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Abstract
Screws with barrier flighted melting sections are preferred for melting and extruding
polyethylene resins into films using either a smooth-bore or grooved-bore single-screw
extruder. Barrier melting sections were developed in the 1960s, and since then they have
been widely used commercially to increase an extruder’s melting capacity and decrease
the extrudate temperature. Higher rates and lower discharge temperatures are ad-
vantageous to many applications, including blown film, blow molding, pipe, and other
profile extrusions. This paper presents an experimental study that shows how four
screws with two barrier flight undercuts and two metering channel depths affect the
barrier melting section performance.
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Introduction

Single-screw extruders are preferred for plasticating polyethylene (PE) resins for pro-
ducing blown films, cast films, and extrusion coatings. The screws used for these
commercial operations are typically designed with barrier-flighted melting sections and
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downstream Maddock mixers. This combination allows plastication at high rates while
producing film products with very low gels. For blown film applications, a well-designed
barrier melting section will allow a deeper metering channel, resulting in lower discharge
temperatures and higher specific rates. Specific rate is simply the rate divided by the screw
speed. Screws with deep metering channels, however, are more likely to discharge solid
polymer fragments. A well-designed barrier section will increase the screw melting
capacity, mitigating solid polymer fragments in the discharge. For cast films and extrusion
coating applications, the barrier flighted melting section and Maddock mixer will provide
a more uniform extrudate at high rates.

Screws with barrier melting sections have been used successfully to provide high rates,
uniform extrudates, and low discharge temperatures. The device works by separating the
molten resin from the compacted solid bed by placing a barrier flight in the main channel
of the transition section, creating a solids channel adjacent to the trailing main flight and a
melt conveying channel adjacent to the pushing main flight, (See Figure 1). Here, viscous
dissipation in the melt film between the solids and the barrel wall causes the solids to melt.
The screw rotation conveys the newly molten resin across the clearance between the
barrier flight and the barrel wall, and it is collected in the melt channel. A shear stress is
imposed on the flow across the barrier flight gap (Undercut Clearance), creating dispersive
mixing. A properly designed barrier section combined with a downstream Maddock
mixer can provide a 20% rate increase over conventional screws. The operation and
design of barrier melting sections and Maddock mixers were provided previously.1

As the melting process progresses in the downstream direction, the solids channel
depth and sometimes the width decreases while the melt channel depth and sometimes the
width increases. Many variations are practiced commercially. The preferred design,
however, is for the widths to remain constant and the channel depths to change. This
design will allow the highest interfacial area for the melt film between the solid bed and
the barrel wall, maximizing the extruder melting capacity. A high melting capacity
depends on having a large interfacial area for the melting process at the melt film.

Figure 1. Cross section schematic for a barrier melting section. Flow is out towards the reader.
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The barrier melting section technology was based on fundamental information from
Maddock solidification experiments.2 That is, Maddock solidification experiments were
used to describe the melting process by stopping the screw rotation and solidifying the
resin in the channels. The melting profile could be observed from the solidified resin.
Maillefer3 was granted the first patent in 1962 for a barrier design. Lacher4 was granted
the first patent in the United States for his design in 1966. Many additional patented
designs and variants soon followed.1,5–8 The variant designs aimed to increase rate while
mitigating any restrictions at the entrance to the barrier section.

The restriction at the entrance to the barrier section occurs due to the introduction of the
barrier flight, which creates the melt channel. For example, for a screw having a constant
lead length, the channel width perpendicular flight edge of the solids channel downstream
of the barrier entry is about 40% of the width of the upstream solids conveying channel for
a typical design. This restriction can cause the extruder’s operating rate to be decreased by
up to 25%,9 causing the metering section to operate partially filled and leading to resin
degradation in the channel.10 Small process instabilities will cause some degraded
material to separate from the screw, resulting in gels in the film product. To mitigate the
restriction, many designers set the solids conveying lead length equal to the barrel di-
ameter and the barrier section lead length to 1.25 to 1.5 times the diameter. This design
was patented by Dray and Lawrence in 1972.11 However, the design results in a 20%
decrease in solids channel width for a 1.25X lead length increase and 6% decrease for a
1.5X lead length increase. As the channel narrows, the compacted solid bed must re-
arrange at the barrier entry.

Other patents reduced the restriction by removing metal at the screw’s melt channel
entry. Two entry designs developed by Robert Barr, Inc. were the Barr-II and the Barr-III
screws,12,13 (see Figure 2). The Barr-II screw reduced the restriction by tapering the melt

Figure 2. Schematic showing how the barrier section entries evolved that were developed by
Robert Barr, Inc: (a) Barr-2 screw, and (b) Barr-3 screw (schematics courtesy of Jeff Myers of
Robert Barr, Inc.).
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channel depth at the entry from the solids channel depth to the shallow start of the melt
channel entry. The Barr-III tapered the melt channel depth like the Barr-2 design and
started the melt channel at the pushing flight and tapered to the full melt channel width
over about 1 axial length diameter. Both designs removed the barrier flight for the first
diameter in the barrier section.

As discussed previously, the solids channel depth decreases in the downstream di-
rection. The solids channel at the barrier section’s end should remain open to let a small
amount of solid polymer fragments exit. For a 63.5 mm diameter screw, the solids channel
depth at the barrier section’s end should be 0.8 to 1.5 mm. If the channel is closed off or the
depth is extremely shallow, solid polymer fragments can wedge into the space, causing a
local high pressure, high screw wear, and resin degradation. A small opening at solids
channel exit permits some solid polymer fragments to flow downstream. A properly
designedMaddock mixer14 positioned downstream of the barrier melting section can trap,
melt, and disperse the fragments without degrading the resin.

About 60% of the melting occurs at the solid bed-melt film interface,15 (see as
Figure 1), while the rest occurs at the solid bed-screw interfaces. Well-designed barrier
sections maximize barrel wall area for melting while the barrier flight mitigates the solid
bed breakup and disperses small solid polymer fragments,16 improving the melting
function. These two features enable higher operational and specific rates. A higher
specific rate lowers discharge temperature. For applications such as blown film, blow
molding, and pipe, this lower temperature allows the downstream process to operate at a
higher rate.

The last design parameter for a barrier melting section is the barrier flight undercut,
defined as the radial distance from the main flight land to the barrier flight land. Designers
normally set the undercut to 0.01 to 0.015 times the diameter. This balances increased
applied stress with additional energy dissipation resulting from flow over the undercut.
Smaller undercuts can increase resin exposure to shear stress which leads to greater
dispersive mixing. Increased shear stress assists in breaking up unmixed gels17 and
dispersing additives. For example, dispersing an unmixed PE gel generally requires a
stress of 200 kPa. Unmixed gels consist of highly entangled species that are not
crosslinked. In such cases, the undercut is typically set at 0.005 times the diameter. When
producing film from thermoplastic polyurethane (TPU) resins an undercut as small as
0.002 times the diameter is used to eliminate solid polymer fragments.18

This paper presents a detailed analysis of the operation of barrier melting sections
using experimental extrusion of a linear low-density polyethylene (LLDPE) resin. This
study reports findings related to melting, discharge temperature, specific energy, and axial
pressure gradients.

Materials

A LLDPE resin was used in this study. The resin solid density was 0.917 g/cm3 and the
melt index (MI) was 2.3 dg/min (190°C, 2.16 kg). The pellet bulk density was 590 kg/m3.
The LLDPE feedstock resin was blended with a blue color masterbatch at a 100:1 letdown
ratio. The blue masterbatch contained copper phthalocyanine (β) pigment19 and used
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LLDPE as the carrier resin. The masterbatch MI was 5 dg/min (190°C, 2.16 kg). Both
materials were pre-weighed in 70 kg batches and mixed in a drum tumbler for 30 minutes.

Experimental extrusions

The experiments used a highly instrumented, 63.5 mm diameter, smooth-bore, single-
screw extruder with a 21:1 length-to-diameter (L/D) ratio. Material exited the extruder
through an 11 mm diameter die to form sample rods or logs, which were analyzed for solid
polymer fragments. Fourteen pressure transducers positioned along the barrel were used
to monitor axial pressure. The extruder barrel had three temperature zones, and they were
set at 210°C for the feed section, 220°C for the transition section, and 220°C for the
metering sections. This extruder was previously used to study melting performance as a
function of the compression ratio.20

Four barrier screws were used to study their performance in the extruder. All screws
had 6 feed section diameters, 9 barrier flighted melting section diameters, and 6 metering
section diameters. All screws were square pitched in the feed and metering sections,
i.e., the lead length was equal to the diameter. The barrier section lead length was
1.25 times the diameter. Table 1 provides the design parameters and calculated specific
rotational rates. The specific rotational rate was calculated using a numerical method21

since the traditional method overpredicts the rotational rate. The specific rotational rate is
historically known as the specific drag rate, and it is the rate due to just the screw rotation
without an imposed axial pressure gradient. The screws did not have mixing sections.

Two barrier flight undercuts (0.31 mm and 0.56 mm) and two metering channel depths
(3.18 mm and 3.81 mm) were used. The main flight width was 6.4 mm perpendicular to
the edge, while the barrier flight width was 3.2 mm. Two feed depths (10.29 mm and
13.59 mm) were used which gave 3.24 and 3.57 compression ratios.

Results

Sample logs were collected for all screws at screw speeds from 30 to 150 rpm. Figure 3
shows the extruder and die schematic. The logs were sectioned perpendicular to the flow
axis and examined for solid polymer fragments. Figure 4 displays log cross-section

Table 1. Summary of the screws used in this study.

Screw
Feed
depth mm

Meter
depth mm

Barrier flight
undercut mm

Compression
ratio

Specific rotation
rate kg/(h rpm)

B1 10.29 3.18 0.31 3.24 0.61

B2 10.29 3.18 0.56 3.24 0.61

B3 13.59 3.81 0.31 3.57 0.72

B4 13.59 3.81 0.56 3.57 0.72
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photographs for the barrier screws as a function of screw speed. Since the blue colored
masterbatch was only 1 part in 100 parts natural resin, statistically a solid fragment would
be natural in color (translucent white). Resin that was discharged in a molten state would
be mixed with the blue pigment.

The sample logs exhibited similar cross-sectional patterns at all screw speeds and for
all barrier screw designs, (see Figure 4). No solid polymer fragments appeared in the
samples, confirming that the extrusion process operated within its melting capacity, which
was increased by the barrier flight section. A few concentric white swirls due to the limited
mixing by these screws were observed. A properly designed Maddock mixer positioned
after the barrier melting section can disperse white streaks for a more uniform mixture.

Figure 3. Schematic showing the log sampling process and an axial cross section. A conventional
screw is represented rather than a barrier flighted screw.

Figure 4. Log cross section photographs as a function of screw type and screw speed. The white
regions were poorly mixed LLDPE resin.
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This is unlike the log samples obtained from the conventional screws at various com-
pression ratios and screw speeds20 which showed solid polymer fragments above 90 rpm.

Figure 5 shows the specific rates as a function of screw speed for all screws. The
specific rate is simply the rate divided by screw speed. Rate was measured manually twice
and averaged for each condition. Furthermore, the calculated specific rotational rates of
0.61 kg/(h rpm) for the B1 and B2 screws and 0.72 kg/(h rpm) for the B3 and B4 screws
are also displayed as red dashed lines. The B1 and B2 screws had shallow metering
channels, and the specific rates for these screws were slightly higher than the calculated
0.61 kg/(h rpm) specific rotational rate. This indicates that the axial pressure gradient in
the metering channels would be slightly negative. The B3 and B4 screws had deeper
metering channels. These screws provided higher rates and higher specific rates as
compared to the B1 and B2 screws. Furthermore, the B3 and B4 screws had specific rates
slightly higher than the calculated 0.72 kg/(h rpm) specific rotational rate, indicating a
slightly negative axial pressure gradient in the metering channel. For all four screws, the
specific rate decreased as the screw speed increased, likely due to minor restrictions at the
entries to the barrier sections. As previously discussed, these restrictions occur because
the solids channel in the barrier section is about 20% narrower than the upstream solids
feed channel. This restriction is insufficient to cause issues with the extrusion process but
does lower the specific rate as screw speed increases.

The entry restriction to the barrier section is evident in the specific rate when compared
to a single-flighted conventional screw.20 For example, the specific rates for the B1 and the
B2 screws are compared to a conventional screw with the same metering channel depth
and essentially the same 3.2 compression ratio. Since the metering channels depths are the

Figure 5. Specific rates versus screw speed for the four barrier screws.
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same, the calculated specific rotational rate is the same at 0.61 kg/(h rpm). Figure 6 shows
that the conventional screw’s specific rate is nearly constant at 0.77 kg/(h rpm). The
constant specific rate indicates that the screw channels are not restricted. As previously
discussed, the specific rate for the B1 and B2 screws decrease with increasing screw speed
because of the entry restriction in the barrier sections.

The extrudate temperature was measured using a hand-held thermocouple positioned
in the discharge. This method minimizes measurement errors22 due to energy conduction
through metal parts such as transfer lines. Figure 7 shows the discharge temperatures. As
expected, the discharge temperatures increased with increasing screw speed. Table 1
shows that the B1 and B2 screws had the same shallow 3.18 mmmetering channel depths.
The shallow depth dissipated a higher energy and caused higher temperatures than those
for the B3 and B4 screws with the deeper 3.81 mm metering channel depths.

Barrier flight screws with larger barrier flight undercuts showed slightly higher dis-
charge temperatures at the same metering channel depth, which is counter intuitive since
smaller barrier undercuts typically increase viscous energy dissipation for flow across the
barrier flight and thus leads to increased temperature. The lower discharge temperatures
were caused by higher heat transfer to the barrel wall. Here, the barrel wall temperature
over the barrier section was controlled at 220°C while the temperature of the molten resin
was higher and likely about 230 to 250°C. The screws with the smaller barrier flight
undercuts provided better heat transfer to the barrel wall, resulting in lower discharge
temperatures as compared to the screws with the larger barrier undercuts. Higher heat
transfer coefficients occur with thinner material films at the barrel wall and for more
frequent wiping at higher screw speeds.1

Figure 6. Specific rate for barrier screws and conventional single-flighted screw with the same
3.18 mm metering channel depth and 3.2 compression ratios.
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The specific energy input into the polymer from the screws was estimated using
equation (1).1 This is the energy that is dissipated into the resin by the rotating screw.

E ¼ ð3600 s=hÞPmax

Q

A

Amax

N

Nmax
(1)

where

Figure 7. Discharge temperature versus screw speed for the barrier screws.

E = specific energy (J/g)

Pmax = motor nameplate power (kW)

Q = rate (kg/h)

A = motor current observed during extrusion (A)

Amax = motor nameplate current at full load (A)

N = screw speed (rpm)

Nmax = maximum screw speed (rpm) at the base motor speed
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Figure 8 shows the specific energy for the extrusions. Here the specific energies
increased with increasing screw speed as expected and consistent with Figure 7 for the
increasing discharge temperature with increasing screw speed. Also as expected, the
shallow metering channel screws, B1 and B2, had higher specific energies than the deeper
metering channel screws, B3 and B4. This was expected as shallow metering channel
screws provide higher shear rates at the same screw speed and dissipate higher energy.

For the shallow metering B1 and B2 screws, the B2 screw with the larger barrier flight
undercut dissipated slightly more energy than the B1 screw with smaller barrier flight
undercut, this was consistent with higher discharge temperature observed with B2 screw.
Like the higher discharge temperature this result was unexpected. The slightly higher
specific energy for the B2 screw was due to a complicated combination involving energy
dissipation across the barrier flight land and heat conduction through the barrel wall, as
previously discussed. The deep metering channel screws, B3 and B4, showed nearly
identical specific energies.

Figure 9 shows the axial pressure profiles for the barrier screws at 70 rpm. Pressure
data from the transducers were collected at 30 Hz, averaged over 100 data points and
shown in Figure 9. This averaging removes pressure oscillations caused by passing
flights. 70 rpm was chosen because it is near the maximum screw speeds used for blown
film operations. As Figure 9 shows, the axial pressures in the channels up to about
diameter 8 were very similar. Downstream, the screws had slightly different profiles that
were difficult to interpret. No clear trend with four screw designs was seen. The variations
were likely contributed by small changes in material temperature and rate.

Figure 8. Specific energy versus screw speed for the barrier screws.
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At about 16 diameters, a local pressure minimum occurred, (see Figure 9). This local
pressure minimum was caused by the changing channel dimensions between the barrier
section exit and the metering channel entry. The specific rates (see Figure 5) are slightly
higher than the specific rate from the screw rotation alone. These higher specific rates
indicate that the axial pressure gradient in the metering channel would be slightly
negative. For the B1 screw the pressure gradient is slightly negative, while B2 and
B4 have a zero-pressure gradient and B3 shows a slightly positive pressure gradient. The
reason for this minor discrepancy is not known, but it could be due to slight calibration
errors in the pressure transducers.

Discussion

Single-screw extruders must process at high rates, high qualities, and discharge at the
proper temperature and pressure to be economically successful. Barrier flighted screws
were invented to meet these requirements by improving the melting capacity. The data
provided here for barrier flighted screws and data from an earlier paper for conventional
screws20 clearly show that barrier screws have a better melting capacity. For example, the
same LLDPE resin was extruded in this extruder described here with both a conventional
screw (3.2 compression ratio, 3.18 mm metering channel depth) and a barrier screw,
confirming the barrier screw’s superior performance. The feedstock was 100 parts natural
resin and 1-part black masterbatch. The poor melting is evident in Figure 10, showing
poor melting in the extrudate cross sections taken from the extrudate logs. The black areas
were molten at the discharge. The translucent white areas were solid polymer fragments

Figure 9. Axial pressure versus Axial position for the barrier screws at 70 rpm.
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discharged with the extrudate. For finished goods, the solid polymer fragments would
cause defects in the product. Figure 10 shows, that this screw’s maximum melt-based rate
is about 69 kg/h at 90 rpm. At higher screw speeds, solid polymer fragments appear in the
extrudate. At 90 rpm, the discharge temperature was 241°C, a temperature which may be
too high for a blown film process. Instead, the highest rate where the discharge tem-
perature is suitable for blown film may be 38.4 kg/h at 50 rpm where the discharge
temperature was 235°C.

Figures 7 and 10 show that at 70 rpm, barrier flighted screws had a higher discharge
temperature than the conventional screw at the same screw speed and metering channel
depth. For example, the B2 screw discharge temperature was 245°C while the con-
ventional screw (3.2 compression ratio) discharged at 240°C. Both screws had 3.18 mm
metering channel depths. The slightly higher B2 screw temperature was attributed to the
material flow over the barrier flight and a slightly lower specific rate, (see Figure 6). This
lower specific rate resulted from the slight restriction at the entry to the barrier section, as
previously discussed.

Barrier flighted screws have higher melting capacity, allowing for deeper metering
channels and lower discharge temperatures. For example, the conventional screw, which
discharged solid polymer fragments above 90 rpm (see Figure 10), B3 and B4 screws with
deeper metering channel depths did not show solid polymer fragments at speeds up to
150 rpm, (see Figure 4). The conventional screw maximum rate was 69 kg/h at 90 rpm,
while the B3 and B4 screws can reach up to 113 kg/h at 150 rpm without solid polymer
fragments. For a blown film process with a maximum 235°C discharge temperature, the
conventional screw maximum rate would be 38.4 kg/h and the barrier screw B4 at 45 kg/h
(50 rpm), representing an 18% increase over the conventional design. Further im-
provements to barrier screws or adding a Maddock mixer could enhance homogenization
and allow higher rates, depending on application requirements and permissible discharge
temperature and pressure. Increasing the metering channel depth could also lower the
specific energy input and thus decrease the discharge temperature.

Figure 10. Photographs20 of sample log cross sections for extrudates produced using a
conventional single-flighted screw (3.2 compression ratio). The white areas indicate poorly
mixed material or solid polymer fragments.
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In the experiments, four barrier flighted screws were tested with two different barrier
flight undercuts and two different metering channel depths. The metering channel depth
plays the most important role in determining the specific rate and discharge temperature
for the process, and axial pressure gradients had less impact. Variation in barrier flight
undercut did not significantly influence rate or temperature. This indicates that using a
smaller barrier flight undercut can enhance melting and mixing without compromising
rate and discharge temperature.

The results here show that a 0.31 mm barrier flight undercut for a 63.5 mm diameter
screw is an acceptable level, as it did not cause high temperatures or loss of rate.
Moreover, a smaller undercut will create higher stresses required to mitigate unmixed
gels.1,21 Smaller undercuts are also acceptable for PE resins and other resins. For example,
thermoplastic polyurethane (TPU) resins require a small barrier flight undercut to mitigate
solids. Here a 114.3 mm diameter extruder would use a 0.25 mm undercut.22

Designing the entry to the barrier section is challenging because compacted solids must
efficiently transition from the solids conveying section into the solids channel at the entry
to the barrier section. Poor screw design can create a bottleneck, decreasing throughput by
25% or more9 and causing the metering channel to operate partially filled. With PE resins,
this partial filling can cause resin degradation and product gels.10 Over the past 50 years,
solutions like longer lead length in the barrier section and improved entry section designs
have been implemented to address these issues.

Conclusions

How the barrier flighted screw sections with different barrier undercuts and metering
channel depths affect the operation of a single-screw extruder is described in this paper
using experimental extrusion data for an LLDPE resin. Solid polymer fragments were not
observed in the samples discharged from extruder, indicating improved melting capacity
introduced by the barrier flight section over a conventional screw. Decreasing the me-
tering channel depth lowered the specific rate and increased the discharge temperature, as
expected. Changes in the barrier flight undercut produced only minor effects on both the
specific rate and discharge temperature.

A restriction occurs for the flow of compacted pellets from the solids conveying section
to the solids channel of the barrier section. Many designs have been tried and patented to
mitigate this restriction. The restriction is clearly shown by comparing the specific rates
for the B1 and B2 screws with a conventional screw with the same metering channel depth
and compression ratio. Here, the specific rate for the conventional screw was 25% higher
than the specific rate of rotation and was constant with screw speed while the barrier screw
had a specific rate that was 30% higher than the rotation rate at low screw speeds and the
specific rate decreased to 7% higher than the rotation rate at high screw speeds. For the
barrier screws, the specific rate decreased because it was more difficult to transport resin at
high rates through the entry of the barrier section. The restriction is due to the width of the
solids channel at the entry being 20% less than the width of the upstream solids conveying
channel. This reduction in width requires the compacted solid bed to rearrange, creating
the restriction.
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Appendix

Nomenclature

A motor current during extrusion (A).
Amax maximum nameplate motor current (A).

E specific energy (J/g).
N screw rotation rate in revolutions per minute (rpm).

Nmax maximum screw speed in revolutions per minute (rpm).
Pmax nameplate power for the motor (kW).

Q rate (kg/h).
Vbx x component of the screw tip velocity (m/s).
Vbz z component of the screw tip velocity (m/s).
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