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Po3po6seHO MaTemMaTWUyHy MOfe/nb 30HU
nnaBneHHs O4HOYepBHYHOrO ekcTpygepa. Mo-
[enb BpaxoBYe Tenn006MiH nmonimepy 3 uep-
B 'IKOM i UMMIHAPOM, & TaKOo>K peasibHi rpaHnYHi
YMOBU (4epBAK 06epTaEThCA, LUNIHAP HEPYXO-
MUIA). Jocnifg>KeHo napaMeTpu 30HW NNaBeHHsA
 BUKOHAHO MOPIBHSAHHSA pe3ybTaTiB po3paxyH-
KiB 3 eKCMepuMeHTOM. 3anponoHOBaHO Niaxig Ao
MOJeNBaHHA eKcTpyjepa B WifomMy sK nocni-
[JOBHOCTI B3aEMOMOBH3aHUX Mi>K €060t 1ioro
(PyHKLUiOHaNbHNX 30H

KnwuoBi cnoBa: OAHOYEPBHAYHUIA EKCTPYy-
fep, nonimep, rpaHyna, 3oHa nnaasfeHHs, rpa-
HWYHi ymMOBW, MoniMepHa npobka, Temnepa-
TYypHe none

0] u -—-0

PaspaboTaHa .4aTemaTwu4yeckas Mofenb
30Hbl MNaBfiEHUSA O4HOYEPBSAYHOIO 3KCTpyfLe-
pa. Mogenb yunTbiBaeT Tennoob.4eH nonnme-
pa Cc 4epBSAKOM W LUUAMHAPOM, a Tak>Ke peanb-
Hble rpaHn4YHble ycnoBus (YepBsK BpallaeTcs,
LnaMHAp Henogsu>keH). WccnegosaHbl napa-
MeTpPbl 30HbI NAAaBJEHNS U BbIMOIHEHO CPaBHe-
HVe pe3yNbTaToB pacyéTa C 3KCNepuMeHT OM.
Mpeano>keH NoAaxo K MOAeNMpoBaHuMIo 3KCT py-
fiepa B LeNIOM Kak rnocnefoBaTenbHOCTW B3au-
MOCBSI3aHHbIX Me>Kay co60li ero PyHKLMOHaNb-
HbIX 30H

KnoueBble €noBa: 0JHOYEPBAYHbIA 3KCT py-
[ep, nonvmep, rpaHyna, 3oHa nnasfeHus, rpa-
HW4YHble YCNOBUSA, NOAMMeEPHasa npobka, Temme-
paTypHoe none

o] o]

1. Introduction

There isa wide range of products and .semi-finished prod-
ucts of thermoplastic polymers produced by extrusion, such
as flat and tubular films, pipes, and profiles [1-3].

We can distinguish three main functional zones in the
analysis of operation of single-screw extruders for pro-
cessing of polymeric materials. They are feeding, melting
and homogenization [2, 4, 5). The geometry of a screw
corresponds to the mentioned zones in general, therefore a
classic screw is a screw with three zones, a constant step of
a screw working channel and a stepless change in the spec-
ified channel along the length of a screw. In the first zone,
a working channel has the greatest depth of the constant
value, in the second one - it has depth, which decreases
uniformly, in the third one - the smallest depth of the con-
stant value [2-5].

Although the specified structural zones of a screw in
general correspond to the functional zones of an extruder,
boundaries of structural and functional zones do not always
coincide. Construction of modern screw is much more com-
plicated than a classic .screw, and depends, first of all, on a
material being processed (2,4, 6, 7].

YK (i7K.027.;LL8.()73-()2(i.772-01(>.();i
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One of processes that determines quality of products
obtained at a single-.screw extruder is melting of J)olymeric
material. Many authors studied the process over the pa.st
half century. They accepted various assumptions in order
to simplify its mathematical description. For a long time,
such an approach had been fully justified, however, in recent
years, performance of extruders has increased substantial-
ly [8] and many melting models became unacceptable for
practical u.se. Therefore, modeling of a jjrocess of melting of
polymer granules in the working channel ofa screw extruder,
taking into consideration the actual boundary conditions, as
well as heat exchange between a polymer and a screw' and a
cylinder of an extruder, is relevant.

2. Literature review and problem statement

Each polymer has certain properties; therefore, a corre-
sponding geometry of working parts and a processing mode
are necessary for its processing in a single-screw extruder.
That is why there is a fairly large variety of extrusion equip-
ment in the market. And there are cases where even the most
advanced extruders cannot provide the desired quality of rc-
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suiting products after a change of a manufacturer ofthe same
polymer. Therefore, the modeling of processing has attracted
much attention over many decades [5].

A ba.se of the clas.sical theory of extrusion is a solution of
a corrcsikKMiding mathematical model by analytic methods
for a so-called inverse plane-parallel model. The given model
makes possible to bring the problem to a rectangular coordi-
nate system and consider a screw fixed and extended on the
plane, and a cylinder moving along the channel of a screw
and extended on the plane also.

Thus, one of the earliest works devoted to the process
of polymer processing in a one-screw extruder [4] considers
a simplified two-plate model in addition to the inversed
plane-parallel model. In this case, the two-plate model does
not even take into account the presence of ridges in a work-
ing channel between parallel plates.

Papers [2, 5] consider al.so the inverse plane-parallel
model. The main disadvantage of the model is that processes,
which actually occur near a surface of a rotating screw shift
conditionally to the side of a fixed cylinder and vice versa.
This is not essential for the calculation of performance, total
dissipation energy and average mass temperature, but such
an approach can lead to significant errors if it is necessary to
take into account heat exchange between surfaces of a screw
and a cylinder.

Work |9| proposes a mathematical model for polymer
melting, which takes into consideration the formation of a
melt film from a side of a cylinder only. Such an approach is
acceptable for the inverse model, but a similar film in reality
appears also near a surface of a rotating screw.

Paper [10] considers formation of melt films both near a
surface of a cylinder and near a surface of a screw. However,
it considers the process without taking into account systems
of heat-stabilization of a screw and a cylinder. Work [11] has
similar disadvantages.

Paper [12] considers both mathematical and experi-
mental .study of polymer melting in a one-screw extruder.
It shows that there is a rather large discrepancy between
theoretical and experimental data. This can be the result of
inadequacy of the inverse plane-parallel model adopted in
the paper.

Paper [13] proposes a new approach to the modeling of
polymer melting proce.ss (without an analysis of a melting
mechanism itself). However, authors of the paper use the
inverse extrusion model as in the papers discussed.

Work [141proposes a mechanism of melting of a polymer
in the case of incomplete filling of a working channel of an
extruder with polymeric granules, and work [15] presents a
melting model for a more efficient barrier screw.

Papers [16, 17] .study the extrusion process with a barrier
screw also. Authors al.so used the inverse model for analysis
despite the fact that the process is more complicated than
the extrusion process with a use ofa classic screw.

Work [18] considers experimental studies of melting of
polymer mixtures. The results of experiments showed that
the mechanism of melting of polymer mixtures is similar to
the mechani.sm of melting a pure ]>olymer.

The inverse extrusion model proved to be quite satis-
factory for relatively low speeds of processing of traditional
polymeric materials. Therefore, it is spread quite widely even
at the beginning of the third millennium [2. 5].

Development of computer technology made it possible to
refine the.se models to study the effect of previously ignored
factors on the melting proce.ss. At the same time, coefficients

used are associated with certain difficulties and almost do
not affect a final result. In addition, complexity of models
for engineering calculations is often inappropriate, since we
cannot always fully take account the actual properties of
materials proces.sed in theoretical models [19].

At the same time, analysis of calculations, as well as
experimental and practical data, showed disadvantages of
well-known models [20. 21]. The explanation of the above
disadvantages is first of all the fact that classical solutions
of the screw extrusion were meant for a plane-parallel model
with a fixed .screw and a rotating cylinder. Therefore, jiro-
cesses, which occur actually near the surface of a rotating
screw, shift conditionally to a side of a fixed cylinder and vice
versa. This is not essential for calculation of performance,
dissipation intensity and average mass temperature, but such
an approach can lead to significant errors if it is necessary to
take into account a heat exchange with surfaces of a .screw
and a cylinder.

For a model with a rotating screw, in comparison with
the inverse model, intensity of dissipation at the surface ofa
screw is greater than that of the cylinder surface. Therefore,
if the energy supplied from external heaters is commensu-
rable with the dissipation energy, then we must take this
fact into account when calculating a heat transfer process
of a polymer with surfaces of a screw and a cylinder. This
is especially important when processing polymers with low
viscosity or high humidity. An increase in a share of external
heaters in the process of melting of a polymer requires an
increase in the surface of a heat transfer, that is, a length of
a screw, or reduction of extruder performance. Therefore, a
range of processing modes that provide the required quality
of the resulting product is substantially narrowed for an ex-
truder with a screw of a predetermined length. Taking into
account the above, we need a new approach to model the
process of screw extrusion, and above all to model melting
of a polymer.

3. The aim and objectives of the study

The aim of present study is mathematical modeling of the
process of melting of polymer granules in a working channel
ofan extruder, taking into account heat .supply sy.stems of its
working parts, as well as real boundary conditions - geomet-
ric conditions, speed conditions, and temperature. This will
make it possible to determine rational parameters of both
the melting process and the extrusion process in general
to provide the desired polymer temperature distribution at
the extruder output at its predetermined performance. The
parameters include a method of heating or cooling of a .screw
and an extruder body, a type of a heat carrier, its tempera-
ture and a volume expense, a geometry of a screw channel
and its rotational frequency.

We must solve the following tasks to achieve the ob-
jective:

- to develoj) a mathematical model of the polymer melt-
ing process in a screw extruder taking into account heat
transfer between a polymer with a scresv and a cylinder, ro-
tation of a screw and a fixed cylinder, as well as a cylindrical
shape of a working channel of an extruder;

- to theoretically investigate the process of melting of
polymer granules in a working channel ofan extruder;

- to verify experimentally the adequacy of the develoi)ed
mathematical model.
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4. Materials and methods to study melting processes in
a single-screw extruder

Fig. 1 shows .schematic of an extruder with a classic
three-zone .screw [2-5]. TTie working channel of .such an
extruder has the greatest depth of the constant in the feed
zone, the decreasing depth in the melting zone and thcsmall-
e.st depth of the constant in the homogenization zone.

1

Fig. 1 Schematic of the classical three-zone single-screw
extruder: 1, 2, 3 —feeding, melting and homogenization
zones; D, hand e —a diameter, a height and a width of the
ridge of the screw thread, m; s —a step of angular thread, m

Photograph of the screw extracted from an extruder
cylinder (we removed solid granules remaining in the
working channel of the .screw for a better representation
of the melting prtKes.s, Fig. 2) illustrates the mechanism of
the melting process, which is typical for most single-screw
extruders. We chose polyethylene of high pressure (low
density polyethylene) - one of the most common polymers
proce.ssed in screw extruders - for the study [1, 8, 12].

Fig. 2. Physical appearance of the screw extracted
from an extruder body (light color highlights the
melt solidified in the screw channel)

From the photograph shown above, it is evident
that there is a .separation of a polymer in the melt-
ing zone into the melt area, which accumulates on
the side of the pushing shoulder of the ridge of the
angular thread of the screw channel and the area of
a solid polymer (Fig. 3).

There are five areas di.stingui.shed condit ionally
in the working channel of the melting zone of an
extruder: A - a solid polymer layer (“solid bed”);
B - a main melt layer Ixilween the front (pushing)
shoulder and the ridge of the screw channel and
the “solid lied”; C - a melting layer between the
surface of the cylinder wall and the “solid bed”;
D - a melting layer Ix'tween the liack shoulder of
the .screw channel the “solid bed” (they are u.sually
neglected at consideration of a melting zone); E -
a melt layer between the surface of the screw and
the "solid I)ed”.

Let us consider the procc.ss of melting of material
in a cylindrical coordinate system z, r, d (Fig. 4).
At the same time, we will consider the pro<-ess
within the allocated volume etjual to one step of a
screw thread. Such cylindrical C(x>rdinate system is
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motion less relatively to the allocated volume and moves along
L axis with it. We consider motion of the most isolated volume
in X'y, 2system of Cartesian rectangular coordinates [20,21).

wWTi
e
bfb
A 773 n 7771

Fig. 3. The mechanism of melting of a polymer in the working
channel of a single-screw extruder: / —a screw;
2—a cylinder; A, B, C, D, E—areas of the working channel
in the boundaries of the melting zone of the extruder;

Z, L—coordinates directed along the axis of the screw, m;
I, y —coordinates directed along the height of the channel of
the screw, m; b —a width of the screw channel, m;

~ awidth of a solid polymeric “solid bed", m

In analysis of the process, we will assume that a width of
the “solid bed” of non-melted polymer s constant and equal
to its average value within one step of calculation. In this case,
we can consider the melting process as axisymmetric process.

When analyzing a process in the allocated volume (with-
in the limits of the calculation step under considération), the
value of z coordinate varies from 0 to b, and we can deter-
mine the speed of the allocated volume along the axis of the
screw wl from the previously obtained expression [20, 21].

Fig. 4. For formulation of the mathematical model of the melting
process: /72 and Rs—radii of a core of the screw and an internal radius
of the cylinder, m;
surface of the screw and the cyl nder, m;
surface of the ridge of the screw thread, m/s: w, and wi, - components
of a speed of the “plug’ reat've to tr« screw and the cylinder, m/s;
W —speed of the al'ocatec »0i”e aiong the axis of the screw, m/s;

aid 5.« —thicknesses of melt films near the
is a linear speed of the

(p, —angle of inciinatoh of the screw thread, '; m —angle between

speed compore" ahC speed iV, *
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where G is the mass output of the extruder, kg/s; p is densi-
ty (kg/ni™) of a polymer as a function of temperature T, "C.
Since the ratio of L coordinate to the speed st'i, t =L/rc”,
determines the time f ofa shift of the allocated volume along
L coordinate, we can write energy conservation in the form

dT 1a
3L" rdr

,37-]1 ar, arl

+7v. (2)

where ¢, \ are mass heat capacity (J/(kg K)) and thermal
conductivity (W/(m-K)) of a polymer as a function of tem-
perature; t - time, s; gq\'~ is volume density of a heat flow of
internal energy sources of a polymer, W/m”.

Melt films of  and 8n, thicknesses formed near surfac-
es of the screw and the cylinder (areas E and C in Fig. 3)
surround a solid polymer. There is a dissipation of energy
in these films, due to shear deformation, while there are
no internal energy sources in the volume of the “solid bed”
(unmelt polymer, area A in Fig. 3). Then, for the solution of
equation (2) within the “solid bed”, the boundary conditions
take the form:

where 7Jnand T, are the temperatures of a polymer at the
entrance to the melting zone and the melting point of a
polymer, °C.

In the area of the melt, for the solution of equation (2),
the boundary conditions have the form:

7'L=7;n;
7-10=";
= x N 3
& (3)
ar
=7.; A,.=T-
w7
ar
il o | w o

where gsand ghare specific heat flows from external systems
of thermostabilization of the screw and the cylinder, W/in%;
Tsand Thare the temperatures of screw and cylinder working
surfaces, °C.

Condition (3) means that a temperature on the .surface
of the “melt-solid polymer” contact is equal to the melting

point T,, as well as the equality of thermal flows through
this surface is respected.

To determine intensity of dissipation in the volume ofthe
melt qv it is neces.sary to know speed fields in this volume.

Let us consider processes that occur in melt films in more
detail. By analogy with the feed zone, we consider compo-
nents of speed of non-melted polymer solid bed [21] (Fig. 4).

The screw rotates at a speed \F, = jtDn,, while the “solid
bed”slips on melt films at a speed of  relatively to the screw
and at speed of whrelative to the cylinder. We can obtain the
following expressions for determining the speed components
from geometric relations (Fig. 4):

_tg 0~
tg()). +tg(0

SIIHO

»> = - 2VF,w” COSO).

If mass production ofan extruder G is known, then, after
determination a value of the speed wl by equation (1), it is
possible to find an angle (o (rad)

0)=arrtg( tg0. ]

Since thickness of films 8fj and 8n, is small, we can neglect
a curvature of melting .surfaces of the “solid bed”and consid-
er processes in films not in a cylindrical, but in a rectangular
coordinate system by directing y axis along the thickness of
films. Let lISassume that the relative speed in melt films var-
ies linearly from 0 to  at the surface of the screw and from
0 to »bat the surface of the cylinder. We will also assume
that, within dL element, a .speed and thermophysical proper-
ties of the film melt are constant and determined by average
values of temperature and shift speeds both from the side
of the screw Y(,=»,/5,, and from the side of the cylinder
Yib= ®i /*ib- Then the energy conservation equations in the
assumption that only thermal conductivity transmits heat
through film thickness, take the form:

- fora film at the .surface of the screw

arT fte.V
=0; @

- for a film at the surface of the cylinder

aT (M2
(5)

where Xfs and Xn, are the thermal conductivities of the melt
in films near the screw and the cylinder as a function of tem-
perature, W/(m K); are pfb are the speeds of the melt in
films near the surfaces of the .screw and cylinder, Pa-s.

The boundary conditions for equations (4) and (.5) take
the form;

-for equation (4):

ar

Vo
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- for e(Juation (5);

6)

v fl 4, -r.. )

Heat coming from surfaces of the melt to non-melted
liolymer will consist of:
- for a film at the surface of the screw

.dr
b=-"\.- 67,COS<]).
Y=y,
— XA ij.ALctgd),; (8)
oy ymt

- for a film at the surface of the cylinder

“ . X A
H)

brALClg<®,.  (9)

At the expense of heat, the value of which we can deter-
mine in accordance with dependenees (8) and (9), heating
and gradual melting of a certain amount of a solid polymer
with an increase in its enthalpy by the value (,, - i,,,), occurs,
where @, and ii,, are mass enthalpies of a polymer at a tem-
perature Til, and Tin, J/kg. Under stationary conditions, the
resulting melt passes to the main melt area near the pushing
shoulder of the ridge of the screw channel (area B in Fig. .3)
completely, and thickness of films is set to provide this tran-
sition. The average speed of the melt in the direction perpen-
dicular to the ridge of the screw will equal:

- fora film at the surface of the screw:

ytg(>;
- for a film at the surface of the cylinder:
Asin(o)-1-(0L).

Then, for a growth of the mass expense of a melt, wc can
write the following dependences:
- for a film at the surface of the screw

A 1

2 sin @,

f)mAZ-dg(|>| N Pi,W,AZ.8,..

) 2cos()), 0

- fora film at the surface of the cylinder

AG"-X,, Ny Z,i,cos<!),—AZ 1.
HI

=P sindn-Mo XA §
2 sin 9,
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or

AG,=X ,~ ,11)
dy 1o (»,-".n) 2sin(i>.

In the general case, the channel depth of a screw h varies
along Z coordinate, but we can assume it as a constant with-
in the allocated volume AZ for the given calculation step.
That is, we can replace a continuous change in the depth of
the channel h with a step one. At the same time, we a.ssume
that the value of a width of a “solid bed” of the non-melted
polymer bib decreases in proportion to the ratio of expends of
the non-melted polymer and the melt.

The average temperature of melt films is:

- for a film at the surface of the screw

Jrdy; (12)

0

- fora film at the surface of the cylinder
f..fJd. (13)

Accordingly, the power consumed in films will equal:
- for a film near the screw

= Pb»". sin ((i.nZZS. (Ib - 1,);
- for a film near the cylinder
b . = Pib*t"7{35,,,(i,i,-i,,,),

where ANfi and AAfn, are the powers consumed in films
near the screw and the cylinder, W; pf* and pfb are melt
densities in films near the ,screw_and the cylinder as a
function of temperature, kg/m”; ib and iis are the mass
enthalpies of a polymer at average temperatures Th and
7ik. ,1/kg.

Each of the capacities ANh and AXr>is a sum of the cor-
responding dissipation power and power supplied from an
external thermal stabilization (cooling or heating) system.
Then the dissipation power will equal:

- for a film at the surface of the screw

Adub =4 b (14)

- for a film at the surface of the cylinder
AAjuk, = AA'a,-y,,AZV:g'l'.-

In equation (1 4 ),value has a plus sign in the case of
screw's heating and a minus sign if it is cooled.

It is necessary to add functions that determine a depen-
dence of thermophysicai properties on a temperature, as well
as viscosity of a shift rate and temperature to the dependenc-
es described above, which describe the melting jirocess in a
single-screw extruder [19,22].

Let us consider equations that describe the processes in
melt films.

As a result of solving equation (4) for a film near the
screw, we obtain:

=Tt -(y-){Si-y)+ |7 (8b-.v) (13)



We can determine an average film temperature by sub-
stituting relation (15) in expression (12), after integration
oftime mtter

[ G Y Gl (16)

Accordingly, we determine a surface temperature of the
screw by substitution of the value of y =0 coordinate into
dependence(15)

T=T

T o K (17)

Then a temperature gradient near the melting surface
(y =86,,) will equal

ill Ml.«'; |J, (18)
gn N
By substituting expression (18) in dependence (10), we
obtain

(19

After transformation of expression (19), we can obtain a
dependence for the determination of thickness of a melt film
from the side of the screw

w1 22, 2, M. Mn-«u,)tg<l».
fc"cosO,
PL»".(»n,-»,Jtg(I>.
5.1.COS0,

5k=

We obtain a function, which describes a temperature
profile in a melt film near the cylinder by integration of an
equation (5) and definition of integration constants from the
boundary conditions (6) and (7)

=r + Qy (20)

We determine an average film temperature from the cyl-
inder side after substituting expression (20) in equation (13)
and integration of it

3X|i7 2xn

We find a temperature of the side of the cylinder by sub-
stituting the value y =6, in expression (20)

Txg % (21)

We should note that if Ti, value is less than the set value,
cylinder heaters are included and a heat flow ~ is equal to
the heat flow from heaters. If T\ temperature exceeds the set
value, a cooling system switches on. while  value is equal to
the heat flow to the cooling medium and has a minus sign. We
differentiate expression (20) at the value y =0 and substitute
the obtained deiiendence in expression (11). then we obtain

P A .ysin (* +<).

from which it is possible to obtain an exjiression for the de-
termination of film thickness 8n,

Mit.gb(i,,.-»,Jsin((0-H6,)
facos(t>,
P<b®'b(»..-,Jsin((0-f0.)

inCoS({l.

Expressions (17) and (21) make it possible to calculate
temperature of the working surfaces of the screw and the
cylinder r» and Tu under condition that heat flows and
% given. On the other hand, the same equations make it
jK)ssible to determine heat flows that provide the set values
of temperatures Tjand Tb-

3. Results of numerical modeling of the melting process in
a single-screw extruder

The purjKJse of calculation of a melting zone of an ex-
truder is to determine a temperature field in material to be
proi‘cssed, coordinates of the melting process completion, as
well as energy costs.

We carried out numerical modeling of the melting pro-
cess for polyethylene of high pressure (low density) under
the initial data given in work [12].

Fig. 5 shows the results of calculation of a tempera-
ture field of a polymer in the working channel of the
extruder along the length of the screw, and Fig. 6 shows
the comparison of results of the calculation according to
the developed method with experimental data given in
work [12].

.- 06
04 Kit,
02 0

- 08
04 kjk

Fig. 5. Temperature fields in the screw channel at different
values of the dimensionless coordinate L/D:
a—6.0; b —8.0; c—12.5 (b"/b —dimensionless width of
the "solid bed”; y/h —dimensionless height of the working
channel)
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LID
Fig. 6. Comparison of experimental data [12] with the
calculation results according to the developed method
(screw rotation speed 40 rpm, mass performance 32.6 kg/h;
markers show the results of measurements of four series of
experiments)

Results of the calculation, shown in Fig. 6, of a dimen-
sionless w'idth of the “solid bed" b*h/b from the dimension-
less coordinate L/D along the axis of the screw (shown as
a continuous curve) agree satisfactorily with experimental
results presented in work [12]. At the .same time, the calcu-
lated values were somewhat lower than the measured values.
Probably the reason of the difference is the fact that thermo-
physical properties of a polymer in work j12] are given in the
form of constants. At the same time, the properties depend
not only on temperature [22], but even on a polymer manu-
facturer of the given mark [19].

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

2/5 (92 ) 2011

odology in more detail. This would be especially true fo
extruders with large diameter of screws (90 mm and larger)
for which a curvature of a working channel in a diametrica
.section of a screw decreases with an increase in a diameter.

In addition, the obtained analytical dependencies ar<
valid for an analysis of the extrusion process of the “power
liquid only. At the same time, the proposed approach makes
possible to obtain similar dependencies for melts of poly-
mers, behavior of which under load is described by other
rheological equations.

We would al-so like to note that calculation ofthe melting
zone must be performed together with calculation of other
functional zones of an extruder. In this case, parameters ofa
polymer being processed at the output of a previous zone are
taken as raw data for calculation of each subsequent zone.
It is precisely such approach to analyzing of the extrusion
process as a whole, taking into account interconnection of
all zones, is an effective tool for the correct design of a new
or a choice of existing equipment for the processing of a par-
ticular polymer.

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

We plan to carry out further studies to analyze j)rocesses
of processing of polymer materials in twin-screw extruders
with co-rotating and counter-rotating screws. At the same
time, it is necessary to investigate a behavior of material
in gaps between screws (specifically, between co-rotating
screw’) that are in mutual engagement. However, relevant
experimental .studies may face technical difficulties.

7. Conclusions

The analysis of the results of numerical modeling showed
that they are in good agreement with experimental data.
The difference between calculated and measured values
of a dimensionless width of a polymeric “solid bed" from a
dimensionless coordinate along the axis of the screw docs
not exceed 15 %. This is significantly lower than in the case
of the traditional approach to melting modeling [12] and is
acceptable for engineering calculations.

We can explain the good agreement of the results of
numerical modeling with experimental data, first of all, by
correctness of the accepted boundary conditions.

First of all, we took into account a curvilinear form of
the working channel in a diametrical section of the screw.
Since the channel depth at the beginning of the melting
zone was 9.39 mm at the screw' diameter of 63.5 mm (that is
14.8%), neglecting a curvature of the channel would in-
crease a calculation error.

We also took into account real speeds on surfaces of
working parts of the extruder: a zero speed on the surface of
the fixed cylinder and a corresponding speed on the surface
of the rotating screw. Taking into account heat transfer
conditions on the outer surface of the cylinder and the inner
surface of the .screw, this gave possibility to sjrecify a tem-
perature of a polymer both at surfaces of the cylinder and
the screw, as well as in the volume of the working channel
as a whole.

We conducted studies for one size type of extruders, which
is a disadvantage of the conducted studies. A lack of complete
exj>eriniental data for other extruders did not give possibility
to analyze effectiveness of the developed calculation meth-

1 We developed a mathematical model of the polymer
melting process in a single-screw extruder. The model
includes differential energy equations for a “solid I>ed” of
the non-mcltcd polymer and melt films at surfaces of the
rotating screw and the fixed cylinder of the extruder, as well
as the corresponding initial and boundary conditions. The
boundary conditions take into account an effect of the heat
exchange of a polymer with the screw and the cylinder on a
polymer temperature.

2. We investigated the process of melting of polymer
granules in the working channel of a screw extruder the-
oretically. The results of the study showed that the use of
the developed model makes possible to take into account
speeds and temperatures of screw and cylinder surfaces on
the melting process. We e.stablished that we can observe
the maximum intensity of dis.sipation near the surface of the
screw in the proposed model with a rotating screw, while
the classical model with a movable cylinder determines the
maximum intensity of dissipation near the surface of the
cylinder. In the processing of materials characterized by
low thermal resistance, this feature of the developed model
becomes determinative.

3. The comparison of the results of numerical modeling
with experimental data at the processing of high pressure
jwlyethylene (low density) on a single-screw extruder 0 635><
«25 verifies the adequacy of the developed mathematical
model. We carried out the study for the screw' rotational
speed of 40 rpm and the mass productivity of 32.6 kg/hr. The
develoi>ed model makes possible to calculate a coordinate of
the completion of the polymer melting process, which means
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to determine a coordinate of the beginning ofthe subsequent
functional zone of an extruder - a zone of homogenization, as
m{1 as choose a place of introduction of different additives
m a polymer. The given model also gives possibility to deter-
mine rational thermal modes of working parts of an extruder,
aspeed ofa screw and energy costs for processing of various
polymer materials.
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