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Abstract

Barrier melting sections are extremely common and
useful for single-screw extruders. Some common mistakes
in their design and operation, however, can reduce their
performance. A common mistake when attempting to
decrease the discharge temperature for a single-screw
extrusion process is to decrease all barrel temperature zones.
This method, however, can cause the specific rate of the
extruder to decrease for screws that use barrier melting
sections. This paper will describe the problem, provide
laboratory extrusions that demonstrate the problem, and
then provide a case study.

Introduction

Barrier melting sections are designed into single-screw
extruder screws in order to increase rates and decrease
discharge temperatures. A properly designed section can
increase the production rate by about 20 to 30% over a well-
designed conventional screw [1], decreasing the production
cost for a product. Since its inception in the 1960’s [2],
barrier screws have undergone numerous variations, all with
the ultimate goal of increasing the melting capacity of the
screw, the rate, and decreasing the discharge temperature.

Although screws with barrier melting sections have
been very successful, the device has the risk of restricting
flow at the section entrance. Moreover, operation of a
barrier screw using low barrel temperatures at the entry can
also contribute to low rates due to poor solids conveying and
the lack of conditioning of the resin. The device works by
adding a second flight or barrier flight that separates the
solids from the molten resin, as shown by the schematic in
Figure 1. The barrier flight is undercut to allow the newly
molten material from the solids channel to collect in the melt
channel. Moreover, flow over the barrier flight provides a
level of dispersive mixing, mitigating solid polymer
fragments in the extrudate.

The restriction occurs in many designs because the
cross-sectional area available for flow is higher for the
solids conveying section at the end of the feed section than
it is for the solids channel of the barrier section at the entry.
The area reduction occurs because of the introduction of the
barrier melting flight. The most restricted design is the well-
known Maillefer [2] barrier melting section shown in Figure

2. For this design the barrier flight starts at the pushing flight
and ends at the trailing flight downstream. As shown by this
figure, the width of the upstream solids conveying channel
(W) is larger than the downstream solids channel of the
barrier melting section (#>). This width reduction causes a
decrease in the cross-sectional area perpendicular to the
flight for solids flow, creating the restriction. Moreover, the
reduction in the flow area decreases very abruptly in the
downstream direction, especially for Maillefer sections that
are very short in axial length.
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Figure 1. Schematic of the cross section of a barrier melting
section [1]. The flow is out of the plane of the page towards
the reader.
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Figure 2. Photograph of an entry of a Maillefer melting
section.
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Figure 3. Photograph of a removed screw showing the resin
flow and degraded resin due to stagnant regions [1].



The restriction [1] and poor operating conditions [3]
can reduce the specific rate to less than half the specific rate
expected; the specific rate is the rate divided by the screw
speed. This specific rate reduction can cause some of the
downstream channels to operate partially filled and at zero
pressure. These partially filled regions in the channels will
be void at first and will then allow some resin to adhere to
the screw for extended periods of time, eventually leading
to degraded resin, as shown in Figure 3. Small process
disturbances will cause some of the degraded resin to
separate from the screw, resulting in gels in a polyethylene
(PE) film product. Other resin types can also be rate
restricted at the barrier entry, creating degradation products
characteristic to the resin.

As previously mentioned, the pressure in the partially
filled channels is zero. This zero pressure can be predicted
using very simple calculation techniques. Axial pressure
profiles for a process that is running properly and a process
running with partially filled channels are shown by Figure
4. The calculation method is beyond the scope of this
writing, but it can be found in [1].
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Figure 4. Axial pressure profiles [1] for a) an extruder that
is operating properly (full and pressurized channels), and b)
for an extruder that is operating improperly with partially
filled channels (zero pressure).
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Figure 5. Photograph of a less restricted barrier melting
section entry.

A much improved barrier melting design has the lead
length of the solids conveying and metering sections set
equal to the barrel diameter, and the lead length of the
primary and barrier flights in the barrier melting section set
at about 1.3 times the barrel diameter, as shown in Figure 5.
For this design, the width of the solids channel upstream of
the barrier section (#3) is nearly the same as the width of

the solids channel in the early portion of the barrier section
(Ws). As shown in the photograph, increasing the lead length
in the barrier section increases the width (W) relative to the
solids conveying channel (W3). This type of entry almost
always allows the metering channel to be the rate limiting
section of the extruder as designed, eliminating the
restriction at the entry. Thus, all channels would be
completely full and pressurized such as shown by Figure 4a.
Mitigating the restriction on an existing screw can be done
by selectively removing metal from the entry area of the
barrier flight [4]. The modification details are beyond the
scope of this work, but they can be found in the references
[1,4].

Barrier flighted melting sections are typically used on
screws that are about 70 mm in diameter and larger. The
barrier flighted section allows higher melting capacities and
thus higher rates while providing a very stable process and
discharge pressure. Screws smaller than about 70 mm in
diameter typically should not be designed with a barrier
melting section. For this case, the performance gain for
melting is minimal and the risk of a restriction at the entry
to the barrier section is high. Many screws with diameters
less than 70 mm, however, have been designed successfully
with barrier melting sections.

A common problem that has been observed in field
events is the improper operation of a barrier flighted screw.
For this problem, the operator will decrease all barrel
temperature zones to near 170°C for PE resins. The
operators decrease the zone temperatures because they
believe that cooling the extruder barrel will decrease the
discharge temperature, allowing for higher rates and
improved product qualities. The events were observed for
PE resins on pipe, blown film, and foam sheet lines. These
applications can benefit from reduced discharge
temperatures. Decreasing all barrel temperatures to near
170°C, however, can cause the specific rate to decrease by
up to 40%. Higher barrel temperatures are required to
improve solids conveying near the entry and to decrease the
bulk modulus of the solid bed entering the section. The bulk
modulus is decreased by increasing the temperature of the
solid bed.

The goal of this paper is to understand the influence of
barrel temperatures on the performance of single-screw
extruders running PE resins using barrier screw designs.
Laboratory experiments and a case study will be used to
show the effect of barrel temperatures.

Laboratory Equipment

Lab extrusion trials were performed using a 63.5 mm
diameter single-screw extruder with a 21 length-to-diameter
ratio (L/D). The extruder had pressure transducers along the
axis of the barrel. It was also equipped with three barrel



temperature control zones. A barrier screw with a
volumetric compression ratio of 2.7 [5] was used for this
study. The screw was designed with three sections: 1) a 6
diameter long feed section, 2) a 10 diameter long barrier
melting section, and 3) a 5 diameter long metering section
with a depth of 3.81 mm. The lead lengths for the feed and
metering sections were 63.5 mm. The lead lengths for the
primary flight and barrier flight in the barrier section of the
screw were 79.4 mm. The barrier flight clearance was 0.30
mm.

Barrel temperature Zones 1 and 3 covered the feed and
metering section of the screw, respectively, and they were
maintained constant throughout the experiments. Only the
temperature in Zone 2, which corresponds to the melting
section of the screw, was varied. All sections downstream
from the extruder, including a short transfer line and a
pressure control valve, were maintained at the same
temperature as Zone 3. The extruder was operated at screw
speeds of 40 and 70 rpm. The axial pressure profile was
measured during the extrusion process using the pressure
transducers positioned in the barrel wall.

Laboratory Analysis for a HDPE Resin

A high density PE (HDPE) resin having a solid density
0f 0.949 g/cm? and a melt index (MI) of 0.25 dg/min (190°C,
2.16 kg) was used to understand the influence of barrel
temperatures on the performance of the barrier screw
design. The temperature in barrel Zones 1 and 3 were
maintained constant at 170°C and 200°C, respectively. The
temperature in the Zone 2 was varied from 170 to 230°C, in
increments of 30°C. All sections downstream from the
extruder were maintained at 200°C.

Operation of the process at slow screw speeds reduces
the flow of solid resin through the entry of the barrier
melting section. That is, at low screw speeds the entry to a
barrier section may not show evidence of a restriction or
poor solids conveying. As shown by Figure 6 for a screw
speed of 40 rpm, the specific rate is nearly constant at 0.70
kg/(h rpm) at all Zone 2 temperatures studied. Thus, at a
screw speed of 40 rpm, solid polymer pellets as a compacted
bed flowed readily from the feed channel to the solids
channel of the barrier section.

At a screw speed of 70 rpm, conditions were such that
the compacted solid bed did not flow at a high enough rate
at the low Zone 2 temperature. For example, at a Zone 2
temperature of 170°C the specific rate of the process
decreased to 0.50 kg/(h rpm) for a reduction of more than
20%, as shown by Figure 6. This operation at 0.50 kg/(h
rpm) is considerably lower than the calculated specific
rotation rate of 0.82 kg/(h rpm). The specific rotational rate
is that rate calculated from just the rotation of the screw
without an imposed pressure gradient. It is also classically

known as the specific drag rate. The calculation here is
based on a non-Newtonian fluid [6]. This restriction and
poor solids conveying decreased the rate of the extruder and
has the potential to cause some channels to operate partially
filled, leading to resin degradation. As the barrel Zone 2
temperature was increased, the specific rate of operation
increased to 0.66 kg/(h rpm), as shown by Figure 6. Thus,
the compacted solids moved through the entry to the barrier
section at a rate that was not the limiting step of the process
at high Zone 2 temperatures; i.e., the metering section was
the rate limiting step of the process.
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Figure 6. Specific rate and discharge temperature as a
function of the barrel temperature in the barrier section for
HDPE resin. The dotted line is the calculated specific
rotation rate.

Since the operating rate was lower than the calculated
specific rotation rate of 0.82 kg/(h rpm), positive axial
pressure gradients must exist in the screw channels. The
experimentally measured pressures verify these gradient as
shown in Figures 7 and 8 at a screw speed of 40 and 70 rpm,
respectively. At a screw speed of 40 rpm, the entry
conditions slightly limited the specific rate and the pressure
generation for a Zone 2 temperature of 170°C. As the Zone
2 temperature was increased, the axial pressure profile
increased, as shown in Figure 7. This is consistent with the
small increase in specific rate, as shown by Figure 6.
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Figure 7. Axial pressures as a function of screw position and
barrel Zone 2 for the HDPE resin. The extruder was
operating at a screw speed of 40 rpm.



At a screw speed of 70 rpm, the restriction and low
channel pressures are obvious in Figure 8 for a Zone 2
temperature of 170°C. The low specific rate caused the
interior sections of the screw channels to operate partially
filled and at zero pressure at the entrance of the metering
section. As expected based on Figure 6, as the Zone 2
temperature was increased the pressure in the channels also
increased, as shown in Figure 8.
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Figure 8. Axial pressures as a function of screw position and
barrel Zone 2 for the HDPE resin. The extruder was
operating at a screw speed of 70 rpm.

The rates increased and the extruder operated stably
when the barrel Zone 2 temperature was increased to 200°C
and higher and at a screw speed of 70 rpm. When operating
at high screw speeds, increasing the temperature in the
barrier melting section increased the specific rate by
increasing solids conveying and decreasing the modulus of
the compacted solid pellets.

Recall that the original reason for decreasing the
temperature of the barrel melting zone was to obtain a lower
discharge temperature. As shown by Figure 6, the discharge
temperature does decrease, but the specific rate is negatively
affected. This is obviously not a viable method to decrease
the discharge temperature. Instead, the discharge
temperature can be controlled by changing the barrel zone
temperature in the metering section of screw (Zone 3)
without affecting the process specific rate. To demonstrate
this, the temperature in barrel Zones 1 and 2 were
maintained constant at 170°C and 230°C, respectively. The
process was studied at a temperature in Zone 3 of 180 and
200°C. Like before, all sections downstream from the
extruder were maintained at 200°C. As shown in Table 1,
the specific rate remained constant, but the discharge
temperature was decreased by about 8°C for a Zone 3
temperature of 180°C and screw speed of 70 rpm.

Table 1. Specific rate and discharge temperature as a
function of the barrel Zone 3 temperature and screw speed.

Serew | Meter Zone 3 Specific Rate Discharge
Speed, | Temperature, ke/(h rpm) > | Temperature,
rpm °C °C
40 180 0.66 226
200 0.66 233
70 180 0.69 213
200 0.69 221

Laboratory Analysis for a LLDPE Resin

A linear low density PE (LLDPE) resin having a solid
density of 0.917 g/cm?® and a MI of 2.3 dg/min (190°C, 2.16
kg) was used for this study. The temperature in barrel Zones
1 and 3 were maintained constant at 150°C and 190°C,
respectively. The temperature for Zone 2 was varied from
160 to 220°C, in increments of 30°C. All sections
downstream from the extruder were maintained at 190°C.
The LLDPE resin was studied because it has a much lower
crystallinity and modulus compared to the HDPE resin. The
lower modulus for the LLDPE resin should allow the
compacted solids to rearrange and flow easier from the feed
section to the solids channel of the barrier section.

The axial pressure profile for the LLDPE resin is shown
by Figure 9 at a screw speed of 70 rpm. As shown by this
figure, the pressures are high as expected, indicating that the
process had good solids conveying and the compacted bed
was able to flow through the entry of the barrier melting
section. That is, the metering channel is controlling the rate
as designed. Here, the lower modulus for the LLDPE resin
allowed the compacted solids to rearrange and flow
unrestricted through the barrier entrance. As shown by
Figure 10, the process was also not restricted at a screw
speed of 40 rpm.
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Figure 9. Axial pressures as a function of screw position and

barrel temperature in the barrier melting section for the

LLDPE resin. The extruder was operating at a screw speed

of 70 rpm.



The process operated at nearly a constant specific rate
of 0.77 kg/(h rpm) at all Zone 2 temperatures and screw
speeds tested, as shown by Figure 11. Since the specific rate
of the process was lower than the calculated specific rotation
rate of 0.84 kg/(h rpm) [6], positive axial pressure gradients
exist in the screw channels. The positive axial pressure
gradients were verified experimentally, as shown in Figures
9 and 10.
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Figure 10. Axial pressures as a function of screw position
and barrel temperature in the barrier melting section for the
LLDPE resin. The extruder was operating at a screw speed
of 40 rpm.
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Figure 11. Specific rate and discharge temperature as a
function of the barrel temperature in the barrier section
(Zone 2) for LLDPE resin. The dotted line is the calculated
specific rotation rate.

The laboratory extrusions indicate that this LLDPE
resin had the ability to pass as solids through the entry to the
barrier section without a rate reduction. That is, the lower
modulus and crystallinity of the LLDPE resin compared to
the HDPE resin allowed the unrestricted flow of the
compacted LLDPE resin solids through the barrier entry.

Case Study
A large-diameter extruder was producing a specialty

foamed sheet using a HDPE resin with a new screw. The
new screw was constructed with a barrier melting section

with a design similar to that shown in Figure 5. The specific
rotation rate for the screw [6] was calculated at 11.4 kg/(h

rpm).

During startup of the new screw, plant personnel set the
extruder barrel temperatures very low. These temperatures
were set low in order to improve the quality of the foam by
reducing the discharge temperature. The barrel temperatures
positioned over the barrier melting section were 199, 188,
and 177°C for the entry to the exit. For this process, the
extruder was operating at 837 kg/h at a screw speed of 97
rpm for a specific rate of 8.6 kg/(h rpm). The specific rate
was considerably less than the specific rotational rate of 11.4
kg/(h rpm). Moreover, an energy balance indicated that the
specific energy inputted into the resin from the motor was
about 1390 J/g. This level of energy input was extremely
high. An energy input of 800 to 1000 J/g was expected.

The process was numerically simulated to understand
the pressure in the screw channels. For this simulation, only
the sections with molten resin were studied. The simulated
axial pressure profile for the process is shown in Figure 12.
As shown by this figure, the channels were partially filled
and at zero pressure until about diameter 28. At this point
and downstream, the channels were full and generating the
pressure needed to drive the downstream equipment. The
simulation verifies that the process upstream of the metering
channel was controlling the specific rate, which was much
lower than the specific rate due to rotation of 11.4 kg/(h
rpm). As previously stated, partially filled channels will lead
to resin degradation and the contamination of the extrudate.
Something upstream from the metering channel was
controlling the specific rate of this process.
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Figure 12. Simulated pressure profile for the extrusion
foaming process at 837 kg/h at a screw speed of 97 rpm,
where the screw channels were operating partially filled and
at zero pressure in the center of the extruder. The dotted line
was not simulated and was based on experience.

It was hypothesized that a slight restriction at the entry
to the barrier melting section and poor solids conveying was
controlling the rate rather than the metering channel. It was



also hypothesized that the restriction was in part caused by
the very low temperatures of the barrel over the entry. In
order to test the hypothesis, the barrel temperatures over the
barrier section were slowly increased to temperatures of
225, 220, and 200°C for the entry to the exit, temperatures
that were 23 to 32°C higher than the temperatures at startup.
At these conditions, the extruder was operating at 1190 kg/h
at a screw speed of 95 rpm for a specific rate of 12.5 kg/(h
rpm). The specific rate for operation was higher than the
calculated specific rate of rotation, indicating that the
metering channel was controlling the rate as designed and
the axial pressure gradient in the metering channel was
negative. The specific energy inputted to the resin from the
motor was 1090 J/g. This energy was still slightly higher
than expected, but it was considerably less than the inputted
energy of 1390 J/g during startup. The lower specific energy
allowed the discharge temperature to decrease, permitting
the rate to increase and improving the quality of the foam.
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Figure 13. Simulated pressure profile for extrusion foaming
process at 1190 kg/h at a screw speed of 95 rpm, where the
screw channels were operating filled and pressurized as
designed. The solid blue line was simulated and the dotted
line was based on experience.

For this case, the screw was designed correctly but the
process used created the rate limitation at the barrier entry.
An increase in barrel temperatures increased solids
conveying and allowed the solid resin to be more pliable and
move through the barrier entry such that the entry was no
longer the rate limiting step of the process.

Discussion

The metering channel of a smooth-bore, single-screw
extruder must control the specific rate of the process. If a
restriction or a rate limiting process occurs upstream, the
extruder will operate at considerably lower specific rates. If
barrel temperatures are low at the entrance of a barrier
melting section, the entry to the barrier section becomes
highly restricted, especially for poorly designed barrier
sections and resins with a high modulus. This restriction

decreases the specific rate of the extruder and has the
potential to degrade the resin. Increasing the barrel
temperature allows compacted solids to move through the
entry to the barrier section in a less restricted manner which
ensures that the metering channel is controlling the rate as
designed. The discharge temperature can be controlled by
changing the barrel zone temperatures in the metering
section of screw, without affecting the process specific rate.

The lab screw used here did not have a dispersive mixer
downstream of the barrier section. For commercial
applications, a dispersive mixer is required to trap and melt
solid polymer fragments that exit the solids channel of the
barrier melting section. Without a mixer, these solids will
occur in the extrudate and film product, especially at high
screw speeds. The preferred style of dispersive mixer for PE
resins is the Maddock mixer originally developed by Leroy
[6] and commercialized by Maddock [7].

Summary

This paper presented an experimental study showing
the effect of the barrel temperatures on the performance of
single-screw extruders running PE resins using a barrier
screw design. When operating at higher screw speeds,
increasing the temperature in the barrier melting section
reduces the restriction at the entry to the barrier section by
making the resin more pliable. This would enable the
processor to operate at higher discharge rates and higher
screw speeds.
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