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ABSTRACT

The present invention' provides extrusion-processable materials having a plurality of
capillary channels therethrough, and apparatus and methods for manufacturing such
materials. The capillaries may be occupied by gases, liquids or other phases. The materials

may be anisotropic foams which have high voidage. The methods and apparatus include
quench cooling (11) of an extrudate (2) as it exits a die (14).




R e S T
N

% T

It

67

0¢

0¢

62T

11

pr §

I 'Brd
g € v
Je
x A nmwmanoo
— .
157
5 y
d 91
oz & /
/
N7 R
; 97 )
9 : "
(AR 01 !
m : w



10

15

20

25

30

WO 2008/044122 I“ ’I ‘ 'D‘U ”I I’I | PCT/1B2007/003010
o I T R

EXTRUDED MATERIALS HAVING CAPILLARY CHANNELS

BACKGROUND
a. Field of the Invention

The present invention relates to extrusion-processable materials having a plurality
of capillary channels therethrough, and to apparatus and methods for
manufacturing such materials. The capillaries may be occupied by gases, liquids
or other phases. The materials may be anisotropic foams which have high

voidage.
b. Related Art

Conventional polymer foam is usually extrusion processed, for example as
described in Tuladhar, T R and Mackley, M R, “Experimental observations and
modelling relating to foaming and bubble growth from pentane loaded polystyrene
melts", Chemical Engineering Science, vol. 59 (24), 5997-6014, 2004. The
resultant product contains a random, isotropic voidage that is inherently difficult to

control and predict.

Thermopiastic ﬁlms or ribbons with anisotropic parallel multiple capillary channels
running through them are known as microcapillary films (“MCF"). MCFs and their
manufacture are described in WO 2005/056272. MCFs typically have about 5-6%
voidage based on optical analysis and the geometry of the die and air entrainment

device.

it is desirable to make MCFs having a much higher voidage, to provide anisotropic
foam-like structures having parallel channels. Such materials provide interes'ting‘
mechanical properties and the possibility of new applications. Previous attempts to
produce high-voidage MCFs by upstream gas injection have failed because of
blistering of the capillaries (Hallmark B, The Development of Microcapillary Films,
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PhD Thesis, Chapter 3, University of Cambridge, UK, 2005.)

SUMMARY OF THE INVENTION

According to an aspect of the invention there is provided a method of producing an
extrudate product having a plurality of capillary channels therethrough, the method
comprising the steps of:

a) providing an extrusion apparatus comprising an extruder having an inlet,
a die including an orifice having a predetermined outer shape, a plurality of fluid
injectors each having a body including an internal conduit for fluid flow, each
injector further comprising an outlet from the internal conduit at an outlet end, the
outlet end of each injector being arranged in a predetermined pattem suﬂstantia!ly
within the orifice of the die, the conduit of each injector being fluidly connected to a
fluid source; |

'b) feeding extrudable material into the extruder through the inlet;

c) forcing the extrudable material towards the die and through the orifice in
the die to produce an extrudate having the predetermined outer shape; '

d) using the injectors to allow fluid to pass from the fluid source through the
conduit to be entrained in the extrudate product to form capillaries such that the
extrudate includes fluid-filled capillaries therealong in the predetermined pattem;
and characterised by

e) quench cooling of the extrudate as it exits the die.

By quickly quench cooling the extrudate, we have found that stable MCFs with
high voidage may be made. Product with voidage up to about 30% can be made
using entrainment of air or other fluid at ambient pressure, and we'have found that
extruded product with voidage in excess of about 30% can readily be produced by
injecting pressurised fluid via the ‘injectors. The process overcomes problems of
blistering of the capillaries when using a source of pressurised fluid. Using the
process we have found that anisotropic thermoplastic foam materials -méy be
controllably formed with voidage up to 60%, and we believe it will be possible to
produce anisotropic extrudate product having even higher voidage of up to 80 or
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90%.

It will be understood that ‘quench cooling of the extrudate as it is exits the die’ is to
be interpreted practically, as in practice there will always be a finite distance
between the die exit and the point at which the ektrudate has been sufficiently
cooled to resist mechanical deformation. The term ‘die exit means the first
location at which the extemal boundaries of the extrudate are no longer
constrained by the die. it is preferred that the cooling is applied to the extrudate
less than about 3 mm from the die exit, preferably less than 2 mm, and particularly
preferably about 1 mm or less. Thus, it is preferred that the melt drawing length
(distance from the die exit to the point of quenching) is as close to zero as
practically possible. In one embodiment the quench cooling is provided by one or

~more fluid jets, notably high speed air jets, which can be directed at the extrudate

close to the die exit. It would aiso be possible, in another embodiment, for quench
cooling to be provided by cryogenic immersion.

In one embodiment of the invention, the fluid source is a regulated, compressed
gas supply, notably a pressurised air supply, which can provide a flow of gas
under pressure to the fluid injectors. The fluid injectors comprise hollow bodies
through which fluid can pass, for example needles. Under conventional MCF
extrusion conditions the injectors are passive devices that entrain air naturally at

atmospheric pressure. The effect. of using pressurised gas is to inflate the
capillaries. '

The quenched film is typically taken through a pair of nip rollers and then spooled.
We have found that the pressure of the nip in this process may be high enough to

‘ destroy capillaries formed in a conventional MCF process.

Potential applications for the extrudate product include capillary -electrophoresis,
for example for DNA analysis, heat transfer, fluid transport, micro-reactor,
biomedical applications, liquid encapsulation, optical applications, foodstuffs and
porous matrix applications. Such applications are dgscribéd in WO 2005/056272
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and US Serial No. 10/582,465, the entire contents and disclosure of which are
incorporated herein by reference. Other non-limiting examples of applications for
the anisotropic foam product include use as food, drug or gas conduits, for -
example drinking straws, in-body applications, or as pneumatic ‘or hydraulic ‘.
actuators with ‘spark-safe’ movement. Further potential applications include
remote sensing applications such as conduits for the detection of chemicals, drugs
or pollutants, and pressure conduits for measuring pressures at different points in
a system or vehicle. The product when used in the applications may have multiple
channels or it may be severed to produce a plurality of single channel products.

An important consequence of the ablllty to fabricate anisotropic foam ribbons is the
ability to make an anisotropic foam monolith by heat-melding together a stack of
anisotropic foam ribbons. In an alternative embodiment, a two-dimensional array
of injectors may be used to create a foam monolith by direct extrusion. Such a
material is expected to have unique mechanical properties which can be tailored to

suit particular applications.

It is preferred that the die orifice is subsfantially rectangular so the resulting outer
shape of the extrudate product is substantially rectangular. The dimensions of the
rectangular orifice are preferably such that the extrudate product is a sheet, film. or
ribbon Preferably the rectangular onﬁce has a long side having a length that is at
least 5 times longer than the short side. Preferably the ratio is greater than 10 as
this may allow the film to flex more readily. It should be understood that the orifice
could take any other suitable shape, including an annulus, square or circle. It has
been noted that with a non-circular die, for instance a rectangular die there may be
edge effects that alter the shape of the capillaries at or near an edge of the film.
Such edge effect may be negated through the use of an annular die which |s, in
effect, a continuous film having no edges. An annular die may allow the productuon
of a tubular extrudate product, for example a cylindrical tube, having greater
consistency in the size and shape of the capillaries.

By quench cooling the extrudate as it exits the die, the cross-sectional shape of
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the extrudate product may be fixed in substantially the same shape as the internal
shape of the die orifice. For example, the extrudate product may comprise a tube
of circular, oval, square, rectangular, triangular or other polygonal cross-sectional
shape, having parallei bores or channels within the wall(s) of the tube.

For simplicity the apparatus will now be described with reference to the preferred
embodiment in which the die has a substantially rectangular orifice in which an
array of needle outlets are arranged in a line substantially parallel with the long
side of the rectangle and substantially in the centre of the short sides of the orifice.
This produces an extruded film having a plurality of bores or capillary channels "
therealong. It shouid be understood that different arrays and orifice shapes could
be employed.
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BRIEF DESCRIPTION OF THE DRAWlNGS

The invention will now be further described, by way of example only, with

reference-to the following drawings in which:

Figure 1 is a schematic diagram of an extrusion apparatus in accordance

with an aspect of the present invention;

Figure 2 is a schematic cross section through a first embodiment of the die - |

of Figure 1,
Figure 3 is a schematic view of the die of Figure 1 from below;

Figure 4 is a schematic diagram showing part of the die of a second
embodiment of Figure 1 and its injector array;

Figure 5 is a graph of variation in film width and film thickness with haul-off

speed;

Figures 6 and 7 show extruded materials produced under various

experimental conditions;

Figure 8 is a plan view of part of the apparatus of Figufe 1 without air-jet

cooling; and

Figure 9 shows part of an experimental set-up in accordance with an

embodiment of the invention.
DETAILED DESCRIPTION

Figure 1 shows extrusion apparatus 1 for creating an extrudate product 2 having
capillary channels therealong. The extrusion apparatus comprises screw extruder
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4 driven by a motor 6. Extrudable material 8 is fed to-the extruder screw-4 through
a hopper 10. As the extrudable material passes through the extruder screw 4 the
material is melted to form a melt 24 (Figure 4). The extruder screw 4 feeds the
melt to a gear pump 12 which maintainé a substantially constant flow of melt
towards a die 14. The gear pump 12 is connected to the extruder screw 4 by a
flange 16 which includes a screen filter to remove impurities from the melt flow.
The motor 6 is controlled using a pressure feedback link 18 between the inlet of

the gear pump and the motor 6.

The melt 24 passes to the die 14 through an extruder barrel 20 which is connected -

to the gear pump by a flange 22. Band heaters 26 are used to control the
temperature at different stages in the extrusion apparatus 1. Band heaters 26 may
be located within the extruder, on the flanges 16,22, on the gear pump 12, on the
extruder barrel 20 and also on the die 14. The detall of exemplary embodiments of
the die 14 will be shown in greater detail in subsequent figures.

The melt passes through the die 14 and is formed into the desired shape and
cross section. As the melt passes out of the die it becomes an extrudate 28
(Figure 4).

Figure 2 shows a schematic cross section through one embodiment of the die 14
of Figure 1. The die includes an entry portion 32, a convergent portion 34 and an
orifice 36 which has a predetermined inner shape. The melt enters the entry
portion 32 of the die 14, is gradually shaped by the convergent portion 34 until the
melt exits the orifice 36.

The die 14 further includes injectors, which in this example comprise needles 38
(only one of which is shown in this figure) positioned therein. Each needle 38 has
a body portion 40 having a conduit 42 therein which is fluidly connected to a fluid
source 44 by means of a second conduit 43 passing-through a wall of the die 14
around which the melt must flow to pass to the orifice 36.. The needle 38 further
includes an outlet 46 at an end 48 of the needle 38. The needle 38 is arranged
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such that the outlet 46 is located within the orifice 36. In this embodiment, the fluid

source 44 is a source of compressed air. However other fluid sources may be

- used. The fluid source could for example comprise a different compressed gas, a

liquid, sol or suspension, of the fluid source 44 could be open to atmosphere to

allow ambient air to be entrained.

Figure 3 shows a schematic view of the die 14 from below. The orifice 36 has a
rectangular outer shape, a short side 50 substantially parallel with a short axis 51
and a long side 52 substantially parallel with a long axis 53. The die 14 is designed
such that the incoming flow, which is contained in a circular pipe, is altered such
that it may pass through the orifice 36 of the die 14. The die 14 must effect this
geometry change, and this is currently achieved by using a convergent die 14.

The die 14 is also designed so that the flow over the array of needles 38 is
substantially even. An even melt flow around the needles 38 facilitates creation of
well-formed extrudate 28. If, however, there is an uneven flow, the melt will
preferentially channel along a path of least resistance. This results in a distorted

extrudate 28, which can also results in inconsistent draw down distortions.

In this example, the die includes ten needles 38 with the outlets 46 distributed
substantially evenly along the long axis 53 within the orifice and substantially
centrally in the orifice along the short axis 51. In this example, the die orifice has a
short side dimension of 1.5 mm, a long side dimension of 18 mm and the needles
have a 0.5 mm outer diameter and a 0.3 mm inner bore.

In this example, compressed air from the fluid source 44 is provided to the second
conduit 43 via a supply conduit 3 with a manually-controlled isolation valve 5. The
second conduit 43 has a mass flow control valve which can be used to regulate
the volume of gas passing through the needles 38. A pressure sensor P is used to

measure the pressure of gas to the needles 38.

The supply conduit 3 is fluidly connected to air jet lines 15 via a manually-
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controlled needie valve 7. The air jet lines 15 are arranged to direct jets of high-
speed air via air-jet nozzles 11 to extrudate 28 as it exits the die orifice 36, thereby
rapidly quenching the extrudate 28 to form the extrudate product 2. A temperature
sensor T and a pressure sensor P can be used to measure temperature and

pressure of the air jet lines 15.

In the embodiment of die 14 shown in Figure 4, the second conduit 43 is
connected to the injectors 38 via a plenum 45 located within the die 14. The end of
each injector 38 is located substantlally level with the die orifice so as to minimise
the distance between extrudate 28 passing beyond the injectors 38 and being
quiench cooled by the air jets. This die arrangement (with-19 injectors) was used in

the experimental work described below.

The web of quenched extrudate product 2 is held by a pair of nip rollers 30, which
can be pressurised so as to get a firm grip. This permits the nip rollers 30 to
maintain a good hauling tension. Because the nip rollers 30 are not handling
readily-deformable extrudate 28, they may use pressures much higher than in a
conventional MCF process. The nip rollers 30 may be chilled, but this is not
essential since rapid air-quenching has taken place close to the die exit. After
passing through the nip rollers 30 the extrudate product is wound on to a spool 31,

in this example via one or more guide rollers 29, either or any of which may

optionally-by heated.

A key difference between the process of the present invention and prior art MCF
processes is illustrated in Figure 8, where the plastic extrudate 28 is shown in the
absence of air jet cooling, being quenched at chilled nip rollers 30. The film width

-is reduced, and the voidage is relatively low, typically about 5-6%. If attempts are

made to increase the voidage by injected pressurised gas through the injectors 38,
blistering of the extrudate occurs. The melt drawing length L1 (the distance from
the die exit to quenching of the extrudate) is typically up to about 15 cm. In the
method of the present invention, the extrudate is quench cooled as quickly as is
practical after it leaves the die exit. The melt drawing length L2 is preferably less
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than 3 mm, notably 2 mm or less. It is particularly preferred that the melt drawing
length is less than about 1 mm. It will be understood that the illustrated distances -
L1 and L2 are by way of contrasting example only and that Figure 8 is not

necessarily to scale.

The process enables the controlled production of high-voidage extrudate products,

including novel anisotropic foam materials.

EXPERIMENTAL RESULTS

The apparatus of Flgure 1 was used to prepare MCFs having high voidage. The
high-voidage process preserves all the equipment used for making prior art MCFs,
such as described in WO 2005/056272, but adds on two additional items. Firstly, a
high-speed air quench in the form of two opposing air jets were added immediately
at the die exit, and secondly a regulated gas supply was attached to the array of
injectors such that a highly controlled gas supply could be introduced into the
polymer within the die. The air for both of these operations was supplied from a
compressed air main at roughly 6. 5 barg. The pressure and temperature of the
gas going to the air-quench was monitored, as was the volumetric flow and
pressure of the gas entering the injectors. The experimental die 14, air jet lines 15

and air jet nozzles 11 are shown in Figure 9.

Experiments were carried out using a commercial grade of linear low-density
polyethylene (LLDPE NG5056G) manufactured by the Dow Chemical Company
Inc. Prior to starting experimental work, the extruder was heated to 175°C and
extrusion line (the remaining ancillary pipe-work, pumps and die) to 165°C. Once
at these temperatures, the extruder was set to run at a volumetric flow-rate of
approximately 2x107 m¥s. This corresponded to a die exit velocity of roughly
7mmy/s.

At all times during the experiments, the high-speed gas flow was used to quench
the polymer at the moment it exited the extrusion die. The two gas quenching
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nozzles 11 were situated 10 mm above and below the die exit, lined up on the die
exit's centreline. These guenching jets are visible in Figure 9. The pressure and
temperature of the gas was -measured just prior to exiting the jets; these
measurements could be used with in conjunction with knowledge of the stagnation
conditions of the gas supply to calculate the gas velocity near the quench tube
exit. During the course of the experiments, the velocity of the gas exiting the
quench jets was of the order of 50 m/s. Typically the stagnation temperature and
pressure were about 25°C and 6.3 barg respectively. Typical flow conditions were

around 22°C and 0.4 barg.

Seven sets of experiments were carried out to determine the effects of -specific
process parameters on the product voidage; these parameters were the die
temperature, hauling speed and gas flow to the injectors. The details of each set of

experiments are given in Table 1.

Depending on the stability of the product, around 6 to 8 product samples were
taken for each set of experiments at differing increments of the process parameter
under investigation.

Each sample was then sectioned with a razor blade, exposing the capillary
structure, and viewed using a CCD camera with a high-magnification lens. The
images of each cross section were captured on a PC and then analysed to give an
estimate of the voidage present within the film.
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Experiment

Description

A

Die temperaturé 165°C, haul off constant at 0.5 m/min, looking
at effect of increasing injector gas fiow on product stability and

| morphology. Gas flow rate range between 0 cm"/min and 600

cm®/min.

Die temperature 165°C, natural gas entrainment (conventional
MCF process conditions with the inclusion of gas quench).
Looking at effect of increasing hau! off speed on product stability
and morphology. Haul off speeds between 0.5 m/min and 0.9

m/min.

Repeat experiment B

Die temperature 185°C, natural gas entrainment (conventional
MCF process conditions with the inclusion of gas quench).
Looking at effect of increasing haul off speed on product stability
and morphology. Haul off speeds between 0.8 m/min to 1.8

m/min.

Die temperature 185°C, injector gas flow set to 220 cm®/min.
Looking at effect of increasing haul off speed on product stability
and morphology. Haul off speeds between 0.8 m/min to 1.8
m/min.

Die temperature 185°C, injector gas flow set to 370 cm®/min.
Looking at effect of increasing haul off speed on product stability
and morphology. Haul off speeds between 0.8 m/min to 1.8
m/min. ’

Die temperature 215°C, natural gas entrainment (conventional |,
MCF process conditions with the inclusion of gas quench).
Looking at effect of increasing haul off speed on product stability
and morphology. Haul off speeds between 1.8 m/min to 15.2
m/min.

Table 1
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Results and discussion

Experiment A
The effect of increasing the gas flow to the injectors 11 had two effects on the

extruded product 2. Firstly, between gas flows of 0 cm*/min (natural entrainment)
and about 300 cm/min the process was stable, producing products of increasing .

voidage. These results are summarised in Table 2.

Experiment | Injector Injector gas | Voidage (%) | Notes
gas flow pressure
(cm®min) | (barg) ‘
Al 0 0 15 Stable process
A2 210 0 - 20 Stable process
A3 340 0.03 22 (when | Quasi stable.
(fluctuating) | stable)
A4 450 -500 |[0.11t00.19 Unstable
A5 340 - 360 |0.081t00.14 Unstable
A6 200 0.07 Unstable
A7 500 0 Stable
A8 580 0.04 Unstable

Table 2 - Effect of gas flow on voidage and process stability.

Photographs of sections of the extrudate product 2 for Experiments A1-A3 are

shown in Figures 6A-6C respectively.

If the flow-rate had been incrementally increased from zero, the process went from
being stable to unstable at flow-rates above 340 cm’/min. The instability
manifested itself in the form of intemal rupture of the product, shown in Figure 6E,
and also as fluctuations in the gas flow rate. Figure 6E is taken from Experiment

. A4. Here, the inter-capillary walls have yielded to produce essentially a hollow

tube with longitudinal corrugations around its perimeter and along its length. The
width of the film is approximately 18 mm. In addition, it was interesting to note that
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when the process was observed to be stable, the measured gas pressure into the
gas injectors was zero, but when the process was observed to be unstable a
positive pressure varying (typically) between 10 and 150 millibar was measured.
At the transition between the stable and unstable state, a variety of interesting

cross sections could be formed; one such cross-section is shown in Figure 6D,

from Experiment A6. This photograph was taken near the transition of instability

and rupture of the extrudate product.

It was found, however, that flow-rates between 340 cm®min and 500 cm’/min
could be stably sustained (on occasion) if they were imposed rapidly from a zero
flow rate. It is thus preferred to take the process from zero flow rate to the intended
maximum flow rate as quickly as possible, notably in less than 5 seconds,
preferably in 2 seconds of less. For a 19 capillary product, the preferred flow rate
is therefore in the range 0 to about 26 cm®/min (500/19).

Experiments B and C

The effect of increasing the haul-off speed on the product was seen qualitatively to
increase the voidage within the product. Quantitative measurements are not
presented here since the haul roller pressure was too great for the films and
consequently some of thg capillaries had been significantly reduced in size hence

invalidating comparative voidage measurements.

Several other phenomena, however, weré noticed during the course of these
experiments. The first was that increasing the haul-off speed did not have a strong
effect on the exteral dimensions of the product. Usually, increasing the hauling
rate reduces the dimensions of the film as it is drawn in its molten state between

 the die exit and the quenching roller. Due to the immediate quench at the die exit,

however, this melt drawing did not occur in the same manner. The net effect of

increasing the haul-off-spéed is thought to increase the drawing force of the
polymer at the die exit.

it was noticed, however, that the pressure of the polymer meit (measured
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significantly upstream of the extrusion die), was affected by the haul off speed,
such that increasing the drawing speed decreased the melt pressure. This effect
has not been previously observed with the conventional MCF process. Without
Wishing to be bound by theory, a possible explanation for this effect is that the
rapid gas quénch causes a large temperature gradient in the polymer at the die -
exit, resdlting in locally higher polymer viscosity in this region when compared to
the viscosity of the polymer within the extrusion line. Increasing the haul-off speed,
therefore, has the net effect of being able to forcibly remove more material from
the die exit region, resulting in an acceleration of the polymer within the extrusion
die. Typically, the majority of the pressure drop within the extrusion line occurs
around the region of the die exit, so if material is being removed from this area by
a means other than the pressure within the extrusion line, then the measured
pressure within the extrusion line will fall.

A further observation was with regard to product quality in relation to haul-off
speed. At low haul-off speeds (0.5 m/min), a high-quality finish was achieved on
the polymer. At higher hauling speeds (around 0.8 m/min), however, the quality of
the finish became very rough and ‘ragged’. This effect is illustrated in Figure 7, in
which the product from the low haul-off speed process is shown on the left (a) and
the product from the higher haul-off speed process is shown on the right (b). The
die exit temperature was 165°C. The width of the film in each picture is

approximately 18 mm.

Experiments D, E and F.

These experiments explored the effect of haul-off speed and injector gas flow on
the final product. For these ihree experiments, the die exit temperature was raised
by 20°C to 185°C. The purpose of this was to delay the onset of the ‘ragged’ typé
of product illustrated in Figure 7(b); this was successful and the quality of the
product at 0.8 m/min was akin to that shown in Figure 7(a) with ‘raggedness’ only
appearing at haul-off speeds around 1.1 m/min with severe raggedness akin to
that shown in Figure 7(b) occurring around 1.8 m/min. )
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The effect of both increasing injector gas flow and: increasing haul-off speed was

to increase the voidage in the final product. This is summarised in Table 3.

Expt | Injector injector | Haul- Vaidage | Melt Width Thickness | Comments
gas flow | & off (%) pressure | (mm) (mm)
(cm°/min) ‘(’;::;;e speed | (psig)
' ‘ (m/min)

=t lo (o8 19 | 620

E2 210 0 09 26 590-600 17.00 0.78

Table 3. - Summary of results from experiments D, E.and F.

In addition to the increasing voidage, as a function of both gas flow and haul-off
speed, some other interesting observations can be made from thése data. Firstly,
the process remained stable throughout in relation to maintaining un-ruptured
capillaries. Secondly, it can be seen from the data in the table that increasing haul-
off speed decreased the extrusion pressure, as observed in experiments B and C.
Lastly, again similar to experiments B and C, increasing haul-off speed only had a
minor effect on the external dimensions of the films. A plot showing the variation in
film width and film thickness with haul-off speed is shown in Figure 5.
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Experiment G
The final experiment examined the effect of haul-off speed on voidage and product -
quality at an elevated die temperature of 215°C. This was carried out under

conditions of natural air entrainment through the injectors 38.

As expected from previods results, it was found that increasing haul-off speed
increased the amount of voidage present within the film: two examples are given in
Table 4.

Experiment Haul-off speed | Voidage Comments
(m/min) (%)
G1 1.8 14 Smooth, defect-free
' product
G5 7.6 27 Smooth, defect-free
product

Table 4 - Selected results from experiment G.

The most striking observation from this set of experiments, however, concemed

the stability of the process in terms of draw resonance.

Draw resonance is an instability found in fibre-spinning and film-casting processes.
If we define a 'draw-ratio' as the ratio of (mean) velocities between the polymer
coming out of the die and the velocity with which it is hauled away, post quench, in
its solid state, then we can see that this quantity related to the amount of draw-

down the polymer experiences in its molten state.

If one attempts to try and draw the polymer excessively, then the 'draw-resonance’
instability appears. It takes the form of periodic oscillations in the width and
thickness of the film. The period of the oscillation is linked to the quenching
distance (distance between die exit and quench) and the amplitude linked to the
draw ratio. It can be proved mathematically that, for a Newtonian fluid, draw
resonance will appear at a draw ratio of 20.2. The are various ways in which
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viscoelasticity, fast quenching, and other methods can be combined to slightly
delay the onset of this instability. In general, however, it represents the upper
prpduction limit on the film casting/fibre spinning system.

At no point was draw resonance observed. At the highest haul-off speed attainable
with the existing machinery (15.2 m/min), the process was stable. It was, however,
observed that due to the cooling effect of the quenching jets, the velocity of the
polymer exiting the die appeared to be substantially similar to that of the haul-off
speed. It furthermore appeared that the polymer was being forcibly pulled out of
the extrusion die exit, with a consequent acceleration of the polymer within the

extrusion die and drop in pressure in the extrusion line.

The elevated die temperature eliminated any observable form of product
‘raggedness’ that has previously been discussed. Furthermore, due to the lower
viscosity of the polymer within the die, there was some drawing effect in terms of
the external dimensions of the .ﬁlm diminishing with increasing hauling speed; this
effect was still significantly weaker when compared to similar effects in the
conventional MCF process.

Experiment Haul-off speed | Extrudate width | Extrudate
. (m/min) (mm) " | thickness (mm)

G1 1.8 13.24 . 0.51

G2 3.0 T41.65 0.34 .

G3 46 11.54 0.28

G4 6.1 10.67 0.19

G5 76 10.03 0.17

G6 9.1 . 10.22 0.15

G7 106 9.6 0.10

Table 5 . Variation of width and thickness of product with haul-off speed
obtained in experiment G.

A photograph of the cross section of the film from experiment G5 aiso
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demonstrates.the higher haul-off speeds being used resulted in a shape- and size-
range of capillaries; this is shown in Figure 6F. The width of the film is

approximately 10 mm.

Some experimental work carried out using a polyolefin plastomer (Dow Affinity
1880) has éuggested that variation of the process.parameters outlined using
LLDPE have similar effects. A key difference is that is appears to be easier to
produce higher voidages but also easier to induce the rupturing instability that was
shown in Figure 6E. Typically, successful extrusion of a high voidage product was
achieved stably with injector gas flows around 80 cm®/min, but with instability
observed with injector gas flows in excess of about 100 cm®/min to 150 cm*/min.

| Figures 6G and 6H show extrudate products produced using the Dow Affinity 1880

plastomer, extruded at a die temperature of 175°C and a steady gas flow rate of
80 cm¥min. A scale with mm gradations is placed alongside each film. The
product shown in Figure 6G has approximately 40% voidage and was produced
with a lower haul-off speed (around 0.8 m/min or higher) and the product shown in
Figure 6G has approximately 60% voidage and was produced with higher haul-off
speeds in the range of about 1-3 m/min.

Applications for these new high-voidage products, including anisotropic foams,
include novel conduits for foods, drugs or gas, such as drinking straws, which may
have multiple capillaries. A particularly useful feature is their ability to sustain
curvature in one direction without cbllapse of hollow capillaries. ‘

There are a number of factors that influence the voidage of the final product.
These can be summarised as follows:

o Increasing the haul-off speed will increase the voidage of the final product,
o Increasing the injector gas flow-rate will increase the voidage of the final

product,
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e Increasing the injector gas flow-rate above a critical threshold will result in
product instability and rupture of the inter-capillary walls,

o The critical threshold at which product instability and rupture takes places can
be inferred from the gas injection pressure. In the stable state, this is zero
(within the bounds of .equipment sensitivity, or less than 10 millibar). The
unstable state was observed with gas injection pressures in excess of around
40 millibar, and this pfessure was usually fluctuating,

o The product containing the ruptured inter-capillary walls is effectively a pipe
with internal wall corrugations running along its length.

In the sets of experiments with LLDPE, voidages between 17% and up to around
35% were observed. In-experiments with Afﬁhity plastomer, voidages up to 60%
were observed. Successful experiments have also been carried out with an
extrusion grade of poly(vinyl alcohol) (PVA) (Depart PVA C10-40).

in addition to these observations, some unusual process characteristics also
emerged. These can be summarised as follows:

e Increasing haul-off speed only has a small effect on the product width and
thickness,

e A 'high' haul-off speed for ‘moderate’ die temperatures (165°C to 185°C) can
lead to a ragged product,

e A ‘high’ haul-off speed for ‘high’ die temperatures (215°C) is attainable without
draw-resonance instability,

e Increasing haul-off speed tends to decrease the polymer pressure within the

extrusion line.

By adjusting the process conditions, an extrudate proddct can be formed with a
high degree of voidage. The voidage may be filled by a second phase such as air,
or by any other type of phase. The surface area to volume ratio can be ‘tuned’ for
specific applications, and a product can be made which is tough and can take
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tensile loading, .and which will bear a curvature without fracturing which would

damage a single-bore tube.

The articles ‘a’, ‘an’ and ‘the’ are used herein to denote ‘at least one’ unless the

context otherwise requires.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in
combination in a single émbodiment. Conversely, various features of the invention
which are, for brevity, described in the context of a single embodiment, may also
be provided separately, or in any suitable,combinétion. ‘

It is to be recognized that various alterations, modifications, and/or additions may
be introduced into the constructions and arrangements of parts described above
without departing from the ambit of the present invention.
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CLAIMS

1. A method of producing an extrudate product having a plurality of capillary
channels therethrough, the method comprising the steps of: :

. a) providing an extrusion apparatus comprising an extruder having an inlet,
a die including an orifice having a predetermined outer shape, a plurality of fluid
injectors each having a body including an internal conduit for fluid flow, each
injector further comprising an outlet from the internal conduit at an outlet end, the
outlet end of each injector being arranged in @ predetermined pattern substantially
within the orifice of the die, the conduit of each injector being fluidly connected to a
fluid source; | .

b) feeding extrudable material into the extruder through the inlet;

c) forcing the extrudable material towards the die and through the orifice in
the die to produce an extrudate having the predetermined outer shape;

d) using the injectors to allow fiuid to pass from the fluid source through the
conduit to be entrained in the extrudate product to form capillaries such that the
extrudate includes fluid-filled capillaries therealong in the predetermined pattern;
and characterised by

e) quench cooling of the extrudate as it exits the die.

2. A method according to claim 1, wherein the quench cooling is achieved by
applying at least one jet of pressurised fluid to the extrudate.

3. A method according to claim 2, wherein the quench cooling is achieved by

applying jets of pressurised air to the extrudate.

4. A method according to claim 2 or claim 3, wherein the or each jet is applied
to the extrudate at a location within 3 mm of the die orifice.

5. A method according to claim 4, wherein the or each jet is applied to

extrudate at a location within 2 mm of the die orifice.



10

15

20

25

30

WO 2008/044122 PCT/IB2007/003010
‘ -23-

6. A method according to any preceding claim, wherein the fluid source is a

source of pressurised fluid.

7. A method according to claim 6, wherein the pressurised fluid is compressed

air.

8. A method according to claim 6 or claim 7, wherein the pressurised fiuid is

_injected at a rate in the range 0-26 cm’_’/min per injector.

9. A method according to claim 6 or claim 7, wherein the preésured fluid is
injected at a rate in the range 11-16 cm/min per injector.

10. A method according to any of claims\ 6-9, wherein the pressurised fluid is

provided at a measured gauge pressure in the range 0-150 millibar.

11. A method according to claim 10, wherein the pressurised fluid is provided at
a measured gauge pressure in the range 0-10 millibar.

12. A method of producing an extrudate product having a plurality of capillary
channels therethrough, the method comprising the steps of:

a) providing an extrusion apparatus comprising an extruder having an inlet,
a die including an orifice having a predetermined outer shape, a plurality of fluid
injectors each having a body including an ir_\temal conduit for fluid flow, each
injector further comprising an outlet from the internal conduit at an outlet end, the
outlet end of each injector being arranged in a predetermined pattem substantially
within the orifice of the die, the conduit of each injector being fluidly connected to a
source of pressurised fluid;

b) feeding ext_rudable material into the extruder through the inlet;

c) forcing the extrudable material towards the die and through the orifice in
the die to produce an extrudate having the predetermined outer shape;

d) using the injectors to allow the pressurised fluid to pass from the fluid
source through the conduit to be entrained in the extrudate product to form
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capillaries such that the extrudate includes fluid-filled capillaries therealong in the

predetermined pattem; and
e) quench cooling the extrudate by applying one or more jets of pressurised

fluid to the extrudate within 3 mm of its exit from the die.

~ 13. A method according to any preceding claim, further compﬁsing using nip

rollers to pull the extrudate product through at a haul-off speed in the range 0.8-

15 m/min.

14, Apparatus for producing an extrudate product including a plurality of
capillary channels therethrough, the apparatus comprising an-extruder having an
inlet, a die including an orifice having a predetermined outer shape, a plurality of
injectors each having a body including an intemal conduit for fluid flow, each
injector further comprising an outlet from the internal conduit at an outlet end, the
outlet end of each injector being arranged in a predetermined pattern substantially
within the orifice of the die, the conduit of each orifice being fluidly connected to a
fluid source, wherein, in use:

a) extrudable material is fed into the extruder through the inlet;

b) the extruder forces the extrudable material around the bodies- of the
injectors towards the die and through the orifice in the die to produce an extrudate
having the predetermined outer shape;

c) the injectors-allow fluid to-pass from the fluid source through the conduit
to be entrained in the extrudate product to form capillaries such that the extrudate
product includes capillaries therealong in the predetermined pattern;
and characterised by |

d) means for quench cooling of the extrudate as it exits the die.

15.  Apparatus according to claim 14, wherein the injectors comprise needles.

16.  Apparatus according to claim 14 or claim 15, wherein the fluid source is a

source of pressurised fluid.
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17.  Apparatus according to any of claims 14-16, wherein the fluid source is a

source of compressed air.

18.  Apparatus according to any of claims 14-17, wherein the means for quench - -
cooling comprises at least one nozzle arranged when in use to provide a jet of
pressurised fluid directed to impinge on the extrudate within 3 mm of the die

orifice.

19. Apparatus according to claim 18, wherein the at least one nozzle is
arranged when in use to provide a jet of pressurised fluid directed to impinge on

 the extrudate within less than 2 mm of the die orifice.

20. An extruded product having a length and a cross-sectional shape
perpendicular to said length, the product including a plurality of channels
substantially parallel to the length of the product, said channels comprising 10-

90% of the product by volume.

21. An extruded product according to claim 20, wherein said cross-sectional

shape includes two long sides and two short sides.

22. An extruded product according to claim 20, wherein said cross-sectional

shape is-an annulus.

23 An extruded product according to any of claims 20-22, wherein the
channels comprise from 15-60% of the extruded product by volume.

24. An extruded product according to any of claims 20-22, wherein the
channels comprise from 30-60% of the extruded product by volume.

25.  An extruded product according to claim 21, in which the plurality of
channels -are aligned in a line substantially parallel with a long side of the cross

section and substantially central with respect to a short side.
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26. An extruded anisotropic foam product having a long axis and having a
plurality of bores aligned substantially parallel with the long axis.

27. A product according to claim 26, wherein the bores occupy at least 40% of

the product by volume.

28. A product according to claim 26 or claim 27, which is a ribbon having two

long sides and two short sides.
29. A product according to claim 26 or claim 27, which is a hollow tube.

30. An extruded product according to any of claims 20-29, which is formed from
at least one material selected from the group comprising: linear low-density
polyethylene (LLDPE), poly(vinyl alcohot) (PVA) and Polyolefin plastomer.

31. A drinking straw having a long axis and having a plprality of bores aligned
substantially parallel with the long axis, the bores occupying from 40-90% of the
straw by volume.
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Variation in Film Width (closed symbols) and Film Thickness
(open symbols) with haul-off speed
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