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Abstract

Maddock mixers are ubiquitous in plastics processing for single-screw extruders and
injection molding plasticators due to their low cost to build and their ability to provide a
uniform level of dispersive mixing. If the mixer is designed properly, all entering solid
polymer fragments and certain types of gels can be trapped and dispersed into the matrix
resin. Many mixers that are used commercially, however, provide lower levels of dis-
persive stress mixing than required by the process and they can degrade polyethylene
(PE) resins. This paper will describe the mechanisms that are occurring in a Maddock
mixer and develop guidelines for obtaining optimal mixing stresses while mitigating resin
degradation.
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Introduction

Polyethylene (PE) resins are extremely variable even though they are derived from only
carbon and hydrogen atoms, and they have the highest global production of any resin
class. Moreover, PE is used in a wide variety of applications including blown film, blow
molding, cast film and sheet, injection molding, profile extrusion, and extrusion coating.’
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A common feature for these applications is a single-screw, plasticating extruder equipped
with a mixer near the end of the screw. The extruder must be able to deliver high-quality
extrudates at high rates and at the required pressure and temperature. A high-quality
extrudate (or injectate for injection molding) is one that is consistent in temperature,
composition, and does not contain solid polymer fragments or degraded resin.? Solid
polymer fragments and degraded resin will cause optical defects that are known in the film
industry as gels. Other foreign matter including dirt, metal fragments, insects, fibers, and
mineral agglomerates can also cause gels in PE films.?

The most used screw design for producing PE films and sheets utilizes a barrier melting
section and a Maddock mixer. The mixer is typically positioned about 2 diameters from
the discharge. When designed properly this combination has proven success with
plasticating PE resins at high rates and low discharge temperatures that are necessary for
PE blown films.

Poorly designed extruder screws can lead to resin degradation in the screw channels.**
Small process upsets can cause the degradation to separate from the screw and flow
downstream and contaminate the discharge. There are numerous locations on a screw
where resin can degrade. These areas include the flight radii, partially filled metering
sections, poorly designed barrier sections, and poorly designed Maddock mixers. A very
common screw design error is placing small radii on channels that contain molten resin.
For this error, the flight radii are typically about 40% of the local channel depth or smaller.
These small radii allow Moffat eddies to form,* creating regions near the flights that have
extremely long residence times. The long residence times can cause the resin to degrade,
and the degradation will eventually contaminate the extrudate. Increasing the flight radii
to 1.5 times the local channel depth will essentially eliminate Moffat eddies and the
resulting resin degradation.

For smooth feed bore extruders, the metering section is designed to control the rate and
specific rate for flood-fed processes. If a rate restriction occurs upstream of the metering
section, then the upstream parts of the metering channel can operate at zero pressure and
be partially filled with resin.® Partially filled channels will typically have regions on the
trailing side of the channel that are stagnant and create regions with very long residence
times. With enough time, the level of degradation will be high enough to separate from the
screw and contaminate the extrudate. Several upstream restrictions are known to occur
and include but are not limited to these:

¢ Operating a screw with a large level of low-bulk density recycle resin when the
screw was designed solely for fresh pellet feedstocks.®

e A feed section that is too shallow or not at the proper solids conveying temperature.’

e A poorly designed entrance to a barrier melting section.”*

e A worn feed throat casting with a new barrel section such that a ledge exists
between the segments.’

For an extrusion line to be profitable, the line must operate at high rates, producing an
extrudate that is free of solid polymer fragments. If the extruder is operated at high screw
speeds, the extruder can exceed its melting capacity. For example, a 63.5 mm diameter
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Figure 1. Schematic of the melting process experiment.

extruder with a 21 length-to-diameter (L/D) ratio was operated as a function of screw
speed.® The screw was a simple single-flighted design without a mixer. The feedstock
resin was a mixture of white-tinted acrylonitrile-butadiene-styrene terpolymer (ABS)
pellets and black masterbatch ABS pellets. The extrudate was passed through an 11 mm
diameter die, creating a cylindrical sample. The sample was solidified and then sectioned
to look for solid polymer fragments. A schematic of the process is shown by Figure 1. As
the screw speed is increased, the rate of the extruder will increase to a point where it
exceeds the melting capacity. This is evident with the cross sections provided in Figure 2.
Here the black regions were molten when the sample was collected, and the white areas
were either poorly mixed due to melting late in the process or solid polymer fragments.
Solid polymer fragments are obvious at a screw speed of 90 rpm and higher. A Maddock
mixer could be used to trap and melt these solid fragments, allowing the extruder to
operate more profitably at higher rates. This melting process is typical for PE resins and
many other resins.

The first fluted mixer patent was issued to Gene Leroy of the Union Carbide Cor-
poration (UCC) in 1969'° for the controlled degradation of resinous thermoplastic
materials rather than as a dispersive mixer. Bruce Maddock realized that the device had
potential as a dispersive mixer and commercialized it for single-screw extruders.'""'? The
device is known as the Maddock mixer, Leroy mixer, or the UCC mixer. The mixer will be
referred to as a Maddock mixer in the remainder of the paper. The device was constructed
using flute pairs that are parallel to the axis of the screw, as shown in Figure 3. Numerous
variants of the mixer were patented'*'* including the well-known spiral Maddock mixer.

Maddock-style mixers® are very commonly used due to their low cost to manufacture,
and their ability to disperse certain types of PE gels, trap and melt solid polymer
fragments, and mitigate color, compositional, and thermal gradients. The mixer can be
retrofitted onto an existing screw by removing the last several diameters of the screw and
adding on a new segment containing the mixer using a threaded joint. Many styles are on
the market under two basic variants: 1) flutes parallel to the screw axis, and 2) flutes in a
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Figure 2. Cross-sectional views of extrudate samples at a letdown ratio of 100 to | of a white
pigmented ABS resin with a black color concentrate for a melting experiment. The large round
white regions of the cross sections at screw speeds of 90 rpm and higher are solid particles that
discharged with the extrudate.
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Figure 3. Schematic of LeRoy’s fluted mixer.'°

spiral pattern in the same direction as the flights. For small-diameter screws, the mixer is
generally constructed with three in-flow flutes (or channels) and three out-flow flutes.
Larger diameter screws will have more paired flutes due to the larger available space at the
screw circumference. For a Maddock mixer with the flutes parallel to the axis of the screw
as shown by Figure 3, molten polymer flows into the in-flow flutes via a pressure gradient,
and then either continues to flow downstream in the flute or is passed through a small
clearance between the mixing flight and the barrel wall. Flow across this small clearance is
responsible for providing the dispersive mixing. Screw manufacturers typical specify the
mixer flight height position relative to the main flight as an undercut. The undercut () for
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Figure 4. Schematic for Maddock-style mixers. a) a mixer with the flutes aligned in the axial
direction, and b) a cross-sectional view perpendicular to the screw axis showing the clearance for
the mixing flight and wiping flight (courtesy of Jeff A. Myers of Robert Barr, Inc.).

a 70 mm diameter screw is typically about 0.5 to 1.2 mm, although for some applications
and designs the undercut can be smaller. For this size screw with an undercut of 0.50 mm
and a flight clearance of 0.07 mm (1), the clearance between the mixing flight and the
barrel wall is 0.57 mm (u + A). The material that flows across the mixing flight is ac-
cumulated in the out-flow flute and then flows via pressure to the discharge end of the
mixer. The wiper flight shown in Figure 4 is set at the same height as the main flight in the
metering section. For mixers with flutes in a spiral pattern, some of the forwarding flow in
the flutes is due to the rotational movement of the screw.

Numerous researchers have developed computer models for Maddock mixers using
the flow analysis network (FAN) method'>'* and the finite element method (FEM)."” In
all cases, the models were in good agreement with experimental extrusion data. The
models, however, were not used to optimize the design of the mixer flutes or flights. Also,
most of the studies were restricted to isothermal flow in axial-flute Maddock mixers. An
experimental assessment of several mixers including a Maddock mixer was performed by
Harrah and Womer.”* Considerable numerical research for Maddock mixers was per-
formed at Dow.**' Research at Dow has described the optimal flute geometry, mixing
undercut dimensions, and operations for Maddock mixers.**'
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Bruce Maddock also developed the Maddock solidification experiment.”> For this
experiment, the extruder is brought to a steady-state operation using natural resin. Next, a
small amount of black colored (or other color) masterbatch resin is added to the natural
resin at a letdown ratio of about 200 parts natural resin to 1 part masterbatch, and then it is
added to the hopper of the extruder. When the color appears in the discharge, screw
rotation is stopped, and full cooling is applied to the barrel. The transfer line and die are
immediately removed from the extruder, and the unextruded pellets are removed from the
hopper using a vacuum cleaner. After the resin is solidified in the extruder, the screw is
pushed out of the extruder using a hydraulic jack. This procedure is extremely helpful in
identifying the melting mechanism. Moreover, the experiment can be used to locate
regions where resin is degrading if the color masterbatch is not used. For this experiment,
degraded resin is obvious in the translucent natural PE resin.

The authors have a high level of experience in designing Maddock mixers that mitigate
the degradation of resin while eliminating certain types of gels. The learnings from these
experiences and case studies are presented next.

Maddock mixer design and review

The specification of the mixer flutes and the undercut level of the mixing flights have
strong impacts on the operation of the device. It is well known that the undercut of the
mixing flight has a strong effect on the ability of the device to mitigate solid polymer
fragments, but less well known is that the shape of the flutes also impacts the performance.
Through observations, numerical simulations, and direct analysis, the flute design and
undercut level are specified to mitigate gel defects in the extrudate. This section will
explain the design criteria.

Maddock mixers with shallow flutes

Designing and fabricating the flutes too shallow is rarely observed on commercial ex-
truders, but it does occur. Two performance issues occur if the flutes are too shallow. The
primary issue is the relatively large negative pressure gradient that exists in the flute and
the mixer. The negative pressure gradient is needed to maintain flow in the flutes since the
flow due to the rotation of the screw is relatively low due to the shallow channel for a
spiral Maddock mixer. The flow due to the rotation of the screw occurs because of the
helical angle designed into the flutes. Most well-designed Maddock mixers will have helix
angles that are near 60°. Shallow flutes will consume pressure. The metering channel
upstream and downstream of the mixer will need to generate the pressure consumed in the
mixer. The net effect is a reduction in the specific rate and higher discharge temperatures.
Most screw designers are keenly aware of this issue, and as such few screws are designed
with this defect.

The second performance issue that can occur for a Maddock mixer with shallow flutes
is high temperatures and resin degradation. The temperature and residence time can be
severe enough to cause PE resins to carbonize at the root of the flute, as shown by
Figure 5(b). The carbonized PE will eventually end up in the extrudate and appear as black
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Figure 5. A Maddock mixer with shallow flutes: a) photograph of a screw with flutes that are too
shallow, and b) Maddock solidification experiment showing resin degradation at the root of the
flutes.

specks. A Maddock solidification experiment was performed on the extruder, and the
solidified resin from the channels are shown in the figure. Severe degradation was
observed at the root of the flutes. The flute depth was about 25% of the flute width. As will
be discussed later in this paper, the flute depth should have been closer to 50% of the flute
width. The shallow flutes of the Maddock mixer shown in Figure 5 caused a high level of
viscous dissipation and high temperatures that led to resin degradation.

Maddock mixers with deep flutes

Deep flutes are commonly used on commercial screw designs. The flutes are made deep to
mitigate axial pressure consumption. Moreover, this design is standard for several
commercial screw suppliers. The deep flutes work well for mitigating pressure con-
sumption, but they can cause a low level of resin degradation, as shown by Figure 6. For
this photograph, the screw was rotated with the hopper empty until the flow of resin
stopped at the extruder discharge. Next the screw was removed from the extruder, studied,
and photographed. As shown in this photograph, resin degradation is apparent as brown
tinted material at the pushing and trailing sides of the flutes, especially near the top of the
flute adjacent to the wiping and mixing flights. The degraded resin will eventually
separate from the screw and discharge into the product. For some products such as pipe or
other thick parts or parts that are pigmented with dark colorants, the degradation will
likely not affect the quality of the final product. These degradation products, however, can
act as failure initiation sites and lead to premature failure of fabricated articles. For films
and thin sheets, the degradation can create a low level of background gels that affect
product aesthetics. In extreme cases, this type of degradation is known to cause film
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Figure 6. Photograph of a Maddock mixer with flutes that are too deep, causing resin degradation
at the leading and trailing sides of the flutes.

breaks for cast film lines. In all cases, this level of resin degradation does not need to be
tolerated since the design fix is simple.

For Figure 6, the PE resin degraded due to moderate temperatures and long residence
times. Moderate temperatures here are defined as typical temperatures that would occur in
blown film or cast film lines; i.e., 220 to 235°C for blown film and 235 to 250°C for cast
films. Since the discharge temperature must be acceptable to the downstream process, the
processor has very little control over this temperature. The residence time at the flight
edge, however, can be mitigated via the design of the flute.

The long residence time and resin degradation are caused by flutes that are improperly
designed. For Figure 7(a), the flutes were cut too deep such that the edges became parallel
to the radial direction; i.e., a vertical edge. The flute shape and vertical edge are obvious on
the photograph in Figure 7(a). As a comparison, well designed mixer flutes are shown in
Figure 7(c). A well designed flute is fabricated using a ball end mill with a tool diameter
equal to the desired width of the flute. Metal is removed from the screw until a perfect
semicircular channel cross-section results, as shown in Figure 7(d). That is the flute depth
H to flute width Wor H/Wis 0.50. In many cases, the ball end mill is used to cut the flute
deeper, creating vertical edges in the cross-section as shown in Figure 7(b). Some screw
designers cut the flutes deep because they are trying to minimize pressure consumption by
the device while not understanding the ramifications of resin degradation. Here the ratio
H/W is greater than 0.5.

From Figure 6 it is obvious that a higher residence time occurs near the regions that are
causing the resin to degrade and turn a translucent brown color. Numerical simulations of
several Maddock mixer designs were performed to determine if regions of long residence
times occurred for Maddock mixers used for a 63.5 mm diameter screw.* Two designs will
be discussed here. Both designs had lead lengths that were 345 mm with 3 flute pairs. The
flutes were cut into the metal stock using a ball end mill with a diameter of 22.2 mm. The
designs simulated were at two different flute depths: 1) a depth of 11.1 mm for a H/W of
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Figure 7. Effective and poor Maddock mixer designs: a) a photograph of a poor design with very
deep flutes, b) a schematic of a deep flute (poor design) where the depth is greater than half of the
width, c) photograph of an effective design with well-designed flutes, and d) a schematic of an
effective designed flute where the depth is equal to half of the width.

0.50, and 2) a depth of 12.8 mm for a H/W of 0.58. Thus, the first design used a flute
channel that had a cross section identical to Figure 7(d), and the second design had a flute
design that was too deep with flat edges in the radial direction at the flute tips.

Three dimension (3D) finite element numerical simulations were conducted using
Simcenter StarCCM+ software to model the polymer flow continuity, momentum, and
energy balances. The details of the simulations were presented previously.* The residence
time distributions of the resin flow in both mixer designs were calculated using the passive
scalar method within the StarCCM+ software. The residence time near the end of the
mixers is shown by Figure 8. As shown by Figure 8(a) for flutes that are designed properly
with a H/W of 0.50, the residence time in the center of the channels and at the edges is
relatively low at 7 to 10 s. As expected, this residence time is not long enough to create a
level of degradation near the wall of the mixer flute. For the other mixer design where the
flutes are designed deeper with a H/W of 0.58, the residence time increases drastically at
the trailing side of the channel and deeper into the flute, as shown by Figure 8(b). The
residence time at this location ranged from 6 to nearly 800 s. The long residence times and
hence the very low flow can cause resin to degrade, as shown by Figure 6. This figure
shows degradation at both the pushing and trailing sides of the flute channel. The
simulated residence time, however, showed that the degradation would be preferred to
occur at the trailing side and not on the pushing side. The reason for this discrepancy is not
known.

The average residence time for flow through the mixers was also calculated using the
StarCCM+ software. As shown by Figure 9, the average residence time for the mixer with
a flute H/W of 0.50 was about 8.2 s and most of the resin had passed through the mixer
within about 10 s. The mixer with a flute H/W of 0.58, however, was considerably
different with the average residence time of about 39.8 s and most of the resin exiting the
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Figure 8. Residence time of the cross section near the end of the fluted section for flutes that are
22.2 mm wide: a) flute channel depth of | |.| mm for an H/W of 0.50, and b) flute channel depth of
12.8 mm for a H/W of 0.58.

mixer by 800 s. The long residence time tail of the mixer with the deep flutes was caused
by the very long residence time near the trailing side of the flute channel.

While deep flute channels help mitigate the pressure consumption incrementally, the
risk, however, for deep flutes is resin degradation. The optimal approach is to keep the
flute depth at half of the flute width and then increase the screw speed by 1 or 2 rpm to
offset the pressure consumption of the properly designed flutes.

Specification of the mixing flight undercut

As previously stated, the undercut between the mixing flight and the wiping flight of the
mixer is important to the dispersive properties of the mixer. Solid polymer fragments often
exit the melting section of the screw and flow downstream and exit the extruder as shown
by the photographs in Figure 2. Moreover, unmixed or entangled gels are often not
disentangled by the mixing flight and create minor defects in film products. Unmixed or
entangled gels consist of highly entangled PE chains that are not detectable as they pass
through the film die. At this location, they are molten and are clear. For a blown film
process, as the film approaches the frost line, the entangled chains crystalize differently
from the matrix material and look like a small solid polymer fragment. These gels are
typically about 0.5 mm or less in diameter. A transmitted crossed polarized light mi-
crograph of a five-layer film structure containing an unmixed gel in the center layer is
provided in Figure 10. The gel type was identified using the protocol described in the next
paragraph. This micrograph shows how important it is to understand the nature of the gel.
Obviously, the gel is coming from the extruder that supplies the middle layer, and the
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Figure 9. Residence time distribution for the mixers of Figure 8.

screw in this extruder needs to be modified. If the plant personnel thought that the gel was
in a different layer, they would have been modifying the wrong extruder.

Unmixed gels are typically identified by obtaining a cross section of the film using
cryo-microtomy® and placing the cross section of the film on a microscope slide, covering
with a small amount of silicone oil, and then a glass cover slip. The gel is then subjected to
increasing temperature on a hot stage, and with the aid of a compound light microscope
the melting behavior of the gel is monitored until the matrix resin and the gel melt.> The
melting temperature of the gel should be about the same as the matrix resin, which
indicates that the gel is from the same feedstock. When the sample is above the melting
temperature, the sample is stressed by pushing on the glass cover slip with a dental tool.
The gel will disappear when stressed, and it will not reform when the sample is cooled to
ambient temperature. Thus, the applied stress was able to disentangle the gel so that it
would not reform during cooling. If the gel consisted of crosslinked resin, the applied
stress would not cause the gel to disappear.

Unmixed gels can be disentangled in an extruder by subjecting them to a shear stress
before they exit the die. Maddock mixers are great devices for disentangling these gels.
The experience by the authors have shown that a shear stress of about 200 kPa is enough
to disentangle most unmixed gels. The gel is stressed as it flows across the mixing flight.
Industry practice is to set the mixing flight undercut from the full flight at about 1 to 1.5%
of the screw diameter. This will provide a gap equal to the undercut plus the main flight
clearance (u + A). This undercut level is enough to trap, melt, and disperse solid polymer
fragments, but may not be enough to disentangle unmixed gels. A better practice is to set
the undercut at about 0.5% of the diameter. For most resins, this undercut level is enough
to apply 200 kPa of stress. The stress level that the Maddock mixer subjects to the flow
stream is easy to calculate and was presented earlier.’
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Figure 10. Photograph of an unmixed gel in the center layer of a five-layer coextruded structure.

Some designs undercut all flights in the mixer to increase the dispersive mixing.
Undercutting all flights, however, does not allow the wiping of the barrel wall in the
region, decreasing the local heat transfer and allowing some resin to have long residence
times leading to resin degradation. Previous research® has shown that a single pass over a
mixing flight improves the optical properties of gloss and haze of a film product, but
multiple passes do not improve the properties beyond the first pass. Evaluation of the
number of passes on the mitigation of unmixed gels has not been studied, but it is
reasonable to expect that multiple passes at the same shear stress will not reduce the level
of unmixed gels more than of a single pass.

Discussion

Gels are problematic for most film processes, but they can be mitigated using several
screw design features. The design features for Maddock mixers were presented here.
Other screw design features for an extruder screw”*° and transfer lines ** were presented
previously. In all cases, resin degradation occurs in regions that are either stagnant or
extremely low flowing where the residence time is very long. When the resin becomes
trapped in these regions, any added antioxidant is first consumed, and then degradation
starts. After some time, the degraded resin will separate from the screw and discharge,
creating a defect in the film. Design requirements for Maddock mixers were presented that
mitigate the degradation of resin. Unmixed gels are easily mitigated by exposing them to a
one-time, high shear stress field by flowing the resin across a tight mixing flight in a
Maddock mixer. For both cases, gels that originate from Maddock mixers do not need to
be tolerated by the converter.
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Table I. Number of spiral flute
pairs as a function of screw

diameter.
Screw Number of
diameter, mm flute pairs
50 3
110 4
150 5
200 6

The number of flute pairs is a major factor in setting the flute width and depth. In many
cases, commercial mixers are designed with too many flute pairs and the width of each
flute must be narrowed. Next, the designer sets the flutes too deep to minimize the pressure
consumption through the mixer. The original error, however, is the number of flute pairs
used. A guideline for the number of flute pairs as a function of screw diameter is provided
in Table 1. The guideline flute pair number allows proper flute channel dimensions while
providing acceptable pressure consumption and the mitigation of degradation gels.

Positioning of the mixer downstream from the melting section is important to the design to
mitigate solid polymer fragments that originate from the melting process. Typically, the mixer
is positioned in the metering section such that about 2 diameters of metering section is
downstream from the mixer. By placing the mixer away from the melting section allows solid
polymer fragments time to increase in temperature via conduction prior to trapping and
dispersing the fragment in the mixer. Thus, the mixer is positioned on the screw downstream
far enough such that only low levels of solid polymer fragments exist, and the fragments are
softened due to heat conduction. If the mixer is positioned close to melting section, the level of
solids could be too high and their temperature could be far below the melting temperature in
the stream, causing too many fragments that enter the mixer and possible reducing the rate by
plugging the mixer with solids.

Maddock mixers are typically positioned about 0.3 to 0.5 diameters downstream from
where the flight of the upstream metering section ends. That is, the flight is removed about
0.1 to 0.3 diameters upstream from the flute entries, creating a region where the flow
channel is a simple annulus with a gap equal to the upstream channel depth. A schematic
of the gap is provided in Figure 11. This annular gap requires a pressure gradient to flow
the material to the mixer. Once the material enters the mixer, the pressure at the entry to all
flutes is essentially the same. If the entry pressures are the same, the flow through each
entry flute should be the same. If the annular gap is not designed into the screw, the
upstream metering flight would go right up to the flutes on the mixer. The flute near the
pushing flight edge would typically have an entry pressure that would be 3 MPa higher
than that for the entry flute near the trailing side of the channel. The different pressures
would cause different flow rates in each of the flute pairs. A low flow rate for the entry
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Figure | 1. Schematic of a Maddock mixer with annular gaps before and after the mixer to equalize
pressure. Annular gaps of 0.3 to 0.5 diameters are recommended.

flute that is near the trailing channel side could create long residence times in the flute and
resin degradation. Another annular gap that is 0.3 to 0.5 dimeters downstream of the
Maddock mixer is typically designed into the screw to collect the flows from the out-going
flutes of the mixer.

Summary

Maddock mixers are low-cost to fabricate onto a screw and they have proven to be
excellent at mitigating solid polymer fragments and unmixed gels from extrudates.
Moreover, they can eliminate compositional and thermal gradients from the extrudate
prior to discharging from the extruder. Design of the flute shapes and the mixing flight
undercut should be specified according to guidelines of this paper to mitigate resin
degradation and unmixed gels. A summary of the guidelines are as follows:

® The depth of the flute should be half the width of the flute; i.e., H/W=0.5.

¢ The undercut on the mixing flute should be about 0.5% of the screw diameter to
mitigate unmixed gels for PE resins.

¢ The optimal number of flute pairs are provided in Table 1 as a function of screw diameter.

¢ The flights should be pulled away from the entry and exit of the Maddock mixer by
0.3 to 0.5 diameters, creating an annular gap between the flights and the mixer.
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Appendix

Nomenclature

H flute depth as shown in Figure 7.

W flute width at the flight tip as shown in Figure 7.

u  mixing flight undercut beyond the main flight.

A clearance between the main (wiping) flight and the barrel wall.
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