sections com-
pletely, and therefore we can define velocity of its axial mo-
tion wL in these sections from the mass flow equation

= ρ s ,M LG S w  (6)

where wL is the velocity of an axial motion of TpM, m/s.
We consider that the profile of a channel is semicircular 

with hmax cutting radius for two screws with a k-turn cut-
ting, so we have

p
=

φ

2
max

s
s

2 ,
2sin

h
S k  (7)

where Ss is the cross-sectional area of channels of two 
screws, m.

We substitute an expression (7) with dependence (6) and 
solve it with respect to wL. And we obtain

φ
=

ρp
s

2
max

sin
,M

L

G
w

k h
 (8)

where we calculate an angle of a rise of screw cutting of 
screws from formula

 φ =   ps arctg .
s
D

We refine average material velocity wL calculated from 
(8) for the last sections of screws at calculation of their 
remaining sections by multiplication of wL velocity by the 
ratio of a cutting pitch of the section to a cutting pitch of the 
last section.

We determine the equivalent depth h of a channel of a 
semicircular shape by replacing it with a rectangular one, if 
areas of their cross sections are equal (Fig. 4, b)

( )p
=

2
max

max2 ,
2

h
h h

from which the equivalent depth of a channel will be equal 
to (m)

p
= max .

4
h

h

We can determine the equivalent depth of a channel 
at the site of their location similarly in the presence of 
mixing cams.

Equivalent cutting in cross section forms an annular space 
not completely filled with material, the area of which in the 
diametric section for two screws is approximately equal to
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−
= p − βs 12(2 ) ,

2
D h

S h  (9)

where β1 is the central angle of a cross-section of a C-shaped 
section not filled with TpM, rad.

We substitute expression (9) with dependence for mass 
productivity (6) and solve the expression obtained with re-
spect to β1 angle. And we obtain

β = p −
ρ −1 2 .

( )
M

L

G
w D h h

Productivity of an extruder is equal to productivity of 
a dispenser at dosed feeding, but it cannot exceed the max-
imum productivity GM max, which depends on frequency of 
rotation of screws ns and geometry of completely filled last 
sections. Since the C-shaped sections are not completely 
isolated from each other in the case of unidirectional rota-
tion, we use a single-screw extrusion theory to determine 
productivity of the last sections. For a plane-parallel screw 
model with a pressure gradient close to zero, the productiv-
ity will equal

p
= ρ

2
max

max ,
2

M zh G w
G k  (10)

where 

= p φs scoszw Dn  

is the velocity component along a screw deployed on the 
plane of a screw channel, m/s.

We substitute this expression with dependence (10) and 
obtain

= p ρ φ2 2
max max s s

1
cos .

2
G k h Dn

It is necessary to determine deformation rate at nodal 
points (by analogy with counter-rotating twin-screw ex-
truders) to determine intensity of dissipation qdis in TpM 
volume. It is necessary to take into account that C-shaped 
sections are not locked and there is no circulation in the 
longitudinal direction in them when determining the defor-
mation rate component γ z  as it is in the case with count-
er-rotating screws. But for unfilled sections, the pressure 
gradient in z direction is close to zero, so we can assume that 
the velocity along the channel height changes linearly, and 
the deformation rate is, respectively

p φ
γ = =

s scos
.z

z

w Dn
h h

We determine the dissipation power by integration of 
dissipation intensity qdis by the TpM volume, which is in the 
section under consideration

( )

12 2

dis dis
0 0 2 2

2 d d d ,
p−β

−

D = θ∫ ∫ ∫
Ds

D h

Q q r L  (11)

where r, θ, z are the cylindrical coordinates.
Since qdis depends only on the radius, expression (11) 

takes the form

( )
( )−

D = p − β ∫
2

dis 1 dis
2 2

2 2 d .
D

D h

Q s q r  (12)

We calculate the integral in expression (12) by the 
Simpson’s numerical integration formula (by analogy with 
expression (5))

− −

= =

D = p − β D ×

 
× + + +  

∑ ∑

dis 1

1 2

dis 0 2 dis 3 dis dis 
1 2

2
(2 )

3

2 4 .
m m

m i i j j
i j

Q s r

q R q R q r q r

We determine qdis i and qdis j values at the nodal points 
by a technique similar for a counter-rotating twin-screw 
extruder.

The profile of cutting has the shape of a segment in con-
trast to a counter-rotating twin-screw extruder, and there-
fore TpM deformations do not matter much for calculation of 
drive power in δrs-cs, δrs-rs and δrs-b gaps (Fig. 2, b). We can re-
duce an error caused by not taking into account deformation 
in the mentioned gaps by integration of dissipation intensity 
over the entire volume of the C-shaped section filled with the 
processed material (that is, under condition β =1 0).

5. Results of numerical modeling of the process of 
polymer processing in twin-screw extruders

5. 1. Results of modeling a counter-rotating twin-
screw extruder

Let us analyze the results of calculation of the process of 
processing of TpM on a counter-rotating twin-screw extrud-
er with a diameter of 125 mm and an operation length of 30D 
for productivity of 500 kg/h and a rotational frequency of 
screws of 50 rpm. We performed calculations for two options: 
at a given temperature of surfaces of screws and a barrel, and 
in the absence of heat exchange with surfaces of screws and 
a barrel (the adiabatic mode). We assumed the exponent of n 
degree rheological equation as 0.3 and 1.0.

Fig. 5 shows a temperature dependence of a dimension-
less y/h channel height for three cross sections at the first, 
fifteenth and thirtieth turns of screws at = 1n  and = 0.3n  
values of the exponent for the adiabatic mode. We can also 
see on Fig. 5 that more intense heating of TpM takes place 
near a surface of each of screws, and temperature inhomo-
geneity of TpM can reach 30...50 °С. At the same time, a 
temperature level of processing decreases at an increase in 
deviation from Newtonian behavior, which occurs due to a 
decrease in intensity of the melt circulation.

Fig. 6 shows a temperature change along a dimensionless 
y/h channel height under boundary conditions of the first 
kind (given temperatures of operation surfaces of screws 
and a barrel) for the indicated sections of screws. It follows 
from Fig. 6 that it is necessary to heat TpM, and then to 
cool surfaces of screws and a barrel to maintain the given 
temperature at the first turns.

A need to maintain such a thermal mode follows from 
Fig. 7, 8, which show curves of a change in a heat flow along 
the length of the extruder qb that must be brought or re-
moved from surfaces of the barrel and each of the screws. It 
is possible to determine and select a necessary temperature 
mode for processing using these curves. Geometry of screws 
causes some jumps in heat flows at 5th, 13th and 19th turns.
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Fig.	5.	A	temperature	change	along	the	height	of	the	channel	
of	screws	for	the	adiabatic	mode	at	n=0.3	(solid	lines)	and	

n=1	(dashed	lines)	along	the	length	of	screws:		
1	–	at	the	beginning;	2	–	in	the	middle;	3	–	at	the	end	of	
screws;	y	–	a	coordinate	directed	along	the	height	of	a	

working	gap	( = 0,y h)

Fig.	6.	A	temperature	change	along	the	height	of	the	screw	
channel	for	the	given	temperatures	of	the	screw	and	the	

barrel	at	n=0.3	(solid	lines)	and	n=1	(dashed	lines)	along	a	
length	of	the	screws:	1	–	at	the	beginning;	2	–	in	the	middle;	

3	–	at	the	end	of	screws

Fig.	7.	A	heat	flow,	which	must	be	brought	to	a	screw	(or	
away	from	a	screw)	along	its	length	at	values	n=0.3	(1)	and	

n=1	(2)

Fig.	8.	The	heat	flow,	which	must	be	brought	to	a	barrel		
(or	away	from	a	barrel)	along	its	length	for	values	n=0.3	(1)	

and	n=1	(2)

Fig. 9 shows a temperature change of TpM along a di-
mensionless height of a y/h channel for three cross sections 
at the beginning, in the middle and at the end of the screws. 
We performed the analysis for productivity of 200 kg/h, the 
adiabatic processing mode and two values of the equivalent 
thermal conductivity [5]: normal one and doubled one, that 
is, for different mixing modes.

Fig.	9.	A	dependence	of	melt	temperature	along	the	height	of	
the	screw	channel	at	the	beginning	(1,	4),	in	the	middle		

(2,	5)	and	at	the	end	(3,	6)	of	the	screw	for	different	values	
of	the	equivalent	thermal	conductivity	–	ordinary	one	(1–3)	

and	doubled	one	(4–6)

Fig. 9 shows that temperature values are rather close to 
each other in certain places along a length of the extruder 
for different values of the equivalent thermal conductivity. 
Thus, intensity of dissipation at certain points in the TpM 
volume determines temperature fields. Similarity of the 
temperature fields obtained as a result of calculations for the 
adiabatic mode confirms this as well (Fig. 10).

 
 
 
 
 
 
 
 
 
 
 

а 
 

b 

Fig.	10.	A	temperature	field	for	the	adiabatic	mode	of		
the	extrusion	process:	a	–	for	the	usual	equivalent	thermal	

conductivity	of	melt;	b	–	for	the	doubled	equivalent	thermal	
conductivity	of	melt
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We should note that it is necessary to supply a screw and 
a barrel with a considerable amount of heat on the first turns 
to maintain a given temperature mode, which is not always 
possible, since a heat exchange area of operation bodies is 
limited. Therefore, it is expedient to perform calculations for 
the case with boundary conditions of the second kind (we 
know heat flows on operation surfaces of screws and a barrel) 
firstly, and to select values of temperatures on surfaces of 
operation bodies according to the results. It is expedient to 
use mixing elements to reduce temperature inhomogeneity 
of TpM melt in the operation channel of an extruder [16].

5. 2. Results of modeling a co-rotating twin-screw 
extruder

We performed verification of the developed model during 
selection and refinement of TpM processing modes on the basis 
of high-pressure polyethylene with filler (aluminum hydrox-
ide) and additives. We used this material as a self-extinguish-
ing electrical insulation for cable products. We compared the 
results of the numerical modeling with the experimental data 
obtained by granulating of the composition in JSC Kyivkh-
imvolokno (Kiev, Ukraine) on a twin-screw extruder with a 
screw of a diameter of 83 mm and an operation length of 30D. 
The composing screws had three-runs sections with a cutting 
pitch of 120, 90 and 60 mm with a semicircular cutting profile 
of a radius of 12, 8 and 6 mm, respectively, as well as mixing 
cams of triangular shape. We carried out the experiments at 
the productivity of 50 kg/h and rotational frequency of the 
screws of 40 and 25 rpm. We maintained the temperature of 
a barrel wall by a liquid system of thermal stabilization with 
four autonomous zones along its length. During the experi-
ments, we recorded values   of wall temperature of the barrel 
Tb, temperature of TpM at the outlet from the extruder, pro-
ductivity and rotation frequency of the screws continuously.

We determined the temperature of the barrel wall of the 
extruder by thermoelectric converters TKhK-259 and TKhK-
539 (НСХ L, the measuring r a nge is 0...400 °C). In addi-
tion, the measuring kit included automatic potentiometers of 
A-565-001-01 type (0.15/0.05 accuracy class, the measuring 
range is from −50 to 800 °C, digital sampling rate is 0.1 °С).

We determined the temperature of the melt at the exit 
from the extruder with a help of thermoelectric converters 
of К1 needle type (analogue TP174, НСХ L, the measuring 
range is from −40 to 200 °C ) . In addition, the measuring 
kit included automatic pote n tiometers of А100-Н-1 type  
(a 0.5 accuracy class, the measuring range is 0...200 °C, dig-
ital sampling rate is 0.1 °С).

Fig. 11 shows the calculated temperature profiles along 
the dimensionless height of  y/h channel on the 7th, 14th, 
21st and 28th turns for the productivity of 50 kg/h and the 
rotational frequency of the screws of 40 rpm as an example. 
A system of thermal stabilization maintained the tempera-
ture of the barrel wall in zones. The temperature was 160, 
160, 180, and 180 °C, and we assumed it as given one during 
calculations.

Fig. 11 shows that the temperature near the surface of 
the barrel drops sharply to a predetermined value due to a 
large value of a heat flow removed by a thermal stabilization 
system. The temperature of the material at the outlet of the 
extruder was 220 °C, which is close to the calculated value. 
A comparison of the calculation results with the experimen-
tal data showed that the actual temperature (approximately  
210 °C) was close to the average TpM temperature and 
exceeded the given value. This fact indicates that a ther-

mal stabilization system cannot remove heat of dissipation 
during this processing mode effectively.

Fig. 12 shows similar dependencies obtained for the same 
performance, but with a reduced to 25 rpm rotation frequen-
cy and the given temperature of the barrel wall in the zones 
of 140, 140, 140 and 160 °C, respectively. Fig. 13 shows the 
temperature field of TpM for boundary conditions of the first 
kind at the barrel wall temperature by zones of 140, 140, 160 
and 160 °С.

Fig.	11.	Temperature	profiles	of	TpM	along	the	cutting	height	
of	screws	for	ns=40	rpm	(1–4	on	the	length	of	the	screws,	

which	corresponds	to	the	numbers	of	turns	of	cutting		
No.	7,	14,	21	and	28)

Fig.	12.	Temperature	profiles	along	the	height	of	the	channel	
for	ns=25	rpm	(1–4	on	the	length	of	the	screws,	which	

corresponds	to	the	numbers	of	turns	of	the	cutting		
No.	7,	14,	21	and	28)

Fig.	13.	A	temperature	field	of	TpM	in	a	co-rotating		
twin-screw	extruder	under	boundary	conditions	of	the	first	kind

A comparison of the theoretical and experimental values   
of the wall temperature of the barrel showed that a cooling 
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system removes heat necessary to maintain a given wall 
temperature in the first three zones. A significant amplitude 
of regulation indicates that TpM temperature in general is 
higher than the given wall temperature. In the fourth zone, 
where the wall temperature was 160 °C, the amplitude of 
control oscillations was smaller, since the wall temperature 
was closer to the TpM temperature. The calculated material 
temperature of 180 °C was close to the experimental value of 
the wall temperature in this zone.

6. Discussion of results of numerical modeling of the 
melting process in a single-screw extruder

Analysis of the results of numerical modeling showed 
that they agree with the experimental data satisfactorily. 
The discrepancy between calculated temperature values and 
measured temperature values at the outlet of a co-rotating 
twin-screw extruder with screws Ø83×30D, which is accept-
able for engineering calculations, does not exceed 10 %. The 
measured temperature values were slightly higher than the 
given value. Because of the fact that systems of thermal sta-
bilization of the barrel and screws could not remove evolving 
heat of dissipation for modes under study efficiently.

We can explain a good concordance between the results 
of numerical modeling and experimental data by taking into 
account partial filling of the initial section of the operation 
channel with the processed material, as well as the cor-
rectness of the accepted boundary conditions (velocity and 
temperature ones).

Neglecting partial filling of the initial section of the op-
eration channel with a polymer would lead to an increase in 
the calculated dissipation power and the temperature of the 
processed material.

We also took into account real velocities on surfaces of 
operation bodies of the extruder: the zero velocity on the 
surface of the fixed barrel and the corresponding velocities 
on surfaces of the rotating screws. Taking into account heat 
exchange conditions on the outer surface of the barrel and 
the internal surfaces of the screws, this made possible to 
clarify temperature of the polymer both at surfaces of the 
barrel and the screws, and in the volume of the operation 
channel as a whole.

We showed that it is necessary to use mixing elements for 
mixing of materials with clearly expressed Newtonian prop-
erties in the operation channel of a twin-screw extruder. We 
also showed that intensity of energy dissipation in certain 
places of processed material determines temperature fields 
in the volume of processed material.

We consider the fact there were an experimental verifi-
cation of adequacy of the developed models for one size of an 
extruder only as a disadvantage of the conducted studies. A 
lack of complete experimental data for other extruders did 
not make possible to perform a more detailed analysis of ef-
fectiveness of the developed calculation methodology.

In addition, the obtained dependences are valid for the 
analysis of the process of twin-screw extrusion of an “ex-
ponential” liquid only. Nevertheless, the proposed approach 
makes possible to obtain similar dependences for melts of 
polymers. Other rheological equations describe their behav-
ior under load.

We tested the developed methodology successfully in the 
design of industrial extruders developed by PJSC “NPP Bol-
shevik” (Kiev, Ukraine) (JSSPC “Bolshevik”).

We plan further research to analyze the process of grind-
ing of polymers and elastomers wastes in screw machines 
[27], as well as processes of processing of polymeric materi-
als in disk, combined and cascade extruders with operation 
bodies of various design.

7. Conclusions

1. We developed models for the processing of polymers in 
co- and counter-rotating twin-screw extruders based on the 
generalized mathematical model of screw extrusion. A base of 
the proposed models is the analysis of an allocated C-shaped 
volume, which is limited by one turn of cutting of each of 
screws and in which there is a certain volume of a processed 
polymer. Such model gives possibility to describe the process 
of processing both in the case of complete and partial filling 
of an operation channel with processed material. This is espe-
cially important in case of dosed feeding of an extruder with 
a polymer, which is typical for modern processing equipment.

In addition, the proposed models take into account 
real boundary conditions on operation surfaces of rotating 
screws and a stationary barrel, which gives possibility to 
choose parameters of thermal stabilization systems of opera-
tion elements of an extruder unambiguously.

2. We studied the process of melting of polymer gran-
ules in an operation channel of an extruder screw. The 
results of the study showed that it is necessary to use 
mixing elements at an increase of deviation of the behavior 
of processed material from the Newtonian behavior in an 
operation channel of screws. We established that intensity 
of energy dissipation at certain points in the volume of a 
processed polymer determines temperature fields in the 
volume of processed material.

We substantiated that, firstly, an intensive external ener-
gy supply to screws and a barrel with their subsequent gradual 
cooling is necessary during the processing of a polymer on 
twin-screw extruders in contrast to single-screw extrusion.

3. We verified the adequacy of the developed model by 
comparison of the results of the numerical modeling with the 
experimental data in processing of a composition based on 
high-density polyethylene filled with aluminum hydroxide in 
a twin-screw extruder Ø83×30 with co-rotation screws. We 
carried out studies for the industrial production of 50 kg/h 
and the rotational frequencies of screws of 25 and 40 rpm.

The proposed model of twin-screw extrusion gives pos-
sibility to determine main parameters of the equipment and 
the process and to estimate temperature heterogeneity of 
melt at the design calculation for a given productivity and 
the required final temperature of polymer melt. The param-
eters include the geometry of operation elements, frequency 
of rotation of screws and required minimum drive power. It 
is possible to determine rotational frequency of screws and 
thermal conditions of extruder working elements at verifica-
tion calculation of an extruder for a given geometry of screws.
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