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Abstract: Polymer movement and heating at the beginning of a plasticating extruder, i.e. in the feed and melting
delay zones, are studied numerically in this paper. Consideration is given to the pressure distribution along the
solid bed and the temperature distribution in the depth of the channel. For the melting delay zone, the
distribution of the rate of melting in the polymer film is plotted. It is shown how the length of the feed and
melting delay zones is influenced by screw speed, extruder throughput, heat temperature of the barrel and
rheological and thermophysical properties of the polymer. 
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INTRODUCTION contribution of each of the above factors is of

In our previous work [1], the mathematical model was new materials or choosing the optimal mode of polymer
developed capable to describe polymer movement and processing, one should know the length of extruder
melting in plasticating extruders. The present research functional zones to avoid the plugging of the screw
focuses on the numerical study of the movement of channel in the compression zone (the part with a tapered
polymer at the beginning of a plasticating extruder root) and the temperature of heated zones to prevent
subjected to heating. polymer undermelting or reheating at the exit from the

We use here the same notation as in work [1] with the extruder.
exception of a term “melting delay zone”, which was first It should be noted that most of the studies on the
introduced by Tadmore [2,3]. Tadmore took this term to subject neglect the zone of melting delay. However it is
mean the screw section from the end of the feed zone, quite obvious now that for an adequate mathematical
which transports the unmelted polymer, to the point modeling of this zone one should consider, in addition to
where the screw flights start scraping the melt layer. In the heat transfer processes, the hydrodynamics of polymer
considered zone, melting of the granulate occurs flow in conditions of phase transition. The approach
concurrently with its deformation. Polymer melting is proposed by Tadmor and one-dimensional models
caused by the contact of the polymer with the melt film constructed on its basis cannot provide an appropriate
and dissipation of the mechanical energy (without description of this zone [4-7].
removal of the melt from the polymer film). Similar mathematical model of the flow and heat

Many mechanisms are known to influence the feed transfer in the melting delay zone was proposed in [8].
and melting delay zones, among them the following Here it was pointed out that for a granulated polymer, the
technological factors: extruder throughput, screw speed, 0.2mm. thickness of the melt film suffices to fill the spaces
temperature of the heated zones of the extruder, initial between the pellets. However, the formation of the melt
temperature of the polymer, etc. The rheological and pool end melting zone begins when the film thickness is
thermophysical properties of the polymer as well as the 3-4 times greater than the size of a clearance between the
geometric dimensions of the extruder are also important. screw flight and the barrel. When the melt film thickness
From a practical point of view, the estimate of the exceeds the size of a clearance the liquid polymer flow

significance. While designing extruders and processing
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becomes the circulating one and the spatial mathematical For variant (N=60 rpm), it has been found
models are used for describing it [9,10]. experimentally [2] that the polymer starts to melt from turn

A plasticating extruder examined in this study has 4 of the extruder, which coincides with our theoretical
four distinct sections, namely, the feed (first) zone (index predictions.
1), the melting delay zone (index 2), the melting zone The pressure in a solid bed was determined in terms
(index 3) and the metering (last) zone (index4). of Tadmor [3], Agura [4] and Bortnikov [11] models. The

Calculations of the length of considered zones [1,2] last takes into account the contribution of dry friction to
and temperature fields were performed for extruders of heat transfer encountered in the solid bed. Calculations
different geometry. The results for the 38mm diameter demonstrated that the dry friction influences the bed
extruder [4] are discussed below. The geometrical sizes of heating  and  the  length  of the feed zone negligibly.
this extruder are given in Table 1. Figure 1 shows the characteristic axial distribution of

The extruder barrel had three heating zones of which pressure in the solid bed. The pressure value strongly
one (from the end of turn 4 to that of turn 8) was of 163°C, depends on the coefficient of friction between the
the next (from the end of turn 8 to that of turn 16) of 179°C polymer and the barrel. 
and the last (from the end of turn 16 to that of turn 12) of The influence of the nonlinearity of polymer
196°C. thermophysical properties (line 1, table 3) tells on the heat

The authors of the work [4] give the following transfer in the melting delay zone most significantly. L
thermophysical and rheological data for low-density practically does not change, whereas L  increases by 14%,
polyethelene and a 38mm extruder at different frequency which must be caused by phase transitions encountered
of screw rotation (Table 2). in polymer melting. 

Table 3 presents the calculated lengths of extruder The effect of technological parameters is shown in
zones versus the input extruder parameters for basic data Figures 1-4. Increase in the rotational speed of the screw
from Tables 1 and 2 [4]. The range of input parameters and N does not change the length of the feed zone L , yet it
their percentage ratio are given for the basic variant. Table slightly decreases the length of the melting delay zone L
3 must be interpreted as follows. Only one input parameter (line 2, table 3). Figure 1a shows the dependence of the
(the remaining parameters are unchanged) changes total length of zones L  +L  on the frequency of screw
relative to the basic variant and the lengths of the feed rotation. It is shown that as the frequency of screw
zone L and melting delay zone L  are calculated. These rotation increases, the total length of the feed and melting1 2

lengths are compared with the lengths of the zones in the delay zones decreases, which is explained by increasing
basic case (L  =3.4 screw turn, L  =1.38 screw turn). This dissipative heat source power. With the increased amount1 2

allows us to estimate how the change in the input of a granulate fed into a hopper, the lengths of the feed
parameters influences the lengths of these zones. zone L and the melting delay zone L increase as well

1

2

1

2

1 2

2 1

(Fig. 1(b)). For instance, a double amount of granulate (G)
increases     the   length   of   the  feed  zone  by   50   % 

Table 1: Geometrical sizes of the extruder
I Geometrical Parameter Parameter Magnitude
1 inside barrel diameter D , mm 38,1b

2 outside screw diameter, mm 38
3 lead length, mm 38
4 flight depth a, mm 6,35
5 channel width S, mm 30,0
6 nominal lead angle [phi], grad 17°50
7 radial clearance between the screw flights and the barrel surface h, mm 0,05
8 length of functional zones in turns, in the screw-axial direction L mm and along the screw channel l, mm: 12;456;1489

a) feed zone (from turn 0 to turn 12): 6,1
channel depth, mm 12;228;744
b) compression zone (from turn 13 to turn 18): 6,1
initial channel depth, mm 2,0
end channel depth, mm
metering zone (from turn 19 to turn 24): 2,0
channel depth, mm

9 total screw length in turns, in the screw axial direction and along the screw channel, mm. 24;912;2978
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Table 2: Thermophysical and rheological parameters of the 38mm extruder performance and the dependence of the extruder mass flow rate on its rotational
speed for low-density polyethelene

I Parameter Parameter magnitude

1 latent melting heat, [lambda], J/kg 129785

2 mean specific heat, J/(kg grad):
polymer melt, c 2595
polymer granulate, c 27631

3 mean coefficient of thermal conductivity, watt/(m grad):
polymer melt, k 0.182
polymer granulate, k 0.3351

4 mean density of the polymer, kg/m :3

polymer melt, [rho] 779
polymer granulate, 9191

5 melting temperature of the polymer, T , °C 110m

6 coefficient of friction between the polymer and screw, f 0.4s

7 coefficient of friction between the polymer and barrel, f 0.25b

8 reference temperature of the granulate, T , °C 200

9 consistency index of the melt µ , Pa sec 108250
n

10 melt viscosity anomaly, n 0.44

11 temperature coefficient of viscosity , 1/ °C 0.018

12 extruder mass flow rate G, kg/sec
at N=40, rpm of the screw 1.995 10 3

at N=60, rpm of the screw ( basic variant) 2.95 10 3

at N=80, rpm of the screw 3.886 10 3

Table 3: The effect of input parameters on the lengths of the feed and melting delay zones

Lengths of extruder zones, turns
---------------------------------------------------------------------------------------------------------

Input parameter Range of parameter change L L L  + L1 2 1 2

1. C, J/(kg grad) C=const C=f(T) 3.4-3.45 (15%) 1.38-2.0 (14%) 4.78-5.45 (14%)
2. N, rpm 20-80 3.4 2.31-1.09 (67%-21%) 5.71-4.48 (19%-6%)
3. G, kg/sec (1.475-5.9) 10 3.19-3.7 (6%-9%) 0.67-3.49 (51%-153%) 3.86-7.19 (20%-6%)3

4. T , °C 20-80 3.4-3.17 (7%) 1.38-0.7 (44%) 4.78-4.86 (2%)0

5. T , °C ±10 from the basic variant 3.52-3.04 (5%-11%) 1.61-1.0 (16%-28%) 5.12-4.04 (7%-15%)b

6. µ , Pa sec 5412-21650 3.4 1.87-1.06 (35%-20%) 5.27-4.46 (10%-7%)0
n

7. n 0.3-1.0 3.4 2.0-0.2 (14%) 4.78-5.45 (14%)
8. T , °C form of equation(1) 3.4 1.38-1.46 (6%) 4.78-4.86 (2%)b

Fig. 1: Total length of two zones versus screw speed (a) end total length of zones L +L  and the feed zone L  versus the1 2 1

flow rate G, basic variant G=2.95 10 (b)3
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Fig. 2: Velocity profiles  (a) and  (b) in the melting film in the beginning and at the end of melting delay zone (basic
zone)

Fig. 3: Temperature distribution T in the depth of the channel at the end of feed zone versus granulate initial temperature
T : 1-4 – G=2,95.10  kg/sec; 5 – G kg/sec.1 – T  = 80°C; 2 – 60; 3 – 40; 4 –20 (basic variant) - (a) end (b) -total0 0

5

length of zones L  + L  (1) and the feed zone L  (2) versus granulate initial temperature (basic variant)1 2 1

Fig. 4: Total length of zones L  + L versus-(a) viscosity anomaly n (basic variant) end (b) – polymer melt consistency1 2

index (basic variant)

(line 3, table 3). Such relation of values is caused by the with the higher temperature of the barrel. If the barrel
effect of the prescribed temperature regime at the barrel temperature remained unchanged down the channel, then
surface. The higher the mass flow rate, the faster the solid L  and L , at a double amount of granulate, would also
bed moves and the sooner it reaches the cross sections become twice as much. 

1 2
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Figure 2 gives typical velocity fields for the melt film where x  is the distance from the hopper to the cross-
through the channel length and breadth at the beginning section the extruder, on which the melt film has appeared
and end of the melting delay zone for the basic variant of (in our case, x  =L ), then L  increases by 2% and the total
extruder performance. At = 0, we get the speed of the length of zones L +L  by 2% (line 8, table 3). This led us
solid bed and at = h the speed of the  movable   plate
(the reversed motion of the barrel).

Though a change in the length of the feed zone L1

(line 4, table 3) due to the temperature variation T  of the0

fed material is rather small, the temperature fields in the
polymer at the end of the feed zone differ significantly, as
is readily seen from Figure 3(a). This, in turn, affects the
intensity of the processes taking place in the melting
delay zone,    the   length  of  which  reduces  by  44%  at
T = 80°C. The total length of zones (L  + L ) in this case0 1 2

decreases  by  18%,  which  is  readily seen from
Figure 3(b).

We have made studies into rheological
characteristics, namely, the consistency index of melt µ0

and the viscosity anomaly index n for the length of the
feed and melting delay zones. Calculation results are
shown in Figures 4a and 4b. Apparently, the given
parameters can influence the operation in the melting
delay zone only (lines 6 and 7, table 3). It is seen form
Figure 4a and 4b that with increasing µ , n the total value0

of zones decreases. Physically, this phenomenon is
explicable, i.e. as these values increase, the viscosity of
the polymer melt increases as well, which, in turn,
increases dissipation of the mechanical energy. Due to the
friction between the fluid and the barrel, the amount of the
released heat increases and the melt film is warmed up
faster.

Calculations have been performed to estimate the
influence of temperature boundary conditions at the barrel
surface on the heat/mass transfer process. All previous
variants were obtained by taking into account the
adiabatic temperature boundary conditions on the screw,
which can be written as

(1)

If the temperature boundary condition on the screw
is given as a temperature profile according to the empiric
formula (5)

(2)

m

m 1 1

1 2

to conclude that the temperature boundary condition on
the screw given in the form of function (1) does not
introduce any essential errors in calculation results
obtained for the feed and melting delay zones.
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Nomenclature:

x, y, z = Coordinates
S = Channel width
H = Channel depth in feed and metering zones
V = Barrel velocity0

G = Flow rate
N = Speed of screw
G = Lengths of the feed zone 
N = Lengths melting delay zone 
c, k, [rho] = Capacity, heat conductivity, density
[mu] = Viscosity
µ , [beta] = Rheological constants0

T = Temperature
v ,v ,v = Velocity componentsx y z

T = Melting temperaturem

T = Barrel temperature b

T = Preheating temperature of a granulate 0
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