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Abstract
Project Code: RSA 16/2545
Project Title: Radial Extrudate Swell Profiles of Flowing Polymer Melts in
Capillary Rheometers
Main Researcher: Assoc. Prof, Dr Narongrit Sombatsompop
Email address: narongrit.som@kmutt,ac.th
Project Period: 1" November 2001 ~ 31° May 2004
Objectives:

1. To design and develop a parallel co-extrusion technique for simultaneous measurements of
radial extrudate sweil and velocity profiles of polymer melts flowing in a capillary
Rheometer.

To investigate the effects of test conditions such as polymer type, die configurations and
designs, die temperature, shear rate and electromagnetic flux density on radial extrudate

swell and velocity profiles of polymer melts flowing in the capillary Rheometer.
3. To relate the flow behaviour, radial extrudate swell and velocity profiles of polymer melts in

the capillary rheometer

Methodology, Results and Discussion
This research project determined the radial extrudate swell and velocity profiles of polystyrene
melt flowing in a capillary Rheometer using a novel technique, so called “parallel co-extrusion
technique (PCT)”. The PCT technique allowed simultaneous measurements of extrudate swell
and melt velocity across the die diameter. The test variables included shear rate, die designs and
configurations, die temperature and use of electro-magnetized die.

w

Paper# 1. Journal of Applied Polymer Science, B7(10): 1713-1722 (2003)

Two capillary dies with ditferent design configurations were used, one being single flow channel
and the other being dual flow channel. It was found in this work that the power law index (n
value) was the main parameter to determine the output rate ratio and the extrudate swell
between the large and small holes for dual flow channel die, the greater the n value the lower
the output rate ratio and thus decreased extrudate swell ratio. The differences in the extrudate
swell ratio and flow properties for PS and LLDPE melts resulted from the output rate ratio and

the molecular chain structure respectively. The extrudate swell was observed to increase with
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6
wall shear rate. The discrepancies in the extrudate swell results from single and dual dies for a

given shear rate were caused by differences in the flow patterns in the barrel and die, and the

change in the melt velocities flowing from the barrel and in the die to the die exit.

Paper#2: Polymers for Advanced Technologies, 14 (10); 699-710 (2003)

A duval channel die with mixed circular/slit flow channels in a constant shear rate rheometer
were used. In single channel die, the extrudate swell of both PS and LLDPE melts in circular
flow channel die was greater than that in slit flow channel, whereas, in dual channel die the slit
channel exhibited a higher extrudate swell ratio, the results being explained by revealing the
flow patterns of the melt in the barrel and die of the rheometer. The dimensionless size of the
vortex flows near the entrance, and the extent of dis-entanglement of molecular chains on
entering the die were the important factors for the differences in the extrudate swell ratios of the

melts at the die exit influenced by the die designs used.

Paper#3: Polymers for Advanced Technologies (accepted)

The magnetic flux density, barrel diameter, extrusion rate and die temperature were varied to
examine the extrudate swell behaviour and flow properties of a polystyrene melt. The results
suggest that the maximum swelling of the polystyrene melt with application of the electro-
magnetic field could be enhanced up to 2.6 times whereas that without the electro-magnetic field
was 1.9 times. The barrel diameter of 30mm was found to be a critical value in case that the die
swell ratio and flow properties of the PS melt were significantly affected by the magnetic flux
density. The die swell at wall shear rates less than 11.2s was caused by the magnetic torque,
whereas at higher wall shear rates it was dependent on the shearing force. For a given magnetic
flux density, the maximum increase in the die swell ratio as a result of the magnetic torque was
calculated to be approximately 209%. Increasing the die temperatuf® from 180 to 200°C reduced

the overall die swell ratio and suppressed the effect of the magnetic flux density.

Paper#4: Polymer Engineering and Science, (accepted)

A new experimental technique to simuitaneously measure radial die swell and velocity profiles
of polystyrene melt flowing in the capillary die of a constant shear rate Rheometer was. The
proposed technique was based on parallel co-extrusion of colored melt-layers into uncolored
melt-stream from the barrel into and out of the capiliary die. The radial velocity profiles of the
melt were measured by introducing relatively light and small particles into the melt layers, and

the times taken for the particles to travel for a given distance were measured. The proposed
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7
experimental technique was found to be both very simple and useful for the simultaneous and

accurate measurement of radial die swell and velocity profiles of highly viscous fluids in an
extrusion process. The radial die swell and velocity profiles for PS melt determined
experimentally in this work were accurate to 92.2% and 90.8%, respectively. The overall die
swell ratio of the melt ranged from 1.25 to 1.38. The overall die swell ratio was found to
increase with increasing piston speed (shear rate). The radial extrudate swell profiles could not
be reasoned by the shear rate change, but were closely linked with the development of the
velocity profiles of the melt in the die. The die swell ratio was high at the center (~1.9) and
low (~0.9) near the die wall. The die swell ratio at the center of the die reduced slightly as the

piston speed was increased.

Paper#5. Polymer Engineering and Science, (submitted)

An electro~-magnetized capillary die was used to monitor the changes in the radial die swell
profiles of the melt. The magnetic flux density applied to the capillary die was varied in a parallel
direction to the melt flow, and all tests were performed under the critical condition at which
sharkskin and melt fracture did not occur in the normal die. The experimental results suggest that
the overall die swell for all shear rates increased with increasing magnetic flux density to a
maximum value and then decreased at higher densities. The maximum swelling peak of the melt
appeared to shift to higher magnetic flux density, and the value of the maximum swell decreased
with increasing wall shear rate and die temperature. The effect of magnetic torque on the die swell
ratio of PS melt was more pronounced when extruding the melt at low shear rates and low die
temperatures. For radial die swell and velocity profiles, the radial swell ratio for a given shear rate
decreased with increasing r/R position. There were two regions where the changes in the die swell
ratio across the die diameter were obvious with changing magnetic torque and shear rate, one
around the duct centre and the other around r/R of 0.65-0.854In summary, the changes in the
overall die swell ratio of PS melt in a capillary die were influenced more by the swelling of the

melt around the centre of the die.

Conclusion and suggestions to further work

The extrudate swell was observed to increase with wall shear rate. The discrepancies in the
extrudate swell results from single and dual dies for a given shear rate were caused by
differences in the flow patterns in the barrel and die, the dimensionless size of the vortex and the
change in the melt velocities flowing from the barrel and in the die to the die exit. The extrudate

swell and velocity profiles of PS melt were affected by the magnetic field to the die. The barrel
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8
diameter of 30mm was found to be a critical value in case that the die swell ratio and flow

properties of the PS melt were significantly affected by the magnetic flux density.

The Paralle] Co-extrusion Technique (PCT) was found to be both very simple and useful for the
simultaneous and accurate measurement of radial die swell and velocity profiles of highly viscous
fluids in an extrusion process. The radial die swell and velocity profiles for PS melt determined
experimentally in this work were accurate to 92.2% and 90.89%, respectively. The overall die swell
for all shear rates increased with increasing magnetic flux density to a maximum value and then
decreased at higher densities. The effect of magnetic torque on the die swell ratio of PS melt was
more pronounced when extruding the melt at low shear rates and low die temperatures. The
changes in the overall die swell ratio of PS melt in a capillary die were influenced more by the

swelling of the melt around the centre of the die.

In the next step, the Parallel Co-extrusion Technique (PCT) should be used for measurements
of radial extrudate swell and velocity profiles of flowing polymer melts in real processes like
single and twin screw extruders, both with and without the application of the electromagnetic
fields. The normal stress differences would be of interest under the applied magnetic field to the

die used. (This is to perform in Advanced Research Scholar if granted).

Keywords: Capillary rheometer, Die/barrel designs, Polymer melts, Radial extrudate swell,

Velocity profiles.
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wina7Ula5an13 (Executive Summary)
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Research Output #iloananiaalulasinis

AN ITEINIATINITINY RSA 16/2545 il

Publication Level Number of Papers Publication Status
International Joumals 5 4 published, 1 submitted
Intemational Conferences 1 Published

Fa159922949WI8 LAsUNAINARNWLHDUNS WazA) Impact Factors

International Refereed Journals

1.

Experimental Studies on Extrudate Swell Behaviour of PS and LLDPE Melts in Single and Dual
Capillary Dies - Journal of Applied Polymer Science, 87(10): 1713-1722 (2003) [Impact
Factor = 0.927]

Extrudate Swell Behaviour of PS & LLDPE Melts in a Dual Die with Mixed Circular/5lit Flow
Channels in an Extrusion Rheometer— Polymers for Advanced Technologies, 14 (10): 699-710
(2003) [Impact Factor = 1.019]

Die Swell Ratio of PS Melt From an Electro~-Magnetized Capillary Die in an Extrusion Rheometer:
Effects of Barrel Diameter, Shear Rate & Die Temperature—Polymers for Advanced Technologies
(accepted) [Impact Factor = 1.019}

A Parallel Co-Extrusion Technique for Simultaneous Measurements of Radial Die Swell and
Velocity Profiles of a Polymer Melt in a Capillary Rheometer — Polymer Engineering and Science,
(accepted) [Impact Factor = 0.890]

Experimental Studies on Radial Extrudate Swell and Velocity Profiles of Flowing PS Melt in an
Electro-magnetized Die of Extrusion Rheometer— Polymer Engineering and Science, (submitted)

[Impact Factor = 0.890]

International_Conference Papers

1.

Sombatsompop N (2003) Extrudate Swell of Thermoplastic Melt Systems in a Magnetic Capillary
Die, 2" Energy and Materials Symposia, 13-14" March , Kyoto, Japan.
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1. Experimental Smdies on Extrudate Swell Behaviour of PS and LLDPE Melts in Single and Dual
Capillary Dies - Journal of Applied Polymer Sciemce, 87(10): 1713-1722 (2003) [Impact
Factor = 0.927]

2. Extrudatc Swell Behaviour of PS & LLDPE Melts in a Dual Die with Mixed Circular/Slit Flow
Channels in an Extrusion Rheometer— Polymers for Advanced Technologies, 14 (10): 699-710
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ABSTRACT: Extrudate swell behavior of polystyrene (PS)
and linear low-density polyethylene (LLDPE) melts was
investigated using a constant shear rate capillary rheometer.
Two capillary dies with different design configurations were
used, one being a single flow channel and the other being a
dual flow channel. A number of extrudate swell related
parameters were examined, and used to explain the discrep-
ancies in the extrudate swell results obtained from the single
and dual flow channel dies, the parameters including output
rate and output rate ratio, power law index, wall shear rate,
wall shear stress, melt residence time, pressure drop in-
duced temperature rise, flow channel position relative to the
barrel centerline, and the flow patterns. It was found in this
work that the power law index (n value) was the main
parameter to determine the output rate ratio and the extru-
date swell between the large and small holes for the dual

flow channel die: the greater the n value the lower the
output rate ratio and thus decreased extrudate swell ratio.
The differences in the extrudate swell ratio and flow prop-
erties for PS and LLDPE melts resulted from the output rate
ratio and the molecular chain structure, respectively. The
extrudate swell was observed to increase with wall shear
rate. The discrepancies in the extrudate swell results from
single and dual dies for a given shear rate were caused by
differences in the flow patterns in the barrel and die, and the
change in the melt velocities flowing from the barrel and in
the die to the die exit. © 2002 Wiley Periodicals, Inc. ] Appl Polym
Sci 87: 1713-1722, 2003

Key words: swelling; rheology; extrusion; processing; poly-
mer melts; thermoplastics

INTRODUCTION

It has been accepted that die swell or extrudate swell
is an important parameter determining the size and
the quality of the extruded-polymer products. In poly-
mer extrusion, the final shapes of the pelymeric extru-
date are not easily determined because of the swell
phenomenon occurring while the melt is being forced
out of the shaping die. The mechanism and degree of
swelling of the extrudate are usually explained in
terms of elastic recovery and/or residence time upon
the applied stresses.

The extrudate swell of polymer melts has been
Wwidely studied, mostly being performed in capillary
rheometers. The swelling of a polymer melt during the
flow is affected by many parameters such as shear
rate, temperature, fillers, and die size and design.
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Among these parameters, die design has still gained
interests from many researchers”® due to the fact that
the extrudate swell is closely associated with the be-
havior of the polymer melt flow, which is in turn very
complex and three-dimensional.? The components
and complexity of the flow include shear (both con-
vergent and divergent), elongation, reversal, and the
rapid velocity gradient near the die exit,® these being
believed to be infleenced by the design of the die
being used, especially dies with irregular shapes. Kiri-
akidis and Mitsoulis* performed studies on extrudate
swell of a high-density polyethylene melt by using slit
and capillary dies with respect to the effect of die-
length/diameter (gap) using the finite element
method (FEM) and an integral constitutive equation.
They found that for any given shear rate, the swelling
was greater with the capillary die than the slit ones,
and the extrudate swell decreased drastically as the
die-length/diameter {gap) ratio were increased. Li-
ang’ investigated the influence of the die entry angle
on the flow behavior for rubber compounds. They
found that the shear stress and the melt viscosity
reduced with increasing die entry angle to a certain
value and then increased. He also found that the
swelling of the extrudate decreased linearly with a
length/diameter (L/D) ratio due to an increase in the
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melt residence time in the die. Lee and Ho® studied the
effects of melting temperature and die length on the
die swell behavior of a polystyrene melt to design a
profile die, the experimental results being compared
to the theoretical ones. It was found that the die swell
became smaller as the melting temperature and die
length were increased, the results from the experiment
being in good agreement with those from the theory.
Recently, Sombatsompop and Dangtugee” examined
the effect of using two dies located along a barrel on
the extrudate swell and flow patterns of natural rub-
ber in the barrel of a capillary rheometer using a
colored tracer method. They found that the change in
extrudate swell was associated with the degree of flow
complexities occurring in the barrel, residence flow
time, elastic characteristic, and the temperature rise
during the flow. The flows with more complexity
tended to reduce the degree of extrudate swell of the
rubber. Sombatsompop and Dantugee® also found
that the change in the extrudate swell was linearly
influenced by the entrance pressure drop at low actual
barrel/die diameters (Dy/Dp, from 20/4 to 30/7 mm/
mm), and was then associated with the change in
material viscosity at high barrel/die diameters
(Dg/Dp from 35/7 to 40/8 mm/mm). For a constant
barrel diameter, the smaller the die diameter the
greater the extrudate swell due to the increases in the
extensional deformation and wall shear rate coupled
with a reduction in the melt residence time.

This article is part of an ongoing research program
on investigations into the extrudate swell of polymer
melts during the flow in rheometer. It is continued
from a series of published work”® aiming to study the
extrudate swell and flow properties of polystyrene
(PS) and a linear low-density polyethylene (LLDPE)
melts in a rheometer using capillary dies with single
and dual flow channels, the differences in the extru-
date swell results due to the die designs used being of
our main interest. The work covered the measure-
ments and discussion on extrudate swell ratio, output
rate and output rate ratio, power law index, wall shear
stress and wall shear rate, material residence time and
pressure drop induced temperature rise, the flow pat-
terns in the barrel and die of the rheometer as well as
the effect of flow channel position relative to the barrel
centerline,

EXPERIMENTAL
Raw materials

The two thermoplastic melts used in this article were
a polystyrene (Styron 636D 267) supplied in granular
form by Siam Polystyrene Co., Ltd (Thailand), and a
LLDPE {El-Lene L2009F) supplied in granular form By
Thai Polyethylene Co., Litd. (Thailand).
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Experimental apparatus

The constant shear rate rheometer was used as em-
ployed in previous work.” The barrel, having 30 mm
diameter and 150 mm long, was designed so that the
die system could be easily changed. In this work, two
circular dies with different flow channels were used,
one being a single flow channel having L/D of 65.0/
4.48 and the other being a dual flow channel having
L/D of 65/4 and 65/2, the dies and their dimensions
being shown in Figure 1. For the dual flow channel
die, the channel L/D of 65/4 was referred to as large
hole whereas that of 65/2 was referred to as small hole.
In this work, the diameters of the two dies were in-
tentionally designed to obtain the same cross-sectional
area for comparison purposes, the sum of the cross-
sectional area of the small and large holes in the dual
channel die being equal to that of the single channet
die. These two dies were also made of the same ma-
terial {mild steel). A small pressure hole was located
between the two die locations to detect the entrance
pressure drop occurring, the entrance pressure being
taken using the Pin-Spring pressure sensor.” The ap-
paratus temperature was controlled using a Euro-
therm 018 temperature controller, the apparatus tem-
perature being of 180°C throughout this work.

Measurements and Calculations

Calculations of output rate () and wall
shear rate (v,,)

Since the size of flow channels was varied depending
on the design of the dies used, the output rate and
wall shear rate for each flow channel at a given piston
speed would be different, and they had to be calcu-
lated individually. For the single flow channel die, the
total output rate was directly determined using the
piston velocity and the barrel cross-section. In the case
of dual flow channel die, the output rate of the melt
through each flow channel {(large and small holes) was
determined based on the power law equations legs. (1)
and (2)] and the fact that for a given piston speed the
entrance pressure drop at small hole (AP;) was equal
to the entrance pressure drop at large hole (AP)) as
shown in eq. (3):

=Ky 1)
2KL /400"

P==z (ﬁ) 2)

APS = APL (3)

This gives

2KLs (4Q5j " 2KL, (4Q,.)" @

Rs WR:?; RL 'TTRi
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Figure 1 Die design and their dimensions (units in mm).

where K is the power law constant, n is the power law
index, L and R are the length and radius of the die,
respectively, and the subscripts 5 and L indicate small
and large holes in dual flow channel die, respectively.
Equation (4) was reduced to give egs. (5) and (6):

s Qr
RFT TR (5)

Vs %
R;H = R:+1 (6)

It should be noted that the power law index (1) was
experimentally determined using the single channel
die and the n values of PS and LLDPE melts were
found to be 0.39 and 0.46, respectively. In this work,
the power law index values of the melts in the dual
flow channel die were assumed to be the same as those
obtained in the single flow channel die, the assump-
tion being based on the work of Drozdex and Faller,'®
who suggested that the n values between single and
dual flow channel dies were very similar. As a result,
the average melt velocities in the dual die for PS and
LLDPE melts are calculated and shown in egs. {7) and
(8), respectively.

For PS melt V= 12.02V, (7)

For LLDPE melt V, = 8.89V; (8)
By determining the average melt velocity in the small
hele (V) and (V), the output rates at each channel ((J;
and (J,) could be then determined, the sum of these
two parameters equaling the total output rate {Q,).
The values of Q,, Qs, and Q, were then used to deter-
mine the wall shear rate in single flow channel, smali
and large holes of dual flow channels respectively, by
using eq. (9). Rabinawitsch corrections were applied
to the shear rate data due to the use of different
polymer melts.

3n+1) 4
e 2

Extrudate swell measurement

In this work, the extrudate swell ratio (B) of the poly-
mer melts was directly measured by calculating the
ratio of diameter of the extrudate to that of the die, the
extrudate diameter being based on the size of the
extrudate diameter in the fully swollen (approximate-
ly 2 inches away from the die exit).” The test temper-
ature was 180°C. By trial-and-error experiment, the
critical shear rates for the onset of extrudate distor-
tions {melt fractures) during extrusion were found to
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TABLE I
The Output Rate and Wall Shear Rate of the Single and Dual Flow Channel Die for PS and LLDPE Melts

Wall shear rate in

Qutput rate in dual die (10° m>/s)

Wall shear rate in dual die {s™)

Total output rate single die (s77) PS LLDPE Ps LLDPE
{(2,) in single die Small Large Small Large Small Large Small Large
(107% m'/s) rs LLDPE (Qs) Q) (Qs) Q) {vs) (vo) (¥s) (v
58.6 9.3 8.6 1.2 57.4 16 571 1.5 9.1 21 9.1
117.8 18.6 17.3 2.4 1155 3.2 114.7 31 18.4 4.1 18.3
235.2 371 344 4.8 230.5 6.5 228.2 6.1 36.7 8.2 36.3
588.5 92,7 86.0 11.9 576.6 16.2 5723 15.2 9.8 20.6 91.1
1177.7 185.6 172.2 23.9 1153.8 324 1145.4 305 183.6 41.2 1823

be about 200 s~} for both polymer melts used. In order
to accurately measure the extrudate swell the wall
shear rate used in this work ranged from 1 to 185 57!
{corresponding to the piston speeds of 5-100 mm/
min).

Entrance pressure drop (8F,,,) and wall shear stress

(7)

The entrance pressure drop was measured under the
test conditions at which the extrudate swell measure-
ments were taken. The wall shear stress (1,,) of the
polymer melt was calculated from the measured en-
trance pressure drop (AP,,,) using eq. (10).% In this
work, Bagley’s corrections were not applied to the
shear stress data generated, the shear stress data solely
being used for comparative reasons to illustrate the
magnitude of the changes observed in the flow char-
acteristics of the materials as a function of the design
of the dies used.

RAP,,
Y3

(10)

Melt residence time

It is widely accepted that the residence time (£,) of the
melt flowing in the die, being related to the relaxation
of the polymer molecules, is one of the major factors
that influences the extrudate swell. The residence time
cah be readily determined based on the die dimen-
sions (L/D) and the wall shear rate (v,,), this being
expressed as'!

(L/D)
Yo

t,=8 (11)

Pressure drop induced melt temperature rise

For a simple melt flow, the temperature increase (AT)
of a polymer melt can be easily calculated using the
entrance pressure drop (AP.,) obtained under the
conditions at which the extrudate swell was measured

and the material characteristics are as shown in eq.
(1™

AT = 2P 12
o (12)
where p is the melt density {1.03 g/cm? for PS and 0.92
g/cm® for LLDPE) and C, is the specific heat of the
melt (1970 ]/ kg K for PS and 3206 ] /kg K for LLDPE).
It should be noted in this work that the melt tem-
perature rise due to the viscous heating of the melt
was not taken into account since the work was con-
ducted under low shear rates. Previous work™ on
measuring true temperature rise of polymer melts re-
sulting from shear heating effect has clearly suggested
that at low shear rates (less than 200 s™') the temper-
ature rise difference of the melt due to shear heating
effect was very small, this being about 0-2°C. Besides,
the determinations of AT value proposed in this work
were only used to explain the differences in the extru-
date swell between two different die systems (single
channel and large hole in dual channel die) which had
very similar (and low) shear rates. Therefore, the meit
temperature rise caused by shear heating effect in this
particular case could ke neglected.

RESULTS AND DISCUSSION

Determinations of output rate, output rate ratio,
and wall shear rate

Table I shows the output rate and wall shear rate of
the single and dual flow channel dies for PS and
LLDPE meits. It can be seen that the wall shear rates
for PS and LLDPE melts in the single flow channel die
were not the same, this being due to different n values
as shown earlier. The wall shear rates for the single
flow channel die was similar fo that for the large hole
in the dual flow channel die. In the dual flow channel
die, the output rate and wall shear rate for the large
hole was much greater than those for the small hole. In
general, one may expect to obtain the opposite results
due to the dimensions of the flow channel, the smaller
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Figure 2 Extrudate swell of PS melt for single and dual
flow channels.

the flow channel diameter the greater the wall shear
rate.'” In this case, the output in the large hole of the
dual channel die seemed to be the dominant factor to
control and determine the wall shear rate. It was also
interesting to note that the average output rate ratio
{QL/Qs) for PS and LLDPE melts were different, the
./ Qs value in all output rates being 48.4 for PS and
35.3 for LLDPE, due to the fact that, according to egs.
(7) and (8), the output rate ratic was associated with
the pseudoplastic characters (power law indexes) of
these two fluids: the greater the power law index the
lower the output rate ratio. This was in good agree-
ment with the results reported by Drozdex and
Faller."” In this work, we also found that the output
rate ratio was linked with the extrudate well ratio of
the melt, which is discussed later.

Extrudate swell behavior

Figures 2 and 3 show the relationship of extrudate
swell changes against wall shear rate for the PS and
LLDPE melts, respectively, using the single and dual
flow channel dies. Generally, it can be seen that the
extrudate swell increased with shear rate for both
polymer melts and for all dies used. When comparing
these two polymer melts, the PS melt had a greater
swelling ratio than the LLDPE melt for both dies used.
It was postulated for the dual flow channel die that
this was linked with the output rate ratio as men-
tioned earlier: the greater the output rate ratio the
higher the swelling in the dual channel die. In this
case, the output rate ratio of the PS melt was greater
than that of the LLDPE. When considering the extru-
date swell in single and dual channel dies, it was
found that the extrudate swell ratio for all dies was

very similar at low shear rates (less than 40 s7},

1.6
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Figure 3 Extrudate swell of LLDPE melt for single and
duat flow channels.

whereas the greater difference in the swelling ratio
was observed at high shear rates (from ~40 to 185
s71). In the case of a small hole in the dual flow
channel die, the shear rate to be reached was limited
due to the operable range of the system. Possible
explanations for the discrepancies in the extrudate
swell results from single and dual (large) channel dies
at higher shear rates are discussed as follows.

Differences in the flow properties

It has been known that variations of the extrudate
swell are directly related to the change in the flow
properties. In this work, the relationships between
wall shear stress and wall shear rate of the two poly-
mer melts were constructed under the conditions un-
der which the extrudate swell was measured, the re-
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Figure 4 Flow properties of PS melt for single and dual
flow channels.
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Figure 5 Flow properties of LLDPE melt for single and
dual flow channels.

sults being shown in Figures 4 and 5 for PS and
LLDPE melts, respectively. It can be seen that both
polymer melts exhibited the pseudoplastic non-New-
tonian behavior. The differences in the flow properties
between PS and LLDPE melts for any given shear
rates were due to differences in molecular chain struc-
ture. For both polymer melts, the differences in the
flow properties between the single and dual channel
dies were not as much as those found in the extrudate
swell results (in Figs. 2 and 3). Therefore, the discrep-
ancies in the extrudate swell results between single
and dual channel dies in this case were not caused by
the changes in the flow properties of the melts.

Entrance corrections

One would expect that the differences in the extrudate
swell results might be caused by the entrance losses
since different die sizes were used. In the general case,
Bagley’s methods were applied to correct the die en-
trance pressure drop, and the flow curves produced
with different die sizes would then be superimposed,
the true shear stress values for a given true shear rate
fepm various die sizes used being less different.? In

SOMBATSOMPOP AND O-CHAROEN

relation to the results in this work, if Bagley’s correc-
tions were applied, the flow data from the single and
dual channel dies would be even more similar. There-
fore, the entrance losses did not cause the extrudate
swell differences.

Differences in melt residence time

[t may be expected that if the melt has more time to
flow in the die the degree of extrudate swell would
reduce due to the stress relaxation.” In relation to the
results in Figures 2 and 3, the residence times of the
materials flowing in the single die should be greater
than those in the large hole of the dual die due to less
swelling of the extrudate. The residence time results
are listed in Table II. The residence times of the PS and
LLDPE melts were very similar for the two dies used
except for the results from the small hole of the dual
flow channel die. These results suggested that the
discrepancies in the extrudate swells of the melts in
the single and dual channel dies did not result from
the differences in the residence time of the melts.
Another interesting point to prove this explanation to
be true was that, at low shear rate tests the differences
in the residence time of the materials were very large
(comparing between small and large holes), but the
extrudate swell ratios were very similar.

It should also be noted that the differences in the
residence times between PS5 and LLDPE melts were
due to the differences in the # value (or flow proper-
ties of the two polymers} that were used to calculate
the wall shear rates in eq. (11). In these particular
circumstances, the power law indexes of PS and
LLDPE, calculated from the flow curves in Figures 3
and 4, were found to be 0.39 and 0.46, respectively.

Pressure drop induced temperature changes

From previous workg''® the melt temperature was
usually expected to increase due to the shear heating
and the development of the flow patterns of the ma-
terial during the flow. The increase in the melt temn-
perature would then result in the reduction of the
elastic characters of the melt and thus reduced swell-

TABLE 1I
The Calculated Residence Times of PS and LLDPE Melts for Single and Dual Flow Channels

Dual channel die

T Single channel die Ps LLDPE
otal output rate
(107% m*/s) Ps LLDPE Small Large Small Large
58.6 12.5 13.5 173.3 142 1238 4.3
117.8 6.2 6.7 83.8 7.1 63.4 7.1
235.2 31 34 42.6 35 315 3.6
588.5 1.3 14 17.1 14 12.6 14
1177.7 0.6 0.7 8.5 07 6.3 0.7
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TABLE HI
The Calculated Temperature Rise of PS and LLDPE
Melts for Single and Dual Flow Channels

Temperature rise (°C)

Single channel Dual channel

die die
Total output rate
(1077 n®/s) PS LLDPE PS LLDPE
58.6 1.0 0.6 1.2 0.8
117.8 1.3 0.8 14 12
235.2 15 13 1.6 1.6
588.5 2.1 1.7 2.6 27
177.7 3.6 2.7 45 34

ing of the extrudate. In this article, the temperature
rises of the PS and LLDPE melts were determined
using the entrance pressure drop, which were exper-
imentally measured under the conditions used for the
extrudate swell measurement, and the temperature
results are shown in Table III. It can be seen that the
maximum melt temperature rise ranged from 0.6 to
4.5°C, the differences in the melt temperature rise
between the single and dual channel dies being very
small (being less than 1°C in all cases). As a result, the
melt temperature change was not the reason for the
discrepancies in the extrudate swell due to the die
designs being discussed.

The flow channel position relative to the barrel
centerline

An independent investigation on the effect of flow
channel position of dies relative to the barrel center-

1719

line on the flow properties and extrudate swell of the
melts was conducted using a series of dies having the
same size (L/D = 30/1.5) with a die temperature of
190°C. Each flow channel of dies was positioned at
different points across the barrel diameter, the center-
lines of the each die being 0.0, 0.75, 1.5, and 2.25 mm
away from those of the barrel, and the flow properties
and extrudate swell ratio being produced. The results
are shown in Table IV. It can be seen that the flow
properties and the extrudate swell of both LDPE and
PS melts for the same shear rates did not change
significantly with the flow channel position, the dif-
ferences in the obtained results for each flow channel
position being within the experimental errors (22%).
Therefore, it was suggested that the position of the die
channel across the barrel diameter was not the cause
of the differences in the extrudate swell results pro-
duced by dual and single flow channels. It should be
noted that due to the limitation of the experiment
regarding the size of the die flow channel and barrel
diameter in the rheometer, the same L/D (i.e., 65/4.8)
ratio of dies as in single flow channel die couid not be
used. The flow property results reported in this sec-
tion aim only to explain the discrepancies of the ex-
trudate swell results due to the single and dual flow
channels qualitatively.

Proposed possible causes to the discrepancies in
the extrudate swell from single and dual (large
hole) flow channel dies

In this section, we offer some possible explanations for
the discrepancies of the extrudate swell results due to

TABLE IV
Flow Properties and Extrudate Swell of PS and LLDPE Melts at Various Die Positions
Across the Barrel Diameter: (a} PS Melt and (b} LLDPE Melt

(a) PS melt

Wall shear stress (10° N/m?®)

Extrudate swell ratio

Wall shear rate

Die position away from the centre (mm)

Die position away from the centre {mm)

(s™h 0.0 0.75 1.5 2.25 0.0 0.75 1.5 2.25
18 1.1 1.0 1.0 0.9 1.3 14 1.4 15
36 12 12 12 11 1.5 1.5 15 1.6
179 1.8 1.7 1.8 17 19 1.6 18 19
3 360 22 21 22 21 20 138 19 pal
719 2.7 2.6 2.7 26 22 21 22 2.2
1078 29 2.9 29 29 2.3 2.2 2.2 2.3

(b) LLDDPE melt

Wall shear stress {10° N/m?)

Extrudate swell ratio

Die position away from the centre {(mm)

Die position away from the centre {mm)

Wall shear rate (s™) 0.0 0.75 15 225 0.0 0.75 15 2.25
18 - 09 0.8 1.5 1.2 1.3 13 13 1.3

36 1.4 1.5 1.9 1.7 1.4 1.4 1.4 1.4

179 2.7 29 3.0 29 1.5 1.5 1.5 1.5

360 3.5 37 38 3.7 1.5 15 1.6 15

719 44 4.5 4.3 44 1.7 1.7 1.7 1.7

1078 4.5 4.7 4.6 4.6 1.8 1.8 1.3 1.8
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Increasing piston displacement

-

Figure 6 The flow patterns for NR compound in the barrel of capillary cheometer at different displacements down the barrel.
[Piston displacements for (a)—(d): 10, 40, 70, and 100 mm.] Top: single flow channel; bottom: dual flow charnnel
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(a)

(b)

Figure 7 The flow patterns for rubber compound in the die at a piston displacement of 100 mm. (a) Singie flow channel and

(b) large hole of dual flow channel.

the single and dual flow channels at high shear rates
{from 40 to 185 57"), this being carried out through the
flow visualization. An independent experiment was
then carried out using the colored tracer technique” to
reveal the flow patterns in the capillary rheometer,
especiaily at the die entrance. It should be noted that,
in this case, we used a natural rubber (NR) compound
for the flow pattern studies instead of either PS or
LLDPE melt due to some limitations in the visualiza-
tion technique used. Previous work'® has indicated
that the flow patterns for the NR and thermoplastic
melts like LDPE, PS, and FP melts in the capillary
rheometer were very similar in terms of qualitative
consideration. The details of the experimental proce-
dure including the preparation of the rubber com-
pound can be found elsewhere.”

The flow pattern results for the rubber compound
in the barrel at different piston displacements using
single and dual flow channels are shown in Figure 6,
which clearly indicates that the general style of the
flow patterns in the barrel for the two die systems
were very similar, the flows changing with piston
displacement. This was supported by previous
work,"” which suggested that the flow pattern de-
yelopment in the barrel occurred due to the moving
action of piston along the barrel.' In the dual flow
channel (Fig. 6, bottom), the amount of the material
flowing in the large hole was greater than that in the
small hole, this being also confirmed by the output
rate results as given in Table [. At a 100 mm piston
displacement, the flow in the dual flow channel
became very complex compared to the single flow
channel (Fig. 6, top). It was interesting to observe
that in all cases, the central velocity of the material
flowing in the barrel in the dual flow channel die
appeared to be higher than that in the single flow
channel die, especially at high piston displacements.
These complex and fast flows in the barrel of dual

flow channel then resulted in a nonsymmetric flow
patterns of the material in the die {at 100 mm piston
displacement) as shown in Figure 7, the flow pat-
terns in the single flow channel [Fig. 7(a)] being
symmetric and stable whereas that in the large hole
of dual flow channel [Fig. 7(b)] was not. Nonsym-
metric and unstable flows in the dual flow channel
die may be caused by the fast central flow of the
melt in the barrel (Fig. 6, bottom) when entering the
die, the velocity profiles of the melt in this die being
then rearranged. In refation to the extrudate swell
results, it was postulated that the material around
the center of the barrel would also continue such
high velocities along the die length (thus causing
the flow complexity in the die), and would then
decelerate as the meit exited from the die in order to
equalize the velocity of the extrudate on the die exit.
This sudden change in the melt velocities would
then cause an increase in the cross-sectional area
and thus greater exfrudate swell, this phenomenon
being the case for the large hole of dual flow chan-
nel. This explanation was supported by Chirstodou-
lou et al.'?

Beyond the scope of this paper, the present work
should be continued to quantitatively measure the exit
pressure in order to calculate normal stress differ-
ences, recoverable shear strain as well as the velocity
profiles along the die, which can be used to explain the
extrudate swell behavior of the material for these par-
ticular die systems.

CONCLUSION

This article investigated the effect of flow channel
characteristics of capillary dies on the extrudate swell
of PS and LLDPE melts in a constant shear rate capil-
lary rheometer. It was found that the power law index
was the main parameter to determine the cutput rate
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ratio between the large and small holes in the dual
flow channel die, the greater the power law index the
lower the output rate ratio, and the lower extrudate
swell ratio. The differences in the extrudate swell ra-
tios and flow properties for polymer melts were
caused by the output rate ratio and the molecular
chain structure, respectively. The extrudate swell of
the melts increased with wall shear rate. The discrep-
ancies in the extrudate swell results from single and
dual dies for a given shear rate were caused by dif-
ferences in the flow patterns in the barrel and die, and
the sudden change in the melt velocities flowing from
the barrel and in the die to the die exit.

The authors would like to thank the Joint Graduate School of
Energy & Environment (JGSEE), and the Thailand Research
Fund (TRF Grant Code: RSA/16/2545) for financial support
throughout this work.
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ABSTRACT - L

Extrudate swell behaviors of polystyrene (PS) and linear
low-density polyethylene (LLDPE)} melts in a dual
channel die, having mixed circularjslit flow channels,
in a constant shear rate rheometer were examined, The
extrudate swell ratio for PS melt was observed to be
higher than that for LLDPE melt for all cases, this being
associated with the differences in molecular structures
that could be described in terms of power law indexes and
secondary flows near the die entrance. In single channel
die, the extrudate swell of both PS and LLDPE melts in
circular flow channel die was greater than that in slit
flow channel, whereas, in dual channel die the slit
channel exhibited a higher extrudate swell ratio, the
results being explained by revealing the flow patterns
of the melt in the barrel and die of the rheometer. It was
found that the dimensionless size of the vortex flows near
the entrance, and the extent of disentanglement of
molecular chains on entering the die were the important
factors for the differences in the extrudate swell ratios of
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the melfs at the die exit influenced by the die designs
used. Copyright © 2003 John Wiley & Sons, Lid.

KEYWORDS: swelling; exirusion; processing; rheol-
ogy; melt

INTRODUCTION o

In extrusion processes, as a polymer melt is forced
from a barrel through a die, the extrudate size is not
equal to the die size”The ratio between the extru-
date and the die size is known as “die swell” or
“extrudate swell”. Extrudate swell is an important
parameter for determining the size and the quality
of the extruded-polymer products, and it is useful
for assessing the polymer elasticity in extrusion.
Extrudate swell has been widely studied, mostly in
capillary rheometers. The mecﬁanism and degree
of swelling of the extrudate are vsually explained
in terms of elastic recovery or residence time, the
extrudate swell of a polymer melt being varied by
shear rate, temperature, fillers, and die design [1].

When designing a die for polymer extrusion
processes, the fundamental flow properties and
the phenomenon of elastic swell of the molten
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polymer must be taken into account. Kiriakidis and
Mitsoulis [2] performed studies on extrudate swell
of a high-density polyethylene (PE) melt using slit
and capitlary dies with respect to the effect of
die-length/diameter using the finite element
methocf (FEM). They found that for any given
shear rate, the swelling was greater with the capil-
lary die than the slit one, and the extrudate swell
decreased drastically as the die-length/diameter
ratio was increased. Lee and Ho [3] studied the
effects of die length on the die swell of a polystyr-
ene (PS) melt to design a profile die. It was found
that the die swell became smaller as the die length
was increased, the results from the experiment
being in good agreement with those from theory.
Eggen and Hinrichsen [4] studied the effect of the
die entrance angle and die length on the extrudate
swell and on the onset of extrudate distortion in
capillary extrusion. They found that the elongation
component at the entrance region mainly influ-
enced the extrudate distortion. Sombatsompop
and Dangtangee [5] studied the extrudate swell
and flow visualization of natural rubber in a capil-
lary rheometer having two dies located along a
barrel using a colored tracer method. The change
in extrudate swell was found to be associated with
the degree of flow complexities in the barrel, resi-
dence time, elastic characteristic and the tempera-
ture rise. They also found that the change in
extrudate swell was linearly influenced by entrance
pressure drop at low actual barrel/die diameters
(Dg/Dp from 20/4 to 30/7 mm/mm), but was
associated with the change in material viscosity at
high actual barrel/die diameters (Dg/Dp from 35/
7 to 40/8 mm/mm) [6]. For a constant barrel dia-
meter, the smaller the die diameter the greater the
extrudate swell due to the increases in the exten-
sional deformation, shear rate, and a reduction in
the melt residence time. Most recent work by
Sombatsompop and O-Charcen [7] investigated
extrudate swell behavior of PS5 and linear low-
density polyethylene (LLDPE) melts in a rheometer
having two circular dies with different designs
(single and dual channels). They found that the
power law index was the main parameter required
to determine the output rate ratio and the extrudate
swell in dual flow channel dies. The discrepancies
in the extrudate-swell results from single and dual
dies were caused by differences in the flow patterns
in the barrel and die, and a sudden change in the

3 melt velocities flowing from the barrel and into the
die to the die exit.

It is reasonable to further examine the extrudate
swell ratios and flow properties of PS and LLDPE
melts with more complex die designs in the extru-
sion process, in order to obtain an in-depth under-
standing of flow behavior of polymer melts. In this
article, two die configurations were used, one with
single flow channel and the other with two (dual)
flow channels, in order to assess the extrudate swell
and flow properties of PS5 and LLDPE melts in a
constant-shear rate extrusion rheometer. The single
channel die used was either circular or slit in
geometry, whereas the dual channel die comprised

Copyright © 2003 John Wiley & Sons, Ltd,

of both circular and slit flow channels within the
same die. This was the first time that a dual die
having two different channel geometries was used
to study the extrudate swell behavior during the
flow in an extrusion rheometer.

EXPERIMENTAL B

Materials

A PS5 (Styron 656D 267), supplied in granular form
by Siam Polystyrene Co., Ltd (Bangkok, Thailand),
and a LLDPE (El-Lene L2009F), supplied in gran-
ular form by Thai Polyethylene Co., Ltd (Bangkok,
Thailand) were used.

Experimental Apparatus

The constant shear rate rheometer was used as
employed in previous work [7]. The barrel used
had a 30 mm diameter (D) and 150 mm length (L).
Two different die systems were used, and their
designs and dimensions are shown in Figure 1:

(1} Single channel die: Two separate dies with
different flow channel geometries were used,
one being circular in cross-section and the other
being slit in cross-section. The circular channel
die had a L/D of 65.0/6.0. The slit channel die
was 17.3mm in width, 1.7mm in height and
65mm in length.

(2} Dual channel die: This die had two different
flow channels (circular and slit cross-sections)
within the same die. The circular channel had a
L/D of 65/4 and the slit die was 12.2mm in
width, 1.2 mm in height and 65 mm in length.

All dies were made of mild steel (5T37). A small
pressure hole was located near the die entrance to
monitor entrance pressure drop occurring using a
photo-conductive light pressure sensor [8]. The
apparatus temperature was controlled using a
Eurotherm 018 temperature controller, the appara-
tus temperature being 180 °C throughout this work.

Measurements and @alculations

Shear Rate (). Since the size of the flow channels
was varied depending on the design of the dies
used, the shear rate for each flow channel at a given
piston speed would be different and had to be
calculated individually:

{1) For single channel die, the shear rate was
calculated from the total output rate (),
directly determined from the piston velocity
and the barrel cross-section, and the die chan-
nel dimensions.

(2) For dual channel die, the shear rate of the melt
through each flow channel (both circular and
slit) had to be calculated from the actual cutput
for each flow channel (either Qgrcutar 0 Quiit),
whose melt velocity had to be known. The
calculations of the actual melt velocity for cir-
cular (V) and slit (Vs} channels were carried

Polym. Adv. Technol., 14, 699-710 (2003)
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FIGURE 1. Die designs and dimensiens {units in mny
channel die with slit cross-section; (¢} dual channel

out through the power law equation expressed
in eqs (1)43). The calculations of actual melt
velocity for a given piston speed was based on
the assumption that the entrance pressure drop
at the circular channel {(AP¢c) was equal to that
at the slit channel (APg). This assumption is
supported by the work of Drozdek and Faller
[9] as expressed in eqs (4) and (5).

T =Ky ()
For circular channel:
_ 2KLc (4Qc\"
AP = R ('JTR3) (2)
For slit channel:
_ 2KLg { 6Qs "
A= (WHZ) 3)
APc = APs 4)
In the dual die, this gives:
2KLc ﬁ "_ 2KLs {605 \" (5)
R 7R3~ H \WH?

where K is the power law constant, n is the power
law index (being defermined using the single chan-

Copyright © 2003 John Wiley & Sons, Ltd.

: {a} single channel die with circular cross-section; {b) single
ie with circular and slit cross-sections.

nel dies), Lc and R are the length and radius of the

circular channel respectively, H, W and Ls are the

height, width and length of the slit, respectively.
Equation (3) can be reduced to yield eq. (6):

(4VC)H _ (6V5)"
R+ T nl

(6)

Therefore, the actual melt velocity for circular and
slit flow channels in a dual channel die for PS and
LLDPE melts are galculated using eqs (7) and (8).
For PS melt:

Ve = 24.3Vg (7)

For LLDPE melt:
Ve =11.1Vyg (8)

By determining the values of V¢ and Vg from eqs
(7) and (8) and knowing the total output rate (Q%,
the output rate at each channel (Q¢ or Qg) could
then be determined, and so could the shear rate
(eqs 9 and 10 for the calculations of true shear rate
in circular and slit flow channels, respectively).
Rabinowitsch corrections were applied to shear
rate data due to the use of different polymer
melts [1]. For circular channel:

(3n +1)40c

T in R

n (9)

Polym. Adv. Technol., 14, 699-710 (2003)
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For slit channel:

_(2n+1) 6Qs
T3 HW?

(10)

Wall Shear Stress (1,,). The wall shear stress {7,,) was
calculated from the entrance pressure drop (AP
which was measured under the test conditions at
which the extrudate swell measurements were
taken using eqs (11} and (12} for circular and slit
flow channels, respectively. It should be noted that
the pressure drop used for calculations of wall
shear stresses for any given piston speed in circular
and slit flow channels of dual channel die were the
same [9]. In this work, Bagley’s corrections were
not applied to the shear stress data generated, as
the shear stress data were solely used for compara-
tive reasons to illustrate the magnitude of the
changes observed in the flow characteristics of the
materials as a function of the design of the dies
used. For circular channel:

_ RAPey
T = oy (11)
For slit channel:
HAPqy
= 12
Tw 2L ( )

Power Law Index {(n). The power law index was
calculated using eq. (13), which was related to the
determination of the ratio (slope} of the shear stress
and shear rate. The shear rate and shear stress data
were obtained from eqs (9+12) [10].

_ log[7]
log[v]

n (13)

Extrudate Swell Ratio. During the experiment, the
extrudate flowing out of the die apFeared to be
asymmetrical especially in the case of the slit flow
channel. This made it very difficult to measure the
dimension changes of the extrudate accurately.
Therefore, the extrudate swell ratio (B) was deter-
mined using a weight difference method, whose
calculation is expressed in eq. (14). The melt den-
sities for PS and LLDPE melts were determined
using a melt flow indexer at 180 °C, the experimen-
Jal procedure following BS2782 Method 720A
(1979). The melt densities of PS and LLDPE melts
were 0.770 and 0.960 g/cm®, respectively.

M
T pAL

where A is the cross-sectional area of the die used
(in mm?), L is the length of the die used (in mm), M
is the weight of the extrudate at L mm (in g), pis the
melt density (in g/cm?).

It sheuld be noted that the extrudate samples
collected for determining the swell ratio were in
fully swollen state to ensure an equilibrium swel-

(14)

Copyright © 2003 John Wiley & Sons, Ltd.

ling, the extrudate being cut from the die lip
approximately two inches away from the die exit
[5]. Through trial-and-error experiments, the criti-
cal shear rates for the onset of melt fractures during
extrusion were found to be about 180 and 150 sec—?
for PS and LLDPE, respectively. In order to accu-
rately measure the extrudate swell, the shear rate
used in this work ranged from 1 to 167 sec™".

RESULTS AND DISCUSSION —

Figures 2(a) and 2(b) show the relationship
between extrudate swell ratio (B) and the shear
rate for PS5 and LLDPE melts respectively, using
different flow channel and die configurations. It
was generally found that the extrudate swell ratio
increased with increasing shear rate as one would
expect. Comparing the two melts, it is noticeable
that the overall swell ratio for PS5 melt was greater
than that for LLDPE melt, the extrudate swell ratios
of PS5 and LLDPE melts ranging from 1.2 to 2.1 and
from 1.1 to 1.7, respectively. The differences in the
extrudate swell ratio of these two melts can be
explained by two reasons, one being the differences
in the power law index and the other being the size
of vortex flow (stagnant flow) near the die entrance.
As for the former reason, previous work [7] has
suggested that a polymer melt with a greater power
law index value tended to exhibit less swelling as it
exited the die. Table 1 indicates that the power law
index for LLDPE melt was slightly greater than that
for PS5 melt. As for the latter case, experimental
results by Dennison [11] and Binding [12] sug-
gested, by visualizing the flow patterns for differ-
ent types of polymer melts near the die entrance,
that there were some secondary or stagnant flows
observed for PS melt, but were not seen with
LLDPE melt. Further work by Wong and Jaing
[13] described that a polymer melt exhibiting sec-
ondary flows was bound to be more elastic, and
thus resulting in greater swelling at the die exit. The
above reasons should explain why the extrudate
swell ratio for the PS melt was greater than that for
the LLDPE melt found in this work. In addition, it
should be noted that tfle sensitivity of the change of
extrudate swell ratio to the shear rate for PS melt
appeared to be greater than that for LLDPE melt.
This was probably due to variations in the size of
the secondary flows, as the shear rate was varied,
near the die entrance of the PS melt, this not being
the case for the LLDPE.

In terms of die design effect, the changes in the
extrudate swell ratio for PS and LLDPE melts can
also be explained in two separate cases as follows:

(1) Case I—=5Single channel die. This is quite a classi-
cal case in the literature [1-4, 14] where the
extrudate swell of polymer melts has been
investigated. In this article, the extrudate
swell in the circular channel die was found to
be much greater than that in the slit channel die,
the effect being more pronounced for 'S melt,
the reason for which was discussed earlier. This

Polym. Adv. Technol., 14, 699~710 (2003)
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FIGURE 2. Extrudate swell ratio in single and dual channel dies: {a} PS melt; (b)

LLDPE melt.

finding was in good agreement with the work
of Kiriakidis and Mitsoulis [2] who examined
the extrudate swell of a high-density polyethy-
lene melt using slit and capillary dies. They
found that for any given shear rate, the swelling
was greater with the capillary die than the slit
die.

Case II—Dual channel die. As stated earlier, this
was the first time that a dual die with two

Copyright © 2003 John Wiley & Sons, Ltd.

different flow channel geometries was used to
investigate the extrudate swell ratio and the
flow properties during melt extrusion. It is
also important to note that this kind of rhe-
ometer system should be explained in connec-
tion with the synergetic effects between the
circular and slit channels within the same die.
From Figs 2(a) and 2(b), the extrudate swell
ratios for the P5 and LLDPE melts in the dual

Polym. Adv. Technol., 14, 699-710 (2003)
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TABLE 1. Power Law Index {n) for PS and LLDPE Melts in
Circular ond Slit Chonnels

Polymer melts

Power law index (n)

Circular Slit
PS 039 023
LLDPE 0.46 0.34

channel die showed an opposite trend to those
in the single channel die, and also to the pre-
vious work by Kiriakidis and Mitsoulis [2]. The
extrudate swell ratio in slit flow channel found
in this work was greater than that in circular
flow channel for a given shear rate. It was also
noticeable that the differences in the extrudate
swell between these two channels was more
pronounced for I’S melt, the reason being dis-
cussed later. The possible causes for this obser-
vation can be explored as follows:

{a) Differences in melt flow properties. If the dis-
crepancies in the extrudate swell ratio
between the slit and circular channels
were caused by changes in the flow proper-
ties one would expect to observe some
differences in flow properties of the melts,
between these two channels, to a similar
extent as observed for extrudate swell ratio.
Figures 3(a) and 3(b} show the variations in
wall shear stress as a function of shear rate
for PS5 and LLDPE melt respectively, using
different flow channel die configurations. It
can clearly be seen that the differences in
the flow properties between these circular

and slit channels were insignificant (this
did not, however, mean that the flow prop-
erties of the melts in circular and slit chan-
nels were the same). Therefore, the flow
property change was not the reason for
such differences in the extrudate swell
ratio as observed,

It is interesting to discuss the flow prop-
erties of PS and LLDPE melts in Figs 3(a)
and 3(b), in terms of die design and poly-
mer melt effects. It was observed that the
design of the flow channel had less effect on
the changes in flow properties as compared
with the effect of polymer type. The discre-
pancies in flow properties of polymer melts
due to die design has been well documen-
ted by other researchers [10, 15, 16). For the
effect of polymer type, the flow properties
of the melts can be considered more clearly
in terms of the power law index whose
results have already been given Table 1. It
can be seen that the power law indexes for
PS and LLDPE melts were not the same due
to differences in molecular structures, the n
value for LLDPE melt being greater than
that for PS melt for all cases. A higher
power law index value means that the
melt was more psuedoplastic non-Newto-
nian, which implied that the melt viscosity
had a tendency to reduce more with
applied shear rate. In the single channel
die, the power law index in the circular
flow channel was higher than that in the
slit flow channel. The discrepancies in the
power law indexes when using different
designs of flow channels were probably
caused by differences in the flow patterns

X Circular in single channel die
O Slit in single channel die

A Circular in dual channel die
© Slit in dual channel die
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FIGURE 3. Shear stress z. shear rate in single ond dual channel dies: [a)

PS melt: {b) LLDPE melt.
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generated in each channel. It is widely

known that a power law index varies with

changing melt velocity profiles, which are
directly influenced by the geometry of flow

channels [1].

(b) Entrance corrections. One may expect
that the differences in the extrudate
swell resuits may be caused because
Bagley’'s corrections were not used in
this work, to analyze the true shear
stresses, since different die geometries
and sizes were utilized. In general,
Bagley’s corrections are applied to cor-
rect the die entrance pressure drop and
the flow curves produced with different
die sizes would then be superimposed,
the true shear stress values for a given
true shear rate from various die sizes
used being less different [2]. In relation
to this work, if Bagley’s corrections had
been applied, the flow property data of
the melts for all flow channels used
would either have been the same or
even more similar to the existing ones
(shown in Figs 3a and 3b). Therefore,
the entrance corrections were not the
case here.

{(c) Contraction ratio. The dual die used was
intentionally designed so that the cross-
section areas of the circular and slit
channels were the same. Therefore, the
barrel-to-die contraction ratio was not
the cause for the difference in the extru-
date swell ratio between the circular
and slit flow channels.

(d) Residence time. It is widely accepted that
if a polymer melt has more time to flow

Copyright @ 2003 John Wiley & Sons, Ltd.

in the die the extrudate swell ratio will
reduce due to an increased stress
relaxation time. In this work, the resi-
dence times of PS and LLDPE melts in
circular and slit flow channels of dual
die were determined, whose calcula-
tions can be obtained elsewhere [17],
and the results are shown in Figs 4(a)
and 4(b). The residence times of each
melt at the two flow channels tended to
be very similar if one has extrapolated
the shear rate data. This suggests that
the discrepancies in the observed extru-
date swell ratio did not result from the
residence time effect.

It is postulated in this work that a very high
extrudate swell ratio for the slit flow channel in
the dual die, as corfpared with that for the circular
channel, may be explained in association with the
flow patterns that had developed during the flows
in the dual channel die. For this purpose, an inde-
Hendent experiment was carried out to reveal the

ow patterns in the rheometer using the colored
tracer techmque [5]. In this case, a natural rubber
(NR) compound was used for the flow pattern
studies instead of either PS5 or LLDPE metlt due to
some limitations in the visualization technique
used. Previous work [18] has clearly indicated
that the flow patterns for the NR and thermoplastic
melts like LDPE, PS and poly(propylene} (PP) melts
in a capillary rheometer were very similar in terms
of qualitative form. The detail of the experimental
procedure including the preparation of the rubber
compound can be found elsewhere [19]. Figure 5
shows the flow visualizations of NR compound in
the dual channel die. [t was observed that the flow

Polym. Adv. Technol., 14, 699-710 (2003)
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FIGURE 4. Melt residence times in dual channel die for PS and LLDPE melts.
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-+ Increasing piston displacement

FIGURE 5. Flow patterns for NR compound in the barrel and die entrance for different piston
displacements (10-100 mm down the barrel) in dual die containing circular and slit low channels.
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patterns were complex and changed with piston (or
extrusion displacement), and the material at each
radial position of the barrel flowed down the barrel,
and moved radially towards the channels of the
die—information on the flow patterns of NR in the
barrel is given elsewhere [19]. It can be seen that
the majority of the material flowed into the circular
channel, suggesting that the overall flow rate (and
thus ocutput rate) of the material in the circular
channel was much greater than that in the slit
channel. According to eqs (11} and (12), the melt
flow rates in the circular channel were approxi-
mately 24 and 11 times greater than those in the slit
channel, respectively. Besides, the striation flow
layers (near the die entrance) on the circular chan-
nel side were much thinner than those on the slit
channel side, which substantiated the higher flow
rate of the material in the circular channel. It was
thought that the differences in flow rates of the
material between the circular and slit channels
were associated with the design of the flow chan-
nels used, and these were possibly attributed to the
differences in the extrudate swell ratio of these two
channels as observed earlier on. It was felt that,
with this specific die design, the flows in both
circular and slit channels had an effect on one
another. Considering the nature of a slit die
(being defined as height at least 10 times smaller
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than width), it was difficult for the melt to flow into
such a small die height {1.2 mm). To be able to flow
into the slit channel, the molecular chains of the
melt had to be more disentangled (uncoiled),
whereas, in the circular flow channel (dmm in
diameter) with an easier material flow, the polymer
chains were less disentangled on entering the
channel. It is reasonable to suggest that the flow
with a higher degree of molecular disentanglement
on entering the die would give rise to higher
swelling of the extrudate at the die exit due to
molecu%ar re-coiling. This was one of the reasons
why the extrudate swell ratio of the melt in the slit
channel was greater than that in the circular one. Jt
could be said that the design of the flow channels
influenced the flow-ability and thus the swelling
ratio of the melt. This speculation was verified by
considering the flow patterns of the rubber com-
pound using another dual die, which was specially
designed and manufactured in this work, having
circular and rectangular channels. The slit channel
was replaced by use of a rectangular channel whoge
width and height were equal (being 3.7 x 3.7 mm?).
The results are visualized in Fig. 6. It can be seen
that the fiow patterns of the melt in the circular/
rectangular die were different from those in the
circular/slit die, especially the central flow and the
striation flows near the die entrance. It was clearly

-
-

FIGURE 6. Flow

Increasing piston displacement

terns for NR compound in the barrel and die entrance for different piston

displacements in dual die containing circular end rectangular flow channels.

Copyright @ 2003 John Wiley & Sons, Ltd.
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FIGURE 7. A schematic diagram for size measurement of vortex flows in dual

channel die.

seen that the material around the rectangular chan-
nel now easily flowed into the die channel, and the
thickness of each flow layer on the rectangular flow
channel was similar to that on the circular flow
channel. The equally easily flows between the
rectangular and circular channels probably caused
a decrease in the velocity of the material at the
centre of the barrel, in order to maintain the total
output of the flow. The flow pattern results in Fig. 6
evidently confirmed that the design (actual size and
shape) of the flow channels of the die had an effect
on the flow-ability of the melt near the die entrance,
which in turn affected the molecular entanglements
{orientations} and the amount of extrudate swell at
the die exit.

Another synergetic effect of the flow patterns
explaining the differences in extrudate swell ratio in
slit and circular channels was the vortex or stagnant
flow size near the die entrance, which was asso-
clated with the occurrence of stagnant flows near
the die entrance. As observed in Fig. 3, there were
some stagnant flows near the die entrance for both
circular and slit channels, These are indicated by the
unchanged size of the 1st flow layer at the bottom
comner of the barrel although the piston displace-
ment was increased, while the thickness and posi-
tions of other flow layers (from 2nd to nth layers)
seemed to change with increasing piston displace-
ment. Figure 7 shows a schematic diagram for

Copyright © 2003 John Wiley & Sons, Ltd.

measurement of the vortex size in the dual channel
die. Equations (15) and (16} were used to calculate
the vortex sizes (X) of the flow in the circular and
slit channels in the dual die, respectively. The
definitions of Y,, D and H are seen in Figure 7.

X== (15)
Y
K= (16)

Table 2 shows the dimensionless sizes of some
vortex boundary layers (layers 2nd-4th), measured
from the flow patterns in Fig. 5. Considering layer
nos 2-4, it is noticeable that the sizes of the vortices
for the flow layers on the slit channel side were
twice greater than those on the circular channel
side. It was believed that the flow with greater
vortices was likely to exhibit higher elastic charac-
ter and greater swelling. Since this dimensionless
vortex size was related to molecular orientations of
the extrudates [13], the greater the vortex size the
greater the molecular orientations as the melt
entered the die, thus the increased extrudate swell
at the die exit. This may be the reason why the
differences in extrudate swell ratio in the circular
and slit channels were more pronounced in the case
of PS melt, as mentioned earlier. It was also noted
that the vortex size of the flows seemed to decrease

Polym. Adv. Technol., 14, 699-710 (2003}
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TABLE 2. The Dimensionless Vortex Size of a Few Vortex Boundar z Layers (Layers 2nd-4th) for NR Compounds at Die
i

Entrance of Circular and Slit Flow Channels of Dual Die for Different

ston Displacements

Dimens:onfess size of vortices

Circular channel Slit channel

Piston or extrusion

displacement {mm) loyer#2 Layer#3 Layer#4 Layer#2 layer#3 Layer#4
0 0.7 1.0 1.2 1.2 1.7 2.2

40 07 0.9 1.1 1.2 1.7 2.1

70 0.6 0.6 0.7 1.0 1.3 1.4

100 0.5 0.6 0.6 0.9 1.0 1.2
with increasing piston displacement, and this  Sincere thanks are expressed to Dr C. Thongpin for

would have resulted in a decrease in extrudate
swell. The extrudate swell results as a function of
piston displacement are not given in this article, but
previous work by Sombatsompop and Dangtangee
[5] clearly indicated that, for a constant extrusion
speed, the extrudate swell decreased as a function
of piston displacement. The reasons for this were
discussed in connection with the melt temperature
rise and the complexity of the flows developed in
the rheometer.

CONCLUSION - T

Studies on extrudate swell and flow properties of
PS and LLDPE melts in single and dual channel
dies in a constant shear rate rheometer were carried
out. The results suggested that the extrudate swell
ratio for PS melt was greater than that for LLDPE
melt for any given shear rate due to the differences
in power law indexes and secondary flows at the
die entrance. In the single channel die, the extru-
date swell of both PS and LLDPE melts in the
circular flow channel die were greater than that in
the slit flow channel; whereas, in the dual channel
die the slit flow channel exhibited a higher extru-
date swell ratio than the circular channel. The
higher extrudate swell in the slit channel in the
dual die was associated with two possible factors,
one being the higher degree of disentanglements of
the polymer molecules flowing into the slit channel,
which was influenced by the actual size and geo-
metry of the slit, and the other being the dimen-
sionless size of the vortex flows observed near the
die entrance, which was related to the molecular
orientation of the extrudate.
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rheometer: effects of barrel diameter, shear
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A constant shear-rate extrusion rheometer with an electro-magnetized capillary die was utilized to
investigate die swell behavior and flow properties of a polystyrene melt as the application of an
electro-magnetic field to the capillary die was relatively novel in polymer processing. The test con-
ditions such as magnetic flux density, barrel diameter, extrusion rate and die temperature were stu-
died. The results suggest that the maximum swelling of the polystyrene melt with application of
the electro-magnetic field could be enhanced up to 2.6 times (260%} whereas that without the elec-
tro-magnetic field was 1.9 times (190%}. The barrel diameter of 30 mm was found to be a critical
value in the case of the die swell ratio and flow properties of the polystyrene melt were significantly
affected by the magnetic flux density. This involved the number and angle of magnetic flux lines
around the barrel part. Under the electro-magnetic field, there were two mechanical forces influen-
cing the die swell ratio and the flow properties; magnetic torque and shearing force. The die swell
at wall shear rates less than 11.2sec™" was caused by the magnetic torque, whereas af higher wall
shear rates it was dependent on the shearing force. Fora given magnetic flux density, the maximum
increase in the die swell ratio as a result of the magnetic torque was calculated to be approximately
20%. Increasing the die temperature from 180 to 200°C reduced the overall die swell ratio and sup-

pressed the effect of the magnetic flux density. Copyright 1; 2004 John Wiley & Sons, Ltd.

KEYWORDS: swelling; extrusion; processing; rheology;meit

INTRODUCTION

1t is widely accepted that the design and processing of poly-
meric products depend heavily on the properties of the mol-
ten material flowing under strictly controlled conditions.
Such a polymer has the combined properties of an elastic
solid and a viscous fluid. The viscous nature is dominant dur-
ing the processing, while the elastic character is still present to
spuse product phenomena such as die swell, sharkskin, and
melt fracture.! In an extrusion process, die swell, or Barus
effect, is an important parameter for determining the size
and the quality of the extruded-polymer product, and it is
also useful for assessing the polymer elasticity in extrusion.

Effects of test variables on the changes in die swell of
polymer melts have been widely examined; for example,
shear rate, die temperature, type and concentration of
additives, material molecular weight, die geometry (size,

*Correspondence to: N. Sombatsompop, Pelymer Processing and
Flow (P-PROF) Group, 5chool of Energy & Materials, King
Mongkut's University of Technology Thonburi (KMUTT),
Bangmod, Bangkok 10140, Thailand.

F-mail: narongrit.som@kmutt.ac.th

shape and entry angles), and shearing and thermal his-
tories.”™"® The die swell has been explained in terms of
molecular mechanisms of entanglement, orientation and
recoil, even though no dirget evidence is available for these in
the molecular scale. Work in this field has been extensively
developed comparing experimental data with different
numerical models. Swan ef al.? investigated the effects of
die temperature, flow rate, molecular weight distribution on
the thickness and diameter swells as a function of melting
time using an annular die, and found that the swell was
slightly affected by changes in melt temperature and flow
rate, and strongly dependent on molecular weight distribu-
tion, Lee and Ho® determined the die swell behavior of a
polymer melt by designing a die for profile extrusion
applications, and found that the melt temperature, die
length, and residence time affected the die swell. The die
swell ratio became smaller as the melt temperature, melt
residence time and die length increased. Kar and Otaighe*
experimentally measured the die swell ratio of various
thermoplastic melts in an extruder over a wide range of
shear rates and melt temperatures, and the results were then
compared with various existing numerical models. They

Copyright € 2004 John Wiley & Sons, Ltd.
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suggested that the die swell was closely related to the first
normal stresses and varied strongly with shear stress and
shear rate, but was independent of melt temperature,
although the experimental data were not confirmed by the
models. Dufrancatel-Veiller et al.” observed that the die swell
of thermoplastic polyurethane was greatly influenced by
material residence time and the changes in molecular
structure evolution during processing.

Additives loaded into polymer melt also influence the
degree of swelling of polymer melts. Shin et al.® determined
the extrudate swell of the SBR?" using different carbon black
grades and die length/diameter®” ratios. They found that the
extrudate swell reduced as the carbon black loading and the
tength/diameter ratio of the die increased. Abraham et al.”
observed significant changes in die swell and viscosity of a
low-density polyethylene when added with a small amount
of dicumyl peroxide. Sombatsompop et al.® measured the die
swell of poly{vinyl chloride) (PVC) compound added to
natural wood fibers and suggested that the die swell
decreased with wood content due to a decrease in elasticity
of the PVC. The die swell could also be indicative of
interaction between the wood fibers and the PVC molecules.

It has been observed that the die swell of a polymer melt
also depends on the design of the die used. Kiriakidis and
Mitsaulis” performed studies on extrudate swell of a high-
density polyethylene melt using slit and capillary dies with
respect to the effect of die-length/diameter using the finite
element method. They found that for any given shear rate, the
swelling was greater with the capillary die than the slit
one, and the extrudate swell decreased drastically as the
die-length/diameter ratio increased. Sombatsompop and
Dantangee'® experimentally measured the elastic swell of
natural rubber (NR} extrudate in a capillary rheometer using
two dies located along the barrel, and found that the die swell
of the rubber depended on the residence time of flowing in
the barrel. The work was extended to study the effect of actual
barrel/die diameter ratios on the die swell of polymer melts
in the rheometer,'’ and it was found that the change in
extrudate swell was linearly influenced by the entrance
pressure drop at low actual barrel/die diameters (Da/Dp
from 20/4 to 30/7 mm/mm), but was associated with the
change in iaterial viscosity at high actual barrel/die
diameters (Dg/Dp from 35/7 to 40/8mm/mm). At a
constant barrel diameter, the smaller the die diameter the
greater the extrudate sweil due to increases in the extensional
deformation, and shear rate, and a reduction in the melt
residehce time. They also designed and manufactured two
flow channel dies with different geometries, one being
circular and the other being slit channels in order to use in
the rheometer, and the extrudate swell behavior of thermo-
plastic melts was investigated."? The results indicated that at
a given shear rate, the slit channel exhibited higher die swell,
this being opposite to the results reported by Kiriakidis and
Mitsoulis.” Gullet and Seriai'® stated that the swelling
phenomenen is mainly due to the recoverable elongational
strain induced by the converging flow at the die entrance, as
well as by recoverable shear strain originating within the die.
They also offered an equation for the quantitative prediction
of extrudate swell of polystyrene (PS) as well as linear
polyethylene melts from the elastic material properties such

Capyright © 2004 John Wiley & Sons, Ltd.

as the entrance pressure drop as a result of different
contraction ratios, the relaxation modulus and the recover-
able shear strain."*

Apart from the earlier published papers, Cao and Li**
offered a different parameter to alter the swelling ratio of a
polypropylene melt by applying ultrasonic irradiation
during extrusion. The results revealed that the use of
appropriate irradiation intensity could reduce the die
entrance pressure and swelling ratio of the melt at the die
exit as well as improve the apparent quality of the extrudate,

More recent work by Sombatsompop'® studied the effect of a

magnetic field on the die swell ratio of PS melt in a capillary
die of a constant shear-rate rheometer, and the unexpected
results suggested that application of a magnetic field to the
die could result in a significant increase in the swelling ratio
of the PS extrudate of up to 25% as compared with the results
of other polymer melts measured without the magnetic field.
There appear to be no other researchers than those of
references 15 and 16 who have applied an electro-magnetic
field te the polymer testing and processing machinery and
studied the flow behavior of the melts. The present work is
aimed to extend previous work'® by applying an electro-
magnetic field, whose magnetic flux density could be varied,
on the changes in the die swell of PS melt in a capillary
rheometer, The flow properties of the PS melt in the
rheometer were also determined in terms of the relationship
between shear stress and shear rate, where the tests were
performed under the test conditions at which the die swell
ratios were carried out. The effects of barrel diameter, wall
shear rate and die temperature on the die swell were mainly
considered in this work. The Finite Element Method
Magnetics (FEMM} software {(V3.3) was used to simulate
the flow of the magnetic flux densities around the rheometer
(barrel and die components) under various test conditions.

EXPERIMENTAL

Raw material

All tests in this work used PS (Styron 656D 267), in granular
form supplied by Siam Polystyrene Co., Ltd (Bangkok,
Thailand). It was characterized by a melt flow index of 7
and a density of 1.350 g/cm” (BS2782 Method 720A; 1979).

Rheometer and an electro-magnetized die

A constant shear rate rheometer was employed in this work
as used in previous works.'*'? The barrels with different dia-
meters (ranging from 25 to 40mm) and 150 mm long were
used. The capillary die used in this work was made of mild
steel (Grade 10203, 60 mm Jong and 6 mm in diameter. To
make an electro-magnetized die, the die body was wrapped
with copper wires in order to generate or apply the electro-
magnetic field to the die. To prevent an electrical short-
circuit, Teflon film was used between the outer die wall and
the copper solenoid coil. The experimental apparatus is
shown in Fig. 1. The electro-magnetic field was generated
to the die by applying electricity to the copper solenoid coil,
the electricity varying from 2 to 10 A. The dimension and
arrangement of the electro-magnetized die can be seen in
Fig. 2. It was of some concern that the application of the elec-
tro-magnetic field would result in additiona! heat due to the

Polym. Adv. Technol. 2004; 15: 1-9
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Figure 1. Experimental rheometer arrangement for die
swell measurement of PS melt using an electro-magnetized
die system.

induction effect across the solenoid coil. This additional heat
would then affect the die and melt temperatures during the
tests. Therefore, an air-cooling jacket unit was constructed
and placed around the electro-magnetized die (see Fig. 1),
the cooling unit being located between the solenoid coil and
the die body. A flow-rate of the cooling air was adjusted and
calibrated to reduce the additional heat so that the required
temperature was achieved—there will be some experimental
results in the discussion section confirming that no additional
heat occurred during the test. A small pressure hole was
located between the two die locations to detect die entrance
pressure drop by using a photo-conductive light pressure
sensor,”” which was designed and manufactured in our
research group. The apparatus temperature was controllied
using a DD6 temperature controller.

Measurements of die swell ratio and
flow properties

Die swell ratio

The elastic swell ratio (B) of the polymer extrudate was deter-
mined by calculating the ratio of diameters of the extrudate to
the die. The extrudate diameter was dependent on its size

<G mm

15 mm

50 mm ~

&
L

—  Ralenoid Coil

T T

E* . Air Cooling Tube
~

\\\H _Air Cooling Jacket
_Emm

-

Figure 2. The dimensions and configuration of the electro-
magnetized die.

Copyright € 2004 John Wiley & Sons, Ltd.
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when fully swollen, this being about 1-2 inch away from
the die exit. A video-camera {(S5C-DXC398P with 752Hx582V
pixels and 480TV lines) and a high resolution macro zoom
lens (3.3 x magnification) were used to visualize the extru-
date leaving the die exit whose results were recorded and dis-
played in real time using a personal computer. The size of the
extrudate was then measured by replaying the recorded flow.
With this procedure, any error related to the cooling and
gravity effects could be minimized.

Flow curves

Flow curves (relationship of wall shear stress to wall shear
rate) of the PS5 melt were simultaneously determined under
the conditions at which the extrudate swell was measured,
whose calculations can be obtained elsewhere.'? It should
be noted that Bagley’s corrections were not applied to the
shear stress data generated in this work, as the shear stress
data is solely being used for comparative reasons to illustrate
the magnitude of the changes observed in the flow character-
istics of the materials as a function of the electro-magnetic
intensities applied.

Analysis of the flow of magnetic intensities
FEMM software (V3.3; 2003; Germany) was used to compu-
ter-simulate distribution patterns of the magnetic flux den-
sity at/around the barrel and die sections. The input data
included the number of magnetic flux lines, relative perme-
ability of all materials used, and source current density. For
comparison, the number of magnetic flux lines was fixed at
19. The relative permeabilities of air, mild steel and copper
materials used were 1, 760, and 0.9% H/m, respectively. The
source current densities at 2,4, 6,8 and 10 A were 2.2, 44,6 6,
8.8, 11 MA/m?, respectively.

Experimental variables

In this work, the die swell ratios and the flow curves of PS
melt through use of the electro-magnetized die were deter-
mined with different test parameters as listed later, compared
with those produced without application of the electro-mag-
netic field:

®  Magnetic flux density: It has been described earlier that the
electro-magnetized dig was generated by supplying
electricity to the copper coil wrapped around the die
body and air-cooling unit. The magnetic flux density of
the electro-magnetic field was altered by varying the
amount of electric current from 2, 4, 6, 8 to 10 A, which
corresponded to the magnetic flux densities of 1.51, 1.74,
192, 204 and 2.11 T, respectively. These values were
measured at the centre position of the copper coil which
appeared to give the maximum value for a given electric
current, It was understood that the magnetic flux density
generated varied from location to location on the
experimental rig (barrel and die bodies). Therefore, the
die swell results obtained in this work were reported as a
function of the maximum magnetic flux density in the
capillary die {(at the centre position of the copper coil}.
However, the density distribution of the magnetic flux
was also computer-simulated in order to explain the
changes in the die swell ratio of the melt when altering the
magnetic flux densities.

Polym. Adv. Technol. 2004; 15; 1-9
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o Barrel diameter or melt contraction ratio: This was referred to
as a ratio of barrel diameter to die diameter. The ratio was
determined at various barrel diameters ranging from 25,
30, 35 to 40 mun, wheteas the die diameter was fixed at
6mm throughout this work, The barrel diameter was
referred to as the inner part of the barrel where the outer
diameter of the barrel was fixed at 65 mm (see Fig. 1). In
this case, the temperature of the die was fixed at 180°C.

e Wall shear rate: The piston speed in the constructed rheo-
meter was varied by trial error experiments, from 5 to
100 mm/min, not to reach the critical shear stresses for the
onset of PS melt distortions (sharkskin and melt fracture)
under the test temperatures between 180-200°C. Accord-
ingly, the die swell measurements were accurately done.
The corresponding shear rates calculated from the piston
speeds were dependent on the size of the barrel used.

e Die temperature: A barrel diameter was selected to
investigate the effect of die temperature on the die swell
of PS melt in the rheometer at various temperatures of the
electro-magnetized die varying from 180 to 200°C.

RESULTS AND DISCUSSION

Changes in overall die swell and flow properties
Figure 3(a)-3{d) show the die swell ratio of PS melt as a func-
tion of wall shear rate in the die, which had varicus magnetic
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flux denstties from 0 to 2.11 T, with different barrel diameters
(Dp) at a fixed die diameter (Dp) of 6 mm and a die tempera-
ture of 180°C. In general, it can be observed that the die swell
increases with increasing shear rate for all cases as one would
expect.! Concerning the swelling ratio of the extrudate from
the die without magnetic field, the average value of the die
swell ratio for PS melt was in the range of 1.5-1.9, regardless
of the barrel size used, and the overall die swell appeared to
increase with increasing the barrel diameters from 25 to
40 mm. The increase in die swell ratio due to increasing the
contraction ratio {increasing Dg/Dp ratio} was associated
with the increase in the entrance pressure drop which can
be seen by the flow curve results in Fig. 4(a) and 4(b), illustrat-
ing the effect of barrel diameter and magnetic flux densities
on the flow curve of the PS melt at a die temperature of
180°C. The increase in the pressure drop was due to the
increased shear rate and also enhanced extensional deforma-
tion and elastic energy stored in the melt as the contraction
ratio increased.”*1°

In this work, the effects of barrel diameter, magnetic flux
density and wall shear rate were studied. It was very
interesting to observe in Fig. 3{a}-3(d} that the die swell
ratio for any given wall shear rate did not change very much
with magnetic flux density for all barrel diameters except for
the barrel diameter of 30 mum (Fig. 3b). Similar behavior was
also found for the melt properties shown in Fig. 4(a}-4(d).
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Figure 3. Die swell ratio of PS melt as a function of wall shear rate at various magnetic flux densities usinga 6 mm
die diameter at 180°C: {a) 25 mm barrel diameter; {b) 30 mm barrel diameter; {c) 35 mm barrel diameter; (d) 40mm

barrel diameter,
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This result implied that there was a critical barrel size af
which the magnetic flux density affected the melt property in
the rheometer. The changes in die swell ratio with wall shear
rate and magnetic flux density at 30 mm barrel diameter were
significant whereas those at the other barrel diameter sizes
were very small.

Mechanism of melt swelling by magnetic forces

The results in Figs. 3(b) and 4(b) {barrel diameter of 30 mm)
clearly showed that the die swell ratio and flow properties
increased with increasing magnetic flux density. The effect
was more pronounced atrelatively low wall shear rate, where
tht die swell ratio increased from about 1.6 to 2.6 with
increasing the magnetic densities from 0 to 211T.
Figure 5(a) and 5(b) show the extrudates leaving from the
die exit without application of the electro-magnetic field,
and with 2.11T magnetic flux density, respectively. The
extrudate from the electro-magnetized die had a much great-
er swelling ratio than that from the normal die. The increase
in die swell ratio with the electric current to the copper sole-
noid coil indicates that no additional heat generation
occurred from the induction effect of the solenoid coil. If
heat was generated, one would expect to observe a decrease
in the die sweil ratio of the melt, since it is known that an
increase in die or melt temperature results in a reduction of
extrudate swell."'®'? Increasing the magnetic flux density

Copyright «) 2004 John Wiley & Sons, Ltd.

led to an increase in the magnetic torque acting on the PS
melt flowing in the barrel and die. This would suggest that
some molecular configuration of PS may change under the
magnetic torque due to electron delocalizations and distor-
tions of electron clouds within the benzene rings. This then
resulted in the changes in the molecular orientation or/and
alignment of the melt during the flow of the melt in the barrel
and also in the die. Thig explanation was supported by
Amundson' and Chandrasekhar.”® However, this finding
seemed to contradict the results given by Kimura® who sta-
ted that only polymers that had anisotropic structure would
be able to align under the magnetic field. In this work,
afthough the P'S used in this work was isotropic when it
remains in a non-flowing state it could be anisotropic as it
was flowing along the die. This was because when a polymer
melt flows from a large reservoir (barrel) to a small capillary
die the molecular chains of the melt have to re-arrange them-
selves in the flow direction, This molecular transition then
caused the melt to be more anisotropic. Under the magnetic
field, the alignment of the polymer chains was more and
thus increased the die swell ratio at the die exit. The changes
in the molecular alignment were indicated by the changes
in the wall shear stresses and thus the degree of swelling
of the melt at the die exit. This behavior becomes more
pronounced with higher magnetic torque by increasing the
magnetic flux density.

Polym. Adv. Technol, 2004; 15: 1-9
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Figure 5. An example of PS extrudates while leaving the
dies: (a) withoul electromagnetic field; (b) with 2.117T
magnetic flux density,

Effect of barrel diameter

At first, the changes in the die swell and melt properties were
expected to be caused by the differences in magnetic flux den-
sities in the die, so that the magnetic flux densities at different
positions; die entrance, centre of the die length, and die exit
along the die length for all barrel diameters used were mea-
sured, The results are shown in Fig. 6(a)-6(c). It can be seen

Copyright @ 2004 John Wiley & Sons, Ltd.

N

that for any given measured position, the magnetic flux den-
sity increased with increasing electric current, and it wasin a
linear fashion at the die entrance. The magnetic flux density
was relatively high around the centre of the die length
(Fig. 6b); the maximum values being around 2.11T (at 10 A
electric current}. For a given electric current and measured
position along the die, the magnetic flux densities were indif-
terent for all barrel diameters used. This was reasonably pos-
sible since the die dimension was fixed, Therefore, the results
suggest that the changes in the die swell ratio and melt prop-
erties due to the changes in barrel diameter are associated
with the magnetic flux distributions in the barrel part.
Figure 7(a)-7(d) show distributions of the magnetic flux lines
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Figure 6. Magnetic flux densities at different positions along
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for all barrel diameters with a selected electric current of 8 A
(at 2.04 T magnetic flux density} using the FEMM software.
The magnetic flux density patterns for all barrel diameters
were very similar, and the flux density in the barrel compo-
nent was less than 0.2 T. However, the number of magnetic
flux lines for each barrel diameter was different depending
on the barrel part. The numbers of magnetic flux lines
decreased when increasing the barrel diameter from 30 to
35mm. The number of magnetic flux lines for barrel dia-
meters of 25 and 30 mm was five whereas those for barrel dia-
meters of 35 and 40 mm were four. This was expected since
the barrel diameters of 25 and 30 mm had more steel parts
than those of 35 and 40 mun; the outer diameter of the barrel
part was fixed at 65 mm and the inner diameter of the barrel
was varied as mentioned in the Experimental section. The
results in Fig. 7(a)-7{(d) were consistent with those in
Fig. 3(a)-3(d} and Fig. 4(a)-4(d). It can be said from these
results that the greater the number of magnetic flux lines,
the stronger the magnetic torque that could interact with
the contained material (P5 melt) in the barrel, as the molecu-
lar configuration of the melt then changes while flowing from
the barrel to the capillary die. This was why the barrel dia-
meter of 30 mm exhibited a greater swelling ratio than those
of 35 and 40 mm. [t was however found that the 25 mm barrel
diameter gave a lower die swell ratio than the 35 and 40mm
barrel diameters, because of the less barrel-to-die contraction
ratio.’® Comparing the die swell ratios of the PS melt with the
barrel diameters of 25 and 30 mm, it was found that the die
swell ratio of PS5 melt for 30 mm barrel diameter was much
greater than that for 25 mm. A possible cause for this would
be the degree of magnetic torque generated in the barrel part
which is empirically associated with the direction and angle
of the occurring magnetic flux line, determined by eq. (1). It
should be noted that eq. (1) can be used solely for qualita-
tively explaining the changes in the die swell ratio for differ-
ent barrel sizes, absolute values of magnetic forces (then
magnetic torque) cannot be obtained by eq. (1).*'

F=QuxB {1}

where F and Q represent magnetic force on a charged particle
(N} and charged particle (9, respectively, v is charged velo-
city (m/s) and B is magnetic flux density (T).

Equation (1) indicates that a magnetic force occurs in a
perpendicular direction to its magnetic flux density. Figure 8
shows schematic diagrams of the magnetic flux line (B} and
magnetic force (F) acting on the polymer melt flowing in the
barrels having diameters of 25mm (Fig. 8a) and 30mm
(Fig. 8b). The proposed diagram is part of the magnetic flux
lines in Fig. 7. It can be seen that the slope of the magnetic flux
line for the 30 mm barrel diameter is greater than that for the
25 mm barrel diameter. This implies that the magnetic force
acting on the melt was greater in the 30 mm barrel diameter
than in the 25 mm barrel diameter, and thus increased the die
swell ratio of the melt due to the effect of the magnetic torque
on the die swell and flow properties.

Wall shear rate effect
A relationship between the wall shear rate and the die swell
ratio was found to be non-linear. It was observed at the barrel

Polym. Adv. Technol. 2004; 15: 1-9
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PS Melt Flow PS Mell Flow
g
F F B
(a) ()]

Figure 8. Schematic diagrams of magnetic flux line (B) and
magnetic force {F) acting on the polymer melt flowing in the
barrels: {(a} 25mm barrel diameter; (b) 30mm barrel
diameter.

diameter of 30 mm when the electro-magnetic field had a pro-
nounced effect on the die swell ratio of the PS melt as shown
in Fig. 3(b}. [t was also found that the die swell ratio increased
at shear rates between 5.5 to 11.2 sec™" and then decreased to
level off at shear rates greater than 11.2sec™". This behavior
was observed for all magnetic flux densities; the higher the
magnetic flux density, the more pronounced the change of
the die swell ratio. The die swell ratio changes are considered
to be caused by two applied mechanical forces; one being a
shearing force due to the extrusion rate and the other being
a magnetic torque due to the applied electric current. At
low wall shear rates {lower than 11.2sec™ '), the considerably
increased die swell ratio was obtained by the magnetic tor-
que. This was because the slow extrusion rates aliowed the
magnetic torque to act for a longer time on the melt during
the flow in the barrel and the die. When the melt was forced
to flow at higher extrusion rates (greater than 11.2sec™), it
would have less time to be induced by the magnetic torque,
so that the increase in the die swell ratio was solely caused by
the shearing force as a normal effect. Therefore, the overall
die swell ratio decreased at shear rates greater than
11.2sec™". For a given magnetic flux density, the maximum
increase in the die swell ratio by the magnetic torque was cal-
culated to be about 20% (for the barrel diameter of 30 mm).

Effect of die temperature

Figure 9(a)-9(d) show the effect of die temperature on the die
swell ratio for PS melt using the barrel diameter of 30mm. It
can be seen that for any given wall shear rate and magnetic
flux dedsity, the die swell ratio decreased with increasing
die temperatures from 180 to 200°C. Increasing the die tem-
perature automatically increases the melt temperature to
result in an increase in the viscous characteristic of the melt
and thus a decrease in the elastic recovery and swelling ratio
at the die exit. For the other barrel diameters, a similar effect
of die temperature on the die swell ratio was obtained.
Another interesting point to consider is that the swelling
peak at wall shear rates around 11.2sec™" became less pro-
nounced when increasing the die temperature. This suggests
that the temperature suppresses the magnetic torque acting
on the molecular structure of the polymer melt. It is actually
known that the magnetization of a material is decreased by
temperature.”

Copyright © 2004 John Wiley & Sons, Ltd,
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Figure 9. Effect of die termperature on die swell ratio for
PS melt using the barrel diameter of 30mm: (a) 180°C; (b)
180°C; (c) 200°C.

SUMMARY

The die swell behavior of PS melt in a constant shear rate
extrusion rheometer with application of electro-magnetic
field to the capillary die was studied to investigate the effects
of barrel diameter, wall shear rate and die temperature. The
following findings were made in this study.

Polym, Adv. Technol. 2004; 15: 1-9
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{1) The maximum swelling of the PS melt was up to 260%
with application of electro-magnetic field whereas
without the electro-magnetic field, it was 190%.

(2) In normal capillary die, the die swell ratio of PS melt
increased with increasing barrel diameter (or contrac-
tion ratio), wall shear rate, but decreased with increas-
ing die temperature.

(3) The barrel diameter of 30 nm was found to be a critical
size at which the die swell ratio and flow properties of
the PS melt considerably changed by varying the
magnetic flux density, the changes in the die swell
and flow properties being associated with the number
and angles of magnetic flux lines in the barrel part.

(4) Anincrease in the die swell at wall shear rates less than
11.2sec™! was caused by the magnetic torque, whereas
at higher wall shear rates the die swell ratio was very
much dependent on the shearing force. This phenom-
enon was postulated to be associated with the residence
time for the melt in the barrel, under applied magnetic
torque, For a given magnetic flux density, the maximum
increase in the die swell ratio was calculated to be about
20%.
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ABSTRACT

This article proposes a new experimental technique to sinmltancously measure radial die
swell and velocity profiles of polystyrene melt flowing in the capillary die of a constant
shear rate rheometer. The proposed technique was based on parallel co-extrusion of
colored melt-layers into uncolored melt-stream from the barrel into and out of the
capillary die. The size (thickness) ratio of the generated melt layers flowing in and out of
the die was monitored to produce the extrudate swell ratio for any given radial position
across the die diameter. The radial velocity profiles of the melt were measured by
introducing relatively light and small particles into the melt layers, and the times taken
for the particles to travel for a given distance were measured. The proposed experimental
technique was found to be both very simple and useful for the simultaneous and accurate
measurement of radial die swell and velocity profiles of highly viscous fluids in an
extrusion process. The variations in radial die swell profiles were explained in terms of
changes in melt velocity, shear rate, and residence time at radial positions across the die.
The radial die swell and velocity profiles for PS meit determined experimentally in this
work were accurate to 92.2% and 90.8%, respectively. The overall die swell ratio of the
melt ranged from 1.25 to 1.38. The overall die swell ratio was f{gund to increase with
increasing piston speed (shear rate). The radial extrudate swell profiles could not be
reasoned by the shear rate change, but were closely linked with the development of the
velocity profiles of the melt in the die. The die swell ratio was high at the center (~1.9)
and low (~0.9) near the die wall. The die swell ratio at the center of the die reduced
slightly as the piston speed was increased.

Key words: Die swell, Velocity profiles, Co-extrusion, Capillary rheometer, Polymer melt.
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INTRODUCTION
The properties of a polymer melt are a combination of the properties of an elastic solid
and a viscous fluid. During processing the viscous nature is the dominant characteristic.
However, the elastic character is still present. When polymer melts are subject to a
constant stress they can store strain energy. On removal of the stress, the elastic
component of the strain can be recovered whereas the viscous component cannot. This
behavior is well known as the Maxwell spring behavior of linear viscoelasticity (1).
When a polymer melt is extruded from a reservoir through a die the cross-sectional area
of the extrudate is greater than that of the die, this being referred to as “die swell”. The
general explanation for die swell is related to the recoverable elastic deformation
developed during flow through the die. Die swell is considered one of the main factors to
determine quality and dimension of the polymer product. Understanding these
phenomena enables engineers to design polymer processing components and equipment
such as screws, dies and sizing units, and optimize the processing conditions. The die
swell theories are not always accurate, although many researchers (2-6) have claimed the
validity of their theoretical approaches for precisely predicting the swelling behavior of
the melts, but are only in qualitative agreement with experimental data. Usually, die swell
increases as: the die length (residence time) decreases, the shear gate or shear stress
increase, and the molar mass of the polymer increases. On the contrary, die swell can be
minimized by increasing die temperature and die land length or reducing the shear rate or

shear stress.
Experimental methods for measuring the die swell ratio of polymer melts have involved

many difficulties such as draw-down effects, molecular relaxation at the die exit,

contraction due to cooling, and crystallization (1). Previous studies in the field have been

Intawong & Sombatsompop



directed towards both experimental and theoretical investigations, but mostly by
computer simulations. For experimental studies, various techniques have been used,
including a direction measurement, extrudate weighing method, video camera equipment,
and laser techniques (7-9). Some modifications, to minimize the effects of crystallization,
draw-down and contraction to cooling, have been applied, including the use of an oil bath
having the same density as the fluid, and the change of extrusion direction. Song et al (7)
conducted a flow marker technique to study the flow patterns of various rubber
compounds, including NR, SBR and EPDM in the barrel of both slit and capillary
rheometers. They found that the flow simply moved radially inward to the capillary die as
the ram moved down the barrel without secondary flows occurring. They also used laser
equipment attached to a Monsanto Processability Tester to measure the swelling ratio of
the rubber extrudates. Sawn er al (8) developed an experimental technique to
simultaneously measure the thickness and diameter swell ratios of a melt parison by
using moving video cameras, and investigated the effects of die temperature, flow-rate,
and polymer molecular weight. Guliet and Seriai (2) stated that the swelling phenomenon
is mainly due to the recoverable elongational strain induced by the converging flow at the
die entrance, as well as by recoverable shear strain originating within the die. They also
offered an equation for the quantitative prediction of extrudate gwell of a polystyrene
melt from the elastic material properties such as the entrance pressure drop, the relaxation
modulus and the recoverable shear strain. Later work by Serisi et o/, (3) offered another
simple analytical expression to predict extrudate swell of polystyrene at a wide range of
residence times. Lee and Ho (4) determined the die swell behavior of a polymer melt for
designing a die for profile extrusion applications. They found that the melt temperature,
die length, and residence time affected dic swell. The die swell ratio became smaller as

the melt temperature, melt residence time and die length were increased. Similar behavior
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of die swell affected by wall shear rate, melt temperature and L/D ratio was also observed
by Kar and Otaigbe (5) who examined such behavior in various thermoplastic melts in a
Randcastle microtruder for a wide range of shear rates, L/D ratios, and melt temperature.
They also noted a linear relationship between die swell and maximum recoverable
deformation, and a non-linear relationship between die swell, storage and loss moduli.
Wilczynski et al (6) presented a method for modeling the free multi-layer forming
problem in the co-extrusion process. They also suggested that differences in the viscosity
of flow material resulted in displacement of the polymer stream towards the more viscous
phase and displacement of the maximum of the velocity profile to the opposite direction.
Instead the differences in flow rate led to transferring of the interface towards the phase
of the lower flow rate, referred to as swelling behavior. Sombatsompop et al (9-11)
carried out detailed investigations on the die swell behavior of polystyrene (PS) and
linear low-density polyethylene (LLDPE) melts influenced by different die designs such
as actual die size, contraction ratio and the effect of a magnetic field on the swell ratio.
Their latest work (12) involves use of a dua! channel die, having mixed circular/slit flow
channels, to observe the die swell behavior of PS melt in a capillary rheometer. In the
single channel die, the extrudate swell of PS melt in a circular flow channel die was

greater than that in the slit flow channel, whereas, in the dual chagnel die the slit channel

exhibited a higher extrudate swell ratio.

Knowledge of flow patterns and velocity profiles in the die is necessary in analyzing the
flow behavior of polymer melts. Many researchers (13-18) have utilized a number of
methods or techniques to measure the velocity profiles and flow patterns of flowing
polymer melts, the accuracy of the measurements varying with the ways the velocity

profiles are measured. Most investigations have been carried out in the die entry region of
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both slit and capillary rheometers (19-20). The existing methods and techniques used
include pigmented banding (14), volume change (15), dye and/or particle injections (16),
and Laser Doppler Velocimetry (LDV) (17-18, 20). This latest technique is widely used
as being relatively accurate, but the apparatus is expensive and complicated.
Sombatsompop et al (14-15) measured the velocity profiles of natural rubber compounds
flowing in the barrel and the die of a capillary rheometer. They found that the velocity
profiles of the melt in the barre! changed continuously with piston displacement while
those in the die were not parabolic in nature. In addition, non-zero melt velocity at the die
wall was observed. Meissner (17) and Yarusso (18) utilised laser Doppler velocimetry to
study changes in the velocity profiles near the entrance and exit regions of a slit die. They
found that the velocity profiles for shear thinning fluids changed from a parabolic form in
the capillary to a plug-like form at the die exit, and the degree of extrudate swell was
influenced by this velocity rearrangement. Recently, Sombatsompop and Wood (21)
developed a novel technique, the so-called Cooled-Stainless Tube (CST), for the
determination of velocity profiles in flowing polymer melts in real processing machines
such as the injection molding machine. The CST technique has also been used by Wood and
Rasid (22) for the velocity profile measurement of the melts in a single-screw extruder.

To date, data on die swell behavior and velocity profiles of more :'omplex processes, such
as co-extrusion or multi-layer processes are still limited and required for solving many
complex flow problems in various types of processing equipment. For example, in co-
extrusion processes, the dimension of each material layer in the co-extruded products has
to be determined accurately. This can be achieved by knowledge of radial die swell ratio
profiles and their dependence on processing conditions. Recently, most experimental data

are only available for the overall die swell, which is defined as the ratio of the extrudate
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size to the die size, and the explanation for the change in die swell is usually associated
with the recoverable elastic deformation developed during flow through the die as
discussed earlier (1). Scientific evidence (23-24) has clearly suggested that velocity
profiles and die swell are closely related, but most work in literature has been carried out
with these two parameters separately and theoretically. In this present work, we offer a
new and simple experimental technique for simultaneous measurements of radial die
swell and velocity profiles of a PS melt, the swell and velocity results being reported in
each position across the die diameter. The changes in radial die swell results of the melt
are explained in terms of their relation to the velocity profiles, calculations of shear rate
profiles, and residence time. In addition, the effect of piston speed (wall shear rate) on the

development of both radial die swell and velocity profiles of the melt has been discussed.
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EXPERIMENTAL
Raw material
All tests in this work used a polystyrene (Styron 656D 267), supplied in granular form by
Siam Polystyrene Co., Ltd (Bangkok, Thailand). It was characterized by a melt flow index

of 7 and a density of 1.350 g/em’ (BS2782 Method 720A: 1979).

Design and manufacture of the experimental apparatus

General descriptions

In the present work, all measurements were carried out in a specially designed and
manufactured capillary rheometer, whose barrel and die systems were connected to an
AGS-500D (SHIMADZU) tensile testing machine. This design aimed to offer a new and
simple technique, for the first time, to simultaneously measure radial die swell and
velocity profiles of a polymer melt flowing in the capillary die of a rheometer. The
proposed technique was based on a parallel co-extrusion of colored melt-layers into an
uncolored melt-stream from the barrel into and out of a capillary die. The size (thickness)
ratio of the generated melt layers flowing in and out of the die was followed, the
extrudate swell ratio for any given radial positions across the die diameter being then
calculated. For velocity profile measurements, the times taken for relgjively fine particles,
inserted into the melt at different radial position across the duct, to travel along with the

flowing melt for a given distance in the die were monitored.

Experimental design and arrangement
A new experimental technique, the so-called the Parallel Co-extrusion Technique (PCT),
was developed in this work to simultaneously measure the radial die swell and velocity

profiles of a flowing polymer meit in an extrusion rheometer. An experimental rig was
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specially designed and manufactured, and consisted of a barrel, two piston systems, a die
and die holder and operational control systems. All the experimental components were
assembled and connected to a tensile testing machine with utmost care to ensure the

alignment of the apparatus. The experimental arrangement of the PCT apparatus is shown

in Figure 1.

Barrel: The barrel was made of SKD61 tooling steel that can be used at elevated
temperatures, and was 40x10”m in diameter and 160x10”m in length. A small pressure
hole (1x10”m in diameter) was located near the bottom of the barrel (near the die
entrance) for pressure drop measurement. The inner surface of the barrel was hardened by
hard chromium plating giving the hardness of approximately S5SHRC. The barrel had four

holes located along its length for installing heaters and a thermocouple (Type K).

Co-extruding pistons: The piston system in this work was specially designed in two
scparate parts (Piston#1 and Piston#2) so that a parallel co-extrusion process was
possible. Piston#1 was used to extrude the bulk melt from the barrel into the die, as
usually performed in a normal commercial rheometer. The diameter and length of
Piston#| were 40xt0”m and 150x10”m, respectively. The piston_body was made of
stainless steel while its tip was made of copper. Piston#1 was hollow and was heated
using 4 heater bars. Inside Piston#1, there were a series of simall pistons (called Piston#2)
located to extrude a number of colored melts loaded and heated in Piston#1 into the
uncolored melt stream in the barrel. All the small pistons (Piston#2) containing colored
PS melt, moved upward in the opposite direction to the Piston#1, which was moving

down the barrel. This action would co-extrude the colored melt layers into the uncolored
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melt stream in Piston#1 at different radial positions across the barrel (and then die)

diameter.

Die and die holder: The die used in this work was 64x10”m in length and 5x10”m in
diameter, and could be divided into two parts, one being the outer part made of ST37
mild steel and the other being the inner part made of Borosilicate glass, that can
withstand high temperature and pressure. The outer part was square-drilled over half the
diameter of the die to allow the flow of the melt to be viewed. A separate die plate
{(holder), designed for holding the die, was bolted to the bottom of the barrel. The

material used for the die holder was the same as for the die.

Visualization equipment: This aimed to visualize the flow of the co-extruded melt inside
and outside the capillary die. A color video-camera (SSC-DC398P with 752Hx582V
pixels and 480TV lines) and a high resolution macro zoom lens (3.3X magnification)
were used to record the flows for further calculations of radial die swell and velocity

profiles. All the results were recorded and displayed in real time using a personal

computer,
-
Operation control systems: These can be divided into three separate systems:
? temperature, pressure, and test speed control systems.
I. The temperature control system: This consists of four heater bars, a type K
thermocouple and a DD6 temperature controller, these being used for monitoring and

controlling the temperature of the apparatus components {barrel, Piston#! and Piston

#2, die and die holder).
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2. The pressure contro! system: This work uses a novel pressure sensor designed and
developed by Sombatsompop et al, the so-called Photo-conductive Light Dependent
(PLT) sensor whose details can be sought elsewhere (25). The sensor was situated at
the base of the barrel just above the die face and connected using an adapter.

3. The test speed control system: Since the experimental rig used in this work was
connected to the cross-head of the tensile testing machine, the test speed was
controlled and monitored by use of a transducer that was supplied with the testing
machine, the accuracy of the measurements being in the order of £0.1%. The speed of

the piston was used to calculate the wall shear rate.

Measurements of radial die swell and velocity profiles

The principle of the PCT technique involved the extruding of colored melt-layers contained
in Piston#2 into the bulk uncolored (transparent) polymer melt in the barrel. At the same
time, the melt in the barrel continuously flowed into the die by the movement of Piston#1.
The colored melt layers in the barrel flowed from the barrel into the die at the same
velocity as the uncolored melt — this can be confirmed by the flow property results of the
colored and uncolored melt-layers which will be shown later. The colored melt layers then
appeared inside and outside the die at various radial positions, whiclgcorresponded to the
positions of the melt layers which were determined in the barrel. Figure 2 shows a
schematic diagram of thickness measurements of melt layers in the die region and in the
extrqdate outside the die for radial die swell measurements. During the experiment, we
observed that the flow of the colored PS melt-layers across the barrel and capillary
diameters was very symmetric along the barrel and capillary axis. Therefore, the

measurements of die swell and velocity profiles of the melt-layers were made only on one

Intawong & Sombatsompop



side of the die diameter, the data on the other side of the die being then generated based

on the symmetric nature of the flow.

Radial die swell profiles

Through trial and error experiments, we found that the swelling of the PS melt under the
test conditions used in this work attained equilibrium around 3mm from the die exit.
Therefore, the degree of die swell was measured at Smm from the die exit. The radial die
swell ratio values (B,) were obtained by comparing the thickness of the colored layer of the
extrudate outside the die, for a given reduced radius (r/R) position in the die, to that inside
the die as illustrated in Figure 2 and Equation 1. The /R range of interest used in this
work was from 0.0 to 0.86. The accuracy of the radial die swell profile can be verified by
averaging the values of the radial die swell (B,) obtained across die diameter, and
comparing with the overall die swell ratio (Boveray) directly measured at the die exit. This
statement was based on the fact that the overall die swell was a result of swelling and de-
swelling (contracting) of the melt layers across die diameter. The Bgyen value was
referred to as the ratio of the extrudate radius (Rex) to the die radius (Rq) (as shown in

Equation 2).

ext - (l)

= Ra @)

merat =

Previous work (12-13) has shown that flow patterns in the barrel changed continuously
with piston disptacement, and a fully developed laminar flow seemed to be exhibited when
the piston displacement reached approximately Y% the barrel length. Therefore, die swell
ratio values at any radial positions across the die were averaged and obtained at the piston

displacement range of 85-92mm down the barrel. In this work, the speed of Piston#! was

12
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varied from 0.050x107, 0.083x107 and 0.166x10 m/s (corresponding to wall shear rates
of 5.1, 8.5 and 17.1 5™, respectively) in order to study the effect of the extrusion rate on the

change of the die swell ratio. The test temperature used was 200°C.

Velocity profile measurement

In this work, foreign particles were introduced into the melt system for measuring
velocity profiles of the PS melt. The foreign particles used were natural corn fibers,
supplied by V.P. Plastics Products (1993) Co., Ltd (Bangkok Thailand). The particies
were relatively small (having an average particle size of 250 um) and light so that they
would not settle out in the melt stream. Only 0.2% of corn particles were added into the
extrudate and this particle concentration did not affect the rheological properties of the
melt. The measurements were carried out by recording the times taken for the small
particles loaded into the melt layers to travel for a given distance in the die. The
experimental procedure for the determination of velocity profiles of melt commenced by
preparing a colored polymer composite using a twin screw extruder (Haake Polylab-
Rheomex CTWI100P, Germany) at 40rpm rotating screw speed and a die temperature of
200°C. The composites were pigmented using CI Solvent Red-24, supplied by Orient
Chemical Industries, Co., Ltd (Osaka, Japan). The experimentalapparatus used for die
swell measurement was also employed for velocity profile determinations. The melt
velocity for any given radial position was obtained by the measurement of the time taken
fqr the particles to travel along the flow path for a given distance (10mm before the die
exit). It should be noted that the melt velocity was sinudltaneously measured with the die
swell ratio, melt velocity values at any radial positions across the die being averaged and

obtained at the piston displacement range of 85-92mm down the barrel. The accuracy of the
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velocity profile measurement can be verified by integrating the radial melt velocity (V,) for

any given die radius (r) as expressed in Equation 3, to give the output rate (Q).
R
Q =2z [rV.dr 3)
]

It should also be noted that all the measurements in this work were restricted to the
isothermal state, defined as a condition in which the temperature of the melt and the duct

wall are the same (22), and the melt velocities at the duct wall were assumed to be zero (1).

Flow property measurement

The relationship between wall shear stress and wall shear rate for the PS melt, using the
same rheometer, die and test conditions as used for radial die swell and velocity profile
measurements, were established, the calculations being obtained elsewhere (14). In this
work, Bagley’s corrections were not applied to the generated shear stress data, as the
shear stress data were solely used for comparative reasons to illustrate the magnitude of
the changes observed in the flow characteristics of the materials as a function of the

piston speeds used.
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RESULTS AND DISCUSSION

Effect of particles and pigment on the change in melt propertics

Since this work used the color technique to reveal the flow visualization of PS melt in
order to evaluate the radial die swell profile, and also utilized light corn particles to
facilitate the measurement of radial velocity profiles of the melt, it is reasonably required
to study the effect of the pigment and corn particles on the rheological properties of the
PS melt. This was carried out using the same rheometer as utilized for the measurements
of die swell and velocity profiles. Figure 3 shows the results of wall shear stress and wall
shear rate for the PS melt with and without pigment, and the PS melt sample with corn
particles. [t can be seen that all the curves were very similar, the differences being within
the experimental error of £2.5%. This confirmed that the introduction of the pigment and
the corn particles did not affect the overall flow properties of the melt as the amounts of

these foreign objects were relatively small.

Flow patterns and general observation on overall die swell ratio
Figure 4 shows an example of the flow patterns of colored and uncolored PS melt layers
flowing in the rheometer. Figure 4a reveals the flows in the barrel and die entry regions
while Figure 4b shows the flows near the die exit and outside the die*[t should be noted
that the flow-specimen rod in Figure 4a was produced by cooling the flow system down
to room temperature using an air cooling system, after a specified piston displacement.
, The cooled specimen rod was then removed from the Rheometer before being
photographed. [t can be seen that the flow patterns in the barrel and near the die entrance
of PS melt were very simple, the material in the barrel moving radially towards the die.

For a given melt layer, the thickness of the melt layer decreased as it flowed from the

barrel to the die. On exiting the die, the thickness of the melt layer became greater, this
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being referred to as swelling of the extrudate. Figure 5 shows the overall die swell
(Boveratl) of PS melt as a function of piston displacement for three different piston speeds
(0.050x107, 0.083x10” and 0.166x107 m/s) at a die temperature of 200°C. It can be seen
that, for a given piston speed, the overall die swell ratio was in the equilibrium condition
at the piston displacements from 85 to 92 mm, the differences in the swelling ratios for
various piston displacements being within the experimental error of £2.5%. The overall
die swell ratio ranged from 1.25 to 1.38, this swelling value for PS melt being similar to
that found in previous work (12). The swelling ratio appeared to increase with increasing
piston speed as was expected because the extrusion speed of the piston is a direct
function of shearing stress and wall shear rate generated during the flow, and die swell is
generally associated with the stored elastic stress (shearing stress), which is released on

exit from the die (9).

Development of radial die swell and velocity profiles

Figure 6 illustrates the die swell ratio as a function of the reduced radial (r/R) position in
the die for three different piston speeds. It can be seen that, for a given piston speed, the
radial swell ratio decreased with increasing r/R position. The highest die swell ratio
occurring at the duct center, was in the range of 1.6-1.9. The lowgst value of die swell
ratio was 0.9, which occurred around /R positions of 0.6-0.86. In most literature, die
swell is reported as being related to the stored elastic stress which is released on exit from
the die. This stress is predominantly due to the shape of the velocity profile in the die
which is believed to be parabolic in nature; the shearing stress (also shear rate) will be
high at the die wall and low in the center of the flow (1,13). Therefore, one would expect
the die swell across the die to be high at the wall and low at the center. However, this

does not seem to be the case as evidenced by the results in Figure 6. The variations of die
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swell ratio of the melt across the die diameter in this work can be explained using the
velocity profiles of PS melt which were simultaneously measured in experiments. Figure
7 shows the velocities of the melt as a function of reduced radial position for different
piston speeds - the effect of piston speed on the die swell profiles will be discussed later.
It can be noticed that the general trend of the radial velocity profiles was very similar to
that for the die swell profiles. The highest melt velocity was found at the center of the
die, the melt velocity decreasing with increasing /R value due to the drag effect (20-21).
It was thought in this work that the shape of the radial die swell profiles (in Figure 6)
was associated with the development of velocity profiles in the die (in Figure 7) and the
equalization of the velocity profiles at the die exit. That is, when the melt was flowing in
the die it had a relatively high velocity at the center and relatively low near the die wall as
can be expected in shear flow. On exiting the die, the velocities of the melt across the die
diameter had to equalize to form a plug flow. During this flow pattern transition, the melt
velocity at the center had to slow down while that near the wall accelerated. A sudden
reduction in melt velocilty at the center causes the melt to flow radially and led to an
expansion of the melt in radial direction. This extrudate expansion suppressed the
dimension change of the melt near the die wall - the die swell ratio near the die walli
decreased in order to maintain the overall swell ratio of the extrudete for a given piston

speed. This explains why the extrudate swell ratio was relatively high at the center of the

die.

The velocity profile results were then utilized to calculate radial shear rate profiles (y,) of
the melt flowing in the die, whose results are shown in Figure 8. In this work, the
maximum shear rate was found around /R of 0.6. In general, one would expect the

maximum shear rate to be at the die wall, provided that the velocity profile of the melt
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was parabolic. However, the shear rate at the die wall was not considered in this particular
case because the melt velocity at the die wall is quantitatively impossible to experimentally
measure. Another interesting point to consider is that, the shape of the shear rate profiles
did not correspond to that of the die swell profiles. Taking account of the results in
Figures 5, 6 and 8, it can be implied that the wall shear rate was the main factor for
controlling the overall die swell (Bovernt), but it did not correspond to the shape of the die
swell profiles across the duct. This has a practical implication when determining the size
of the inner layer of the melt in a co-extrusion process. That is, an ideal shear rate profile
(low value at the center and high near the wall) cannot be used to accurately predict the
size of the inner layer of a co-extruded product. Figure 9 shows the calculated residence
time profiles of the PS melt and the results can be observed to correspond well with the

die swell profiles - the smaller the residence time the higher the swell ratio.

Accuracy of the radial die swell ratios and velocity profiles

As stated earlier, the accuracy of the radial die swell profile measured by PCT technique
can be verified by averaging the values of the radial die swell (B;) obtained across die
diameter, and comparing the result with the overall die swell ratio (Bovera) determined at
the die exit. Similarly. the accuracy of the radial velocity profile megsurement can be
verified by integrating the profile across the duct, and comparing the result with the total
.(’)utput rate. Table 1 shows the comparison of Bgern 2and average B, values for PS melt for
three different piston speeds. [t can be seen that the degrees of extrudate swell ratio
obtained from both methods were not the same, the differences being relatively large
especially at 0.166x10” m/s piston speed. This gives the average value of Y%difference of

7.82%. The errors could be further improved, but beyond of the scope of this paper, by

increasing the number of measuring points across the duct diameter, and also attempting to
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measure the die swell ratio near the die wall as closely as possible. Considering this

difference, the accuracy of the radial die swell ratios determined by PCT technique was

92.2%.

Table 2 shows a comparison of actual and experimental output rates for PS melt at
different piston speeds. It can be seen that the values of experimental output rates for three
piston speeds were similar to those of the actual output rates, the average differences being
calculated to be 9.13%. The errors in the calculation of the experimental output rates may
arise due to a number of flow related factors, such as assumption of zero-melt-velocity at
the die wall (21), compressible and de-compressible nature of the melt (26), and melt
leakage between the piston and barrel wall (14). The first effect is usually assumed since
the melt velocity at the die wall is quantitatively impossible to experimentally measure, and
this could result in a decrease of the measured output rate while the second effect causes a
fluctuation in the measured output rate. Finally, the value of the actual output rate may
possibly be an overestimate due to possible leakage of the melt through the clearance of the
barrel-piston, this effect being most possibly at high extrusion rate. Similar finding was
also found in previous work on measuring the velocity profiles of a low-density
polyethylene melt flowing in an injection molding machine wheeh stated that some
differences in the output rates obtained from integration of an experimental velocity profile
and the piston speed in the barrel were expected (27). Consideration of the errors suggested

that the velocities determined experimentally in this work were accurate to within 90.8%.

Effect of piston speed on radial die swell ratio and velocity profiles
Figures 6 and 7 were also used to study the effect of piston speed on radial die swel} and

velocity profiles of PS melt, respectively. The piston speeds of 0.050x107, 0.083x107
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and 0.166x10” m/s corresponded to the wall shear rates of 5.1, 8.5 and 17.1 s,
respectively. It was found that the die swell profiles of the melt changed with piston
speed, especially around the center of the die and at a /R of 0.60-0.86. As the piston
speed increased from 0.050x10” to 0.166x10™ m/s, the swell ratio of the melt at the
center decreased, accompanied by an increase in the swell ratio near the die wall (around
r/R of 0.86). The change in die swell ratio for piston speeds of 0.050x10~ and 0.083x107
was not significant, which corresponded well with the shear rate profiles (Figure 8) for
these two piston speeds. The decrease in the die swell at the centre and the increase in the
die swell near the wall when considering the die swell profiles at piston speeds of
0.050x10” and 0.166x10” m/s can be explained in association with the changes in the

velocity profiles (Figure 7) or shear rate profiles (Figure 8) as follows.

Decrease in the die swell at the center: The radial velocity profiles in Figure 7 were
observed to change with piston speed, the velocity profiles at lower piston speed being
relatively flatter. It can be expected that the viscosity of the melt would decrease with
increasing shear rate (or piston speed), the decrease in the melt viscosity then influencing
the velocity profile. Work by Sombatsompop and Chaiwattapipat (28) investigated the
effect of the injection speed on melt temperature profiles of polgpropylene melt in a
circular duct of an injection molder, and clearly indicated that the increase in melt
temperature appeared to be greater at the center of the duct for higher injection speeds
due to greater shear heating. In the case of a lower injection speed, the melt temperature
was relatively high near the duct wall. In relation to this work, the increase in melt
velocity at the duct center for high piston speed resulted from an increase in melt

temperature and then a decrease in melt viscosity. A similar view was evidenced by
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Wilczynski et al (0). Hence, the decrease in the die swell of the melt at the center of the

die with the higher piston speed was caused by the viscosity reduction of the melt.

Increase in die swell near the die wall: This can be explained using the shear rate profile
results as shown in Figure 8. It can be seen that the shear rate of the melt near the die
wall at a piston speed of 0.166x10” m/s was much greater than that at piston speed of
0.050x107, this increased shear rate resulting in the increase in die swell. It should aiso

be noted that the increased die swell suppressed the expansion of the melt around the

center of the die.

In summary, it was found that the PCT technique was simple and versatile for the
simultaneous measurement of the radial die swell and velocity profiles of a polymer melt
inside a small capillary die. This technique can be improved to obtain more accurate
experimental results by increasing the number of colored melt layers across the die
diameter. This work will be extended, beyond the scope of this paper, to investigate the
effect of processing conditions such as test temperature and die geometry, on the die
swell and velocity profiles of the melt, as well as carrying out such measurements in

some other types of processing equipment such as single screw extrugers.
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CONCLUSION
The parallel co-extrusion technique (PCT) proposed in this paper was very simple,
versatile and useful for simultaneous measurements of radial die swell and velocity
profiles of a flowing polystyrene melt in the capillary die of a constant shear rate
rheometer. The proposed technique was based on a parallel co-extrusion of colored melt-
layers into uncolored melt-stream from a barrel into and out of the capillary die. The
radial die swell profiles were formed by measuring the thickness ratio of the generated
melt layers flowing in and out of the die while the radial velocity profiles were generated
by introducing relatively light and small particles into the melt layers. The radial die
swell and velocity profiles for PS melt determined experimentally in this work were
accurate to 92.2% and 90.8%, respectively. The overall die swell ratio of the PS melt
increased with increasing piston speed, the overall die swell values ranging from 1.25 to
1.38. It was found that the general trend of the radial velocity profiles was very similar to
that for the die swell profiles. The die swell ratio was found to be high at the center (~
1.9) and tow (~ 0.9) near the die wall. The swell ratio of the melt at the center decreased
with increasing piston speed. Finally, the distance from the die exit to reach the
equilibrium swelling was shorter as the piston speed was increased.
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Table 1: Comparison of Boveran and average value of B, across the die diameter for PS melt

at different piston speeds

Piston speed Boverall Average B, % differences
(107 m/s)
0.050 1.26 1.19 5.55
0.083 1.31 1.38 534
0.166 1.35 1.18 12.59

% Average difference = 7.82%
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Table 2: Comparison of actual and experimental output rates for PS melit at different piston

speeds

Piston speed

Output rate (Q, 107 m’/s)

% differences

(10 m/s) Actual value Experimental value
|
0.050 | 0.62 0.68 9.67
0.083 1.04 1.15 9.61
R
0.166 2.09 T 1.92 8.13
] |

% Average difference = 9.13%
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Abstract
This article continues from previ;ms work (Jntawong & Sombatsompop; 2004, accepted for
publication by Polym. Eng. Sci) investigating the radial die swell and velocity profiles of
polystyrene melt in a capillary die of a constant shear-rate extrusion rheometer, using a parallel co-
extrusion technique. In this article, an electro-magnetized capillary di¢ was used to monitor the
changes in the radial die swell profiles of the melt, this being relatively novel in polymer
processing. The magnetic flux density applied to the capillary die was varied in a parailel direction
to the melt flow, and all tests were performed under the critical condition at which sharkskin and
melt fracture did not occur in the normal die. The experimental results suggest that the overall die
swell for all shear rates increased with increasing magnetic flux density to a maximum value and
then decreased at higher densities. The maximum swelling peak of the melt appeared to shift to
higher magnetic flux density, and the value of the maximum swell decreased with increasing wall
shear rate and die temperature. The effect of magnetic torque on the die swell ratio of PS melt was
more pronounced when extruding the melt at low shear rates and low die temperatures. For radial
die swell and velocity profiles, the radial swell ratio for a given shear rate decreased with increasing
/R position. There were two regions where the changes in the die swell ratio across the die
diameter were obvious with changing magnetic torque and shear rate, one around the duct centre
and the other around /R of 0.65-0.85. The changes in the die swell profiles across the die diameter
were associated with, and can be explained using, the melt velocity profiles generated during the
flow. In summary, the changes in the overall die swell ratio of PS mel®in a capillary die were

influenced more by the swelling of the melt around the centre of the die.

Key words: Die swell, velocity profiles, extrusion, polymer melt
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Introduction
The co-extrusion process of polymer products involves two or more melt streams flowing
together along a die. Knowledge of the flow properties of each melt stream is very essential
in terms of controlling the size and the quality of the melt streams, and the final products.
Studies of such flow properties and flow patterns have been carried out both experimentally
and theoretically. in the experimental investigations, the flow patterns of the melt layers
flowing in the die have been found to be very complex as a result of differences in melt
viscosity of the extruded layers across the flow channel (1-2). The complexity of the flows
affects the properties of the melt stream and its instability during the process. In a
conventional way, the stability of the melt can be characterized by a number of terms such as
extrudate swell, sharkskin and melt fracture (3). The last two phenomena usually occur when
polymer melts are extruded through a die at rates exceeding a critical shear stress (4-5).
Extrudate swell is considered one of the main factors to determine quality and dimension of
the polymer product and is usually explained in two different mechanisms, one being due to
the recoverable elastic deformation developed during flow (6-8), and the other in association
with the re-organization of melt velocity profiles developed in the die and the die exit (9-13).
Christodoulou e al/ (11) used a direct measurement to investigate the swelling ratio of
ethylene-viny! acetate (EVA) copolymer through a newly developecL co-extrusion technique
coupled with a color-layer technique in a capillary rheometer. The experimental results
suggested that the extrudate swell was mainly associated with the development of velocity
profiles along the die. The velocity profiles of the melt could also have been affected by
molecular structure which has an influence on the swelling ratio of the melt at the die exit,

this also being supported by Munstedt et al (12).
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It is widely known that both extrudate swell and melt velocity profiles of polymer melts are
affected by the design of the dies. The effects become very complex when multi-layer flows
are involved. Most published papers studied the dependency of extrudate swell and velocity
profiles of polymer meits on the die size, die shapes (capillary, slit, annular and profiled
dies), and number of flow channels in a die (14-21). Apart from these papers, there have been
some recent publications dealing with relatively new die design related parameters such as
ultrasonic irradiation and magnetic field application during extrusion (22-24). Cao and Li
(22) offered a different parameter to alter the swelling ratio of a polypropylene melt by
applying ultrasonic irradiation during extrusion and they found that the use of appropriate
irradiation intensity reduced the extrudate swell ratio, as well as improve the apparent quality
of the extrudate. Kimura (23) made an extensive review on the effect of a magnetic field on
various polymer systems, semi-crystallize and amorphous polymers, during melting and
crystallizing states. He concluded that the effect of a magnetic field on non-magnetic
polymers was small, but occurred in anisotropic polymers. A change in the alignment of the
polymer chains under the magnetic field was proposed to be a result of magnetic torque,
which was caused by the induced motion of electrons under the applied magnetic field. In the
case of atactic polymers (amorphous polymers) which lack anisotropic structures, the
alignment of the molecules under the magnetic field became very difficult and direction of
the magnetic alignment of these atactic polymers is so far still unknown. Recent work by
Sombatsompop (24) studied the effect of magnetic ficld at 2.16T flux density on the
extrudate swell ratio of polystyrene (PS) melt in a capillary die of a capillary rheometer, and
the results suggested that the application of a magnetic field to the die could result in a
significant increase in the swelling ratio of the PS melt of up to 25%. The author proposed
that the increased swelling of the PS could have been caused by the change in molecular

orientation or alignment. The application of a magnetic field to the die and the monitoring of
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the swell ratio of polymer melts in real testing/processing machineries are relatively new in

polymer processing applications.

In this article, we aimed to simultaneously measure the radial extrudate swell and velocity
profiles of polystyrene melt using the parallel co-extrusion technique as detailed in our
previous work (25), and to extend this work by applying an electro-magnetic field to the die
used. Unlike previous work by Sombatsompop (24) using a permanent magnetized die
having a constant magnetic flux density (2.16 Tesla) to monitor the changes in the overall
swelling of the polystyrene extrudate, this present work investigated the extrudate swell ratio
and melt velocity of the PS melt for different positions across the die diameter, and the
magnetic flux density could also be varied, as a result of use of non-permanent magnetized
(electro-magnetized) die. The results were then compared with those without applying the
magnetic field to the die. The effect of the magnetic flux density in the die on the changes in
the extrudate swell ratio and velocity profiles of the melt across the die diameter would be of
great interest and become a new and unique parameter in altering the extrudate properties
(thus final product properties) in real extrusion processes. In addition, the effects of extrusion
rate and die temperature on the extrudate sweli and velocity profiles were also investigated.
The flow properties of the PS melt in the rheometer were also detsnnined in terms of the
relationship between shear stress and shear rate, the tests being carried out under the same

) test conditions at which the extrudate swell ratios were tested.
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Experimental
Raw material and experimental apparatus
Since this work continues from our previous work (25), all raw materials (Polystyrene, Styron
656D 267 having a MFR of 7), and the experimental apparatus (constant rate capillary
rheometer) remained the same except for the capillary die. This present work was aimed to
study the effects of an electro-magnetic field on the radial extrudate swell and velocity

profiles of PS melt flowing in a capillary rheometer. Therefore, the capillary die had to be re-

designed to accommodate an electro-magnetized die.

Design and manufacture of an electro-magnetized die

The capillary die used in this work was made of mild steel (Grade 1020} and was 64mm long
and 5mm in diameter. To make an electro-magnetized die, the die body was wrapped with
copper wires in order to apply the electromagnetic field to the die. To prevent an electrical
short-circuit, Teflon film was used between the outer die wall and the copper solenoid coil.
The dimensions and arrangement of the electro-magnetized die, including the magnetic field
profile for this particular die system, are shown in Figure 1. According to the relationship
between magnetic force (F), charged particle (Q), charged velocity (v) and flux density (B)
evidenced by Ulaby (26), the magnetic flux direction was parallel to the flow of the polymer
melt in the capillary die. The electro-magnetic field was generated to the die by applying
electricity to the copper solenoid coil, the electricity varying from 0A to 10A. It was of some
concern that the application of the electro-magnetic field would cause additional heat due to
the induction effect across the solenoid coil. This additional heat would then affect the die
and melt temperatures during the tests. Therefore, an air-cooling jacket unit was constructed
and placed around the electro-magnetized die, the cooling unit being located between the

solenoid coil and the die body. The flow-rate of the cooling air was adjusted and calibrated to
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reduce the additional heat so that the desired temperature was achieved - some experimental
results in the discussion section will confirm that no additional heat occurred during the test.
A small pressure hole was located between the two dic locations to detect the occurrence of
entrance pressure drop, the pressure being taken using a photo-conductive light pressure
sensor which was originally proposed by Sombatsompop et al (27), which was designed and

manufactured in our research group. The apparatus temperature was controlled using a DDé6

temperature controller.

Measurements of radial extrudate swell and velocity profiles, and flow curves

The radial extrudate swell and velocity profiles of the PS melt were simultaneously measured
using the Parallel Co-extrusion Technique (PCT) proposed by the authors {25). The technique
was based on a parallel co-extrusion of colored melt-layers into an uncolored melt-stream from
the barrel into and out of a capillary die. It should be noted that the extrudate swell ratio and
melt velocity profiles at any radial positions across the die interested in this work, were

averaged and obtained at the piston displacement range of 85-92mm down the barrel.

The radial extrudate swell ratio values (B,) were obtained by comparing the thickness of the
colored layer of the extrudate outside the die as shown in Equatiop 1, for a given reduced
radius (t/R) position in the die. The /R range of interest used in this work was from 0.0 to
0.86. The accuracy of the radial extrudate swell profile can be verified by averaging the values
of the radial extrudate swell (B,) obtained across die diameter, and comparing with the overall
extrudate swell ratio (Bovean) directly measured at the die exit, the overall extrudate swell ratio
being referred to as the ratio of the extrudate radius to the die radius - the detailed description
of the technique, including its accuracy, can be found in previous work (25).

dr
B, = 2 (1)
d
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The velocity profile measurement in this work was based on monitoring a relatively small and
light foreign object flowing along the melt stream. The foreign particies used were natural corn
fibers, supplied by V.P. Plastics Products (1993) Co., Ltd (Bangkok Thailand). The particles
were relatively small (having an average particle size of 250 pm) and light so that they would
not settle out in the melt stream. Only 0.2% of corn particles were added into the extrudate, and
this particle concentration did not affect the rheological properties of the melt (25). The
preparation procedure for the foreign particles can be found elsewhere (25). The
measurements were carried out by recording the times taken for the small particles loaded
into the melt layers to travel for a given distance in the die (10mm before the die exit). The
experimental apparatus used for die swell measurement was also employed for velocity profile
determinations. The accuracy of the velocity profile measurement verified by integrating the

radial melt velocity for any given die radius to give the output rate, this being calculated to be

approximately 91%.

In this paper, the radial extrudate swell and velocity profiles were measured with and without
the application of an electro-magnetic field to the die. Flow properties (apparent viscosity VS
wall shear rate) of the PS melt were also simultaneously determined in the capiilary
rheometer under the same conditions at which the extrudate swell a.r_xd velocity profiles were

measured, whose calculations can be obtained by Sombatsompop and O-Charoen (20).

Experimental variables
All measurements were performed with and without the application of an electro-magnetic
field to the capillary die. Different test parameters were studied as listed below.

¢ Magnetic flux density: In this work, the magnetic flux lines generated in the die had a

parallel direction to the flow of the polymer melt. The magnetic flux density of the
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electro-magnetic field was altered by varying the amount of the electric current from 0,
2, 4, 6, 8 to 10A, these values corresponding to the magnetic flux densities of 0, 0.75,
1.23, 1.56, 1.69 and 1.85 Tesla, respectively. These values were measured using a
Tesla-meter at the centre position of the copper coil length which appeared to give the
maximum value for any given electric current, this being re-checked using a computer
simulation through use of the Finite Element Method Magnetics (FEMM) software
(V3.3; 2003; Germany) (the result not shown). It was accepted that the generated
magnetic flux density varied from location to location on the experimental rig (barrel
and die bodies). Therefore, the extrudate swell results obtained in this work were
reported as a function of the maximum magnetic flux density which occurred in the
capillary die (at the centre position of the copper coil).

Wall shear rate: In order to study the effect of the extrusion rate, the piston speed was
varied from 0.050x10, 0.083x10” and 0.166x10” m/s (corresponding to shear rates
of 5.1, 8.5 and 17.1 s, respectively). Through trial and error experiments, these shear
rates were below the critical shear stresses for the onset of PS melt distortions
(sharkskin and melt fracture) under the test temperatures, this allowing the extrudate
swell measurements to be more accurate.

Die temperature: To evaluate the effect of temperature on the extrudate swell and
velocity profiles and flow properties with and without the application of electro-

magnetic field to the die, the temperature of the electro-magnetized die was varied from

200 to 220°C.
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Results and Discussion

Overall die swell ratio and a proposed mechanism
Figure 2 shows the captured PS extrudate flowing from the die exit at a wall shear rate of
5.1s™ and a die temperature of 220°C with and without the application of the magnetic field
to the die. It can be clearly seen that the swelling level of the extrudate with the magnetic
field was much greater than that without the magnetic field. Figures 3a-3¢ show the overall
die swell ratio of PS melt as a function of magnetic flux density in the die for three
different shear rates at die temperatures of 200, 210 and 220°C, respectively. The general
results suggest that the overall die swell for all shear rates increased with increasing
magnetic flux density to a maximum value and then started to gradually decrease at higher
magnetic flux densities. The magnetic flux density to give the maximum overall die swell
varied depending on the shear rate used. This behavior is observed for all die temperatures
used (Figures 3a-3c). The changes in the die swell with magnetic flux density can be
explained in twofold:

e At 0-1.56T magnetic flux density: The overall die swell ratic was observed to increase
with magnetic flux density. The increase in the die swell ratio as a result of the use of
the electro-magnetized die was thought to involve the magnetic torque under the
electro-magnetic field, and then the change in molecular alignnlent of the melt during
the flow. In this article, we propose that the change in molecular configuration and
alignment of the PS resulted from the magnetic torque occurring as a result of the
motion of the existing electrons and distortions of the electron clouds within the
benzene rings present in the PS molecules. However, this proposed explanation seems
to contradict a review by Kimura (23) who stated that the alignment of a polymer under
a magnetic field could occur only if the polymer exhibits an anisotropic characteristic,

which was the case for crystallizable polymers. For amorphous polymers, the alignment
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of the molecules under the magnetic field was very difficult. In this work, we propose
that although the polystyrene used is an amorphous material, and does not have an
anisotropic structure, it was induced by a magnetic field. This was because the die swell
ratio of the PS melt in this work was measured during the flow. As the melt was
flowing from the barrel into the capillary die, the polymer molecules would have to
align and extend themselves in order to achieve the flow transition. The alignment and
extensibility of the molecular chains allowed the melt to be more anisotropic. As a
result, it could be induced by the magnetic torque as it flowed along the electro-
magnetized die. According to Kimura (23), the diamagnetic susceptibility of
amorphous PS was positive (due to the presence of benzene groups) and the alignment
of the molecules tended to be parallel to the magnetic field direction (die length
direction, see Figure 1). If so, the alignment of the PS meit during the flow in the
capillary die would, to some extent, cause an increase in the swell ratio of the extrudate
on exiting the die. This view was also supported by Amundson (28) and Chandrasekhar
(29). The changes in the molecular orientation and alignment would result in variations
of the wall shear stresses and thus the degree of swelling of the melt at the die exit. It
should also be noted that the increase in die swell ratio when using the electro-
magnetized die confirmed that no additional heat had occurred from the induction
-

effect from the solenoid coil. If heat had occurred, one would expect to observe a
decrease in the die swell ratio of the melt (3,30).

At magnetic flux density greater than ~1.56 Tesla: The overall die swell ratio was
c;bserved to decrease with magnetic flux density. The decrease in die swell as a result of
the use of the electro-magnetized die after ~1.56T magnetic flux density was probably

caused by a change in melt temperature during the flow. As discussed earlier, the

magnetic torque acting on the PS melt caused the alignment change of the polymer
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molecules in a parallel direction of the magnetic field (flow direction in this case). At
high magnetic flux densities greater than 1.56T, greater alignment may be expected and
this would cause high friction of the flowing melt, and thus additional generated heat.
Two possible phenomena would then be expected to cause the reduction of the die
swell ratio at this magnetic flux density region: one being a reduction of the magnetic
flux density, and the other being an increase in the viscous characteristic, The effect of

temperature on the die swell ratio will be shown and discussed later.

It can also be noted that as one would expect, without the magnetic field (at 0 Tesla), the
higher the shear rate the greater the overall die swell ratio (3). When applying the electro-
magnetic field to the die, the increasing rate of the die swell ratio was greatest at the shear
rate of 5.15”" and lowest at the shear rate of 17.1s”. This probably involved the residence
time of the melt flowing in the die. At low shear rates, the melt would have had more time
to be induced by the magnetic torque, and thus caused a higher swelling as it exited the die.
When the melt was forced to flow at the higher extrusion rates, it would have had less time
to be induced by the magnetic torque, the increase in the die swell ratio being solely caused
by the shearing force as normal.
-

The maximum swelling peak of the melt appeared to shift to higher magnetic flux density
with increasing wall shear rates, and the value of the maximum swell ratio decreased with
increasing wall shear rates. Both effects were linked to the residence time of the melt as
disc;lssed earlier. If the melt had more time (slow extrusion) to absorb the magnetic forces
produced from the magnetic field in the die it was likely to swell more. This implies that
there was some balancing effect between the shearing force and magnetic torque that acted

on the molecules of the melt. From the results reported in this work, the magnetic effect
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was dominant at low shear rates while the shearing force was more pronounced at high

extrusion rates.

When considering the effect of die temperature (Figures 3a-3c), it was found that the
changing trend of the swelling curves as a function of magnetic flux density was very similar,
But that all the values decreased with increasing die temperature. Figures 3a-3¢ were re-
plotted to obtain more understanding of the die temperature effect on the extrudate swell for
each wall shear rate, the results being shown in Figures 4a-4¢. The decrease in the extrudate
swell with increasing die temperature was associated with reductions of the melt elasticity
and melt viscosity (19,30) and also the magnetic flux density (in turn decreasing the
magnetic torque acting on the melt) (31). The reduction in melt viscosity with increasing die
temperature is evidenced by Figure 5. [t can also be observed from Figures 3 and 4 that the
effect of the die temperature on the sweil was more significant at low wall shear rates. For a

given shear rate, the magnetic field had a greater effect on the melt at lower die temperatures.

Radial die swell and velocity profiles

In this section, a die temperature of 220°C was selected to study the effect of the magnetic
field on the changes in radial die swell and velocity profiles of féewing PS melt in the
rheometer. Figures 6a-6c iflustrate the die swell ratio as a function of the reduced radial
(r/R) position in the die for different magnetic flux densities at wall shear rates of 5.1, 8.5
and 17.1s”, respectively. It can be seen that, for a given wall shear rate, the radial swell
ratio decreased with increasing r/R position, the highest die swell ratio occurring at the duct
center and the lowest die swell ratio being near the die wall. The change in the die swell
profiles across the die diameter had already been discussed, and also in previous work (25),

in connection with the change in melt velocity profiles. It was noticeable that the die swell
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profiles changed continuously with changing magnetic flux density. The die swell changes
appeared more pronounced at a low shear rate (5.1s™"), which corresponded with the overall
die swell as discussed earlier in Figures 3 and 4. There were two regions exhibiting
obvious changes in die swell ratio across the dic diameter, one being around the centre of
the duct and the other being around /R of 0.65-0.85. At the centre position, the die swell
ratio appeared to increase with increasing magnetic flux density up to ~1.56T, and to
decrease for higher magnetic flux densities. At /R positions of 0.65-0.85, the die swell
ratio decreased, indicating that the melt layers flowing around these positions had
contracted on exiting the die. This implies that the changes in the overall die swell ratio

discussed in Figures 3a-3c were more affected by the swelling of the melt around the

centre of the die.

The changes in the die swell profiles of the meit due to the application of the electro-
magnetic field to the die are best explained using the velocity profiles as a function of the
reduced radial positions that were simultaneously measured, for different shear rates and
magnetic flux densities at a die temperature of 220°C. The results are shown in Figures 7a-
7¢. It can be noticed that the general trend of the radial velocity profiles was very similar to
that for the die swell profiles. The highest melt velocity was found a the center of the die,
the melt velocity decreasing with increasing 1/R value. Previous work (25) suggested that
the shape of the radial die swell profiles was associated with the development of velocity
profiles of the melt flowing in the die and the equalization of the velocity profiles at the die
exit. A sudden reduction in melt velocity at the center flowing in the die to the die exit
caused the melit to flow radially and led to an expansion of the melt in radial direction, this
suppressing the dimension change of the melt near the die wall. Similar to the die swell

profiles, the melt velocity at the centre increased with increasing magnetic flux density up
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to a maximum and then decreased at higher magnetic flux densities, whereas that near the
die wall progressively decreased with increasing magnetic flux density. The reasons for the
changes are similar to those mentioned in the overali die swell measurement. Again, similar
to the die swell, the effect of the magnetic field on the velocity profile was more

pronounced when using a low wall shear rate (5.15™).

It is clear at this point that the application of the electro-magnetic field to the die caused the
changes in the radial velocity profiles of PS melt. It is proposed that there were two
mechanical forces acting on the polymer molecules during the flow in the electro-
magnetized capillary die, one being magnetic torque and the other being shearing force
generated un-evenly across the flow channel. To gain more in-depth understanding, the
shear rate profiles of the melt across the die diameter were utilized, as illustrated in Figures
8a-8c, shear rate data being calculated from the melt velocity profiles in Figures 7a-7c.
Since the actual velocity profile of the melt in this work was not parabolic in nature, the
maximum shear rate was not found near the die wall, but instead, it appeared around /R of
0.5-0.7. It seems that the magnetic torque would have had a considerable effect on the melt
velocity at the centre of the duct since the shearing force in this region was relatively low
(theoretically assumed zero). Near the die wall, the shear rate becami high and this resulted
in a depression of the magnetic torque effect. In Figure 7, the melt at the centre of the duct
could be more aligned and oriented under the magnetic field, and this alignment possibly
facilitated the melt to flow at higher velocity at the centre of the duct. This may be the
reason why the swelling ratio of the melt at the centre of the duct increased with the
magnetic flux density. As a consequence, in order to maintain the volumetric flow rate, the

velocity of the melt near the die wall had to reduce, and thus the die swell ratio decreased.
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Conclusion

The effect of an electro-magnetic field on the die swell and velocity profile behavior of PS

melt in a capiilary rheometer was investigated. The following points were noted:

» For overall die swell measurements, the die swell ratio of the PS melt obtained with the
magnetic field was much greater than that without the magnetic field. The overall die
swell for all shear rates increased with increasing magnetic flux density to a maximum
value (around 1.56T) and then decreased at higher magnetic flux densities. The maximum
swelling peak of the melt appeared to shift to a higher magnetic flux density, and the
value of the maximum swell decreased with increasing wall shear rate and die
temperature. The change in die swell ratio using the die with magnetic field was
explained in terms of the magnetic torque and the shearing force, acting on the melt
during the flow. The effect of magnetic torque on the die swell ratio of the melt was more
pronounced when extruding the melt at low shear rates and low die temperatures.

¢ For radial die swell and velocity profiles, the radial swell ratio for a given shear rate
decreased with increasing r/R position. The changes in die swell profiles across the die
diameter was associated with the development of the melt velocity profiles during the
flow, both changing continuously by changing the magnetic flux density and shear rate.
The die swell and velocity profile changes appeared more pronoun.ged at low shear rate.
There were two regions where the changes in the die swell ratio across the die diameter
were obvious, one around the duct centre and the other around /R of 0.65-0.85. The
magnetic torque had a considerably greater effect on the meit at the centre of the duct,
causing increases in melt velocity and die swell.

o The changes in the overall die swell ratio of PS melt flowing in an electro-magnetized die
were affected more by the swell ratio of the melt layers around the centre of the die than

that near the die wall.

Intawong & Sombatsompop



Acknowledgments
The authors would like to thank the Thailand Research Fund (TRF Research Scholar;
RSA/16/2545) and Royal Golden Jubilee (RGJ-PHD 0013/2544) Program for financial

support throughout this work.

References

1. C.D. Han, Muitiphase Flow in Polymer Processing, Academic Press, New York (1981).

2. E. Mitsoulis, J. Rheol., 30, 523 (1986).

3. J.A. Brydson, Flow Properties of Polymer Melts, George Godwin, London (1981).
4. Y. Son, K.B. Migler, J. Polym. Sci. Polym. Phys., 40, 2791 (2002).
5. Z. Tao, J.C. Huang, Polvmer, 44, 719 (2003).

6. K.K. Kar, LU. Otaigbe, J. Elast. Plast., 33, 297 (2001).

7.).C. Huang, K.S. Leong, J Appli. Polym. Sci., 84, 1269 (2002).

8. J. Guiltet, M. Seriai, Rheol Acta, 30, 540 (1991).

9. K. Wilezynski, Z. Szymaniak, A. Nastaj, Polimery, 48, 204 (2003).

10. B.J. Yarusso, Jnon-New Fluid Mech. 40, 103 (1991).

11. K.J. Christodoulou, A.K. Wood, N. Sombatsompop, SPE ANTEC Tech, Papers, 44, 915 (1998).
12. H. Munstedt, M. Schwetz, M. Heindl, M. Schmidt, Rheol Acta 40, 384 (2001).

13. K. Matsunaga, T. Kajiwara, K. Funatsu, Polym. Eng. Sci.. 38, 1099 (1998}.

14. N. Orbey, J.M. Dealy, Polym. Eng, Sci., 24, 511 (1984).

15. C.Y. Ma, J.L. White, F.C. Weissert, A.l. Isayev, N. Nakajima, K. Min, Rubb. Chem. Tech,, 58,

815 (1985).

16. K.C. Shin, J.L. White, N. Nakajima, J_non-New. Fluid Mech., 37, 95 (1990}.
17. D.G. Kiriakidis, E. Mitsoulis, Adv, Polym. Tech. 12, 107 (1993).

18. S. Tanoue, Y. lemaoto, Polym. Eng. Sci. 39, 2172 (1999),

19. W.S. Lee, H.Y. Ho, Polym. Eng. Sci., 40, 1085 (2000).

20. N. Sombatsompop, N. O-Charoen, Polym. Adv_Technol, 14, 699 (2003).

Intawong & Sombatsompop



21,

18

W.A. Gifford, Polym. Eng. Sci., 43, 1657 (2003).

22. Y.R. Cao, H.L. Li, Polym. Eng. Sci., 42, 1334 (2002).

23.

24,

25.

26.

T. Kimura, Polym. J. 35, 823 (2003).

N. Sombatsompop, J. Appli. Polym. Sci., 86, 509 (2002).

N-T. Intawong, N. Sombatsompop, A paralle! co-extrusion technigue for simultaneous
measurements of radial die swell and velocity profiles of a polymer meit in a capiilary
extrusion rheometer. Polym. Eng. Sci. (accepted for publication March 2004).

F.T. Ulaby, Fundamentals of Applied Electromagnetics. Prentice-Hall. New Jersey (2001).

27. N. Sombatsompop, N-T. Intawong, N-S. Intawong, Sens. Actuat. A. Phys. 102, 76 (2002).

28.

29,

K.R. Amundson, Electric and Magnetic Field Effects on Polymeric Systems Exhibiting Long-

Range Qrieniational Order; In Electrical and Oprical Polymer Systems, D.L. Wire (Editor)

Marcel Dekker, New York (1998).

C. Chandrasekhar, Liguid Crystals. Cambridge University Press, London (1992).

. P.L. Swan, A. Garcia-Rejon, A. Derdouri, J.M. Dealy, SPE ANTEC Tech. Papers, 36, 1607

(1990).

. W.D. Callister, Materials Science and Fngineering: The Influence of Temperature on Magnetic

Behavior. John Wiley & Sons, Singapore (1985).

Intawong & Sombatsompop



18

List of Figures
Figure No. Captions

Figure 1 | Design and construction of an electro-magnetized capillary die system

Figure 2 | An example of PS extrudates while leaving the dies
(a) without electromagnetic field (b) with 1.56T magnetic flux density

Figure 3 | Overall extrudate swell ratio of PS melt as a function of magnetic flux density
for different die temperatures
(a)200°C (B)210°C  (c)220°C

Figure 4 | Overall extrudate swell ratio of PS melt as a function of magnetic flux density
for different wall shear rates
(@)5.1s"  (B)85s' (¢)17.15"

Figure 5 | Changes in apparent viscosity of the PS for different die temperatures

Figure 6 | Radial extrudate swell profiles of PS melt at various magnetic flux densities for
different wall shear rates at 220°C
(a)5.1s'  (b)8.5s' (¢)17.15s"

Figure 7 | Radial velocity profiles of PS melt at various magnetic flux densities for
different wall shear rates at 220°C
(@5.1s' (b)85s' (¢)17.15"

Figure 8 | Distributions of local calculated shear rate across the die diameter for different

I}a) 51087 (B)85s' () 1715

wall shear rates at 220°C

Intawong & Sombatsompop



Barrel

T T D

/ Die Holder
L7

Glass tube

Copper Coil

_Ceramic Fiber

Air Gap

Eﬂb
==
, B
\

Figure 1




21

Normal Die

Swollen
extrudate

Electro-magnetized
die

Swollen
extrudate

Figure 2

Intenvong & Sombatsompop



22

Die Swell Ratio

Die Swell Ratio

L8

1.75

L7

1L6s

L6

145

1.4

1.35

1.3

1.65

Leé

1.55

L5

145

1.4

1.35

13

Wall Shear Rate (™)

——51 ~0-B.5

—r—17.1

Fig.3a

™

0.6

_—_ L

0.8 i
Magunetic Fiux Density {Tesla)

-t T

1.2

— T

14

L6

L8 2

Wall Shear Rate (')

—o—5.1 -85

——17.1

Fig.3b

T T

0 8.2 0.4

e p— ey —TT"T

0.6 /2] 1 12 L4
Magnetic Flux Density (Teslaj

Lé

T

L B

L8 2

Intawong & Sombatsompop




23

Die Swell Ratio

L8

L75

L7

aasdaa s sl asda

1.65

bl

1.6 3
1.55 1

L5

L45

1.4

135

220°C

Wall Shear Rate (s™)

——5.1 -85 —A— 171

13

- T T T v Y Y T v T T | B A 1

0.4 0.6 0.8 ! 1.2 1.4 L6 18
Magnetic Flux Density (Tesla)

Fig.3c

Figure 3

Intawong & Sombatsompop




24

Die Swell Ratio

L.55

15

L45

L4

135

L3

Die Temperature 'Cy

—0—20Q 0210

—— 220

Fig.4a

T T T T T Y T T T Y T T

@

02

4

T
04 /4] ! 1.2 14
Magnetic Flux Density (Testu)

1.é

T T T Ty T rT

L8

2

Die Swell Rutio

e
x

bl
b
w

-~
~

b
an
n

™~
&

bl
i
by

™
-

L45

L4

L35

1.3

42

o4

Die Temperature (“C)

-0-210

g6 .4 ! 1.2

Mugnetic Fiux Density (Tesla}

I4

~t— 220

L&

1.8

Fig.4b

Intawong & Sombatsompop




L8 q

L75

L7

LES

L4

LSS

Die Swell Rativ

15

145

4

135

L3

Die Temperature {'C)

—~210

3] .8 I L2 14

Magnetic Flux Density (Texla)

Fig.4¢c

Figure 4

Intawong & Sombatsompop




W
=

[ ]
W

ot
(=}

Melt viscosity (10° Pa.s)

un

>

26

-

3y

Melt Temperature (°C)
——200 ~-0-210
—— 220 —x—230

M e

<>

20

¥ ] ¥ T L T L] L L] T

40 60 80 100
Shear rate (s'l)

Figure §

Intawong & Sombatsompop



27

Die Swell Ratio

3.4
3.2

po
2.6
2.4
22

[X4
14
4
L2

0.8
2.4

s

505"

Magnctic Flux Density {Tesla)
—0—0

Fig.6a

—-07s
-5 1.23
—H— 156

—0— 1569

-0

T T ™

.2 # a2

Reduced Radiux (r/R)

Die Swell Ruriv

3.4
12

28
2.6
2.4
2.2

1.8
L6
o~
12

0.8
a6
6.4

855

Magnetic Flux Density {Tuesla) .
I Fig.6b

D075
—~—&— 123
=155

—C0— 169

-

-4

— T v

12 [ ar

Reduced Rudius (1/R)

0.4 06 g i

fmawong & Sombatsompop



28

3.4
Magnetie Flux Density (Tesla)
22 1 . ——0n
1718 F. 6
3 ~O-~0.75 12.0C

2.5 - 1.23

2.6 156

24 —o— 169
§ 22 19 —— 185
% 2
=
21
2
Q L6

14

1.2 9

Fa

o8

0.6

8.4 T T T L T —T T T T

-1 -8 .6 -0.4 5.2 [ 0.2 o4 0.6 X1 !
Reduced Radius (r/R)
Figure 6
R —

Intawong & Sombatsompop



29

&
Magnetic Flux Density (Tesla)
-l .
] st 0 Fig.7a
5 ] ——a7s
1 —5— 123
] —— 156
7 —O0— 169
= 4 —+— 185
F
® 45 j
=
g ]
2
L 5]
§
= ]
5.5 1
s3 ~—
4
1
4.5 T T T T T T T Ty T T T T T Ty
-1 -nE -0.6 -0.4 -0.2 fQ 02 o4 /X1 0.8 i
Reduced Radius (r/R)
13.2
\ Magnetic Flux Density (Tesia .
5s o
] 835s o— Flb.7b
122 1 ——o0.73
’ .1 —— 123
= 1.2 :
: ]
= E
o
T 102 {
= o
2
5 9
2 -
9.2 1
8.2
72 T T T T T T T T T T T T T YT T T T T T
-1 0.8 8.6 -0.4 -0.2 4 0.z 0.4 0.6 08 J
Reduced Radius (r/R)

Intawong & Sombatsompop




30

21
Magnetic Flux Density (Tesla
] +
' BERAE s Fig.7c
21 9 —L—0.75
4 ——1.23
] —H—1.56
19 1 —O— 189
] —— 185
%‘ ]
. )
?-_ 17 ]
£ 1
g <
t -
E 15
5 J
=
13 9
1 J
9 —rTT T T T T T T T T T T T T T T Y T
-1 -0.8 -0.4 -4 -0.2 [ 0.2 9.4 &6 098 I
Reduced Rudius (r/R)
Figure 7
[

Intawong & Sombatsompaop




N

Shear Rate (s")

300
280
260
240
220
200
180
160
140
120
100

14

60 1

40
20

Piston speed at 0.050x10™"m/s

Magnetic Flux Density (Tesla)
—<—

0.6 -04 -0.2 & 0.2 04
Reduced Radius (r/R}

Fig.8a

Shear Rate (s")

480
440
400
360
320
280
240
200
160
120

8¢

40

Piston speed at 0.083 x107'm/s

Magnetic Flux Density
(Teslal_o |,

07
—r- 1 22
=-X—156

—K—{ %

—O— %3

-0.6

-4 02 O 0.2 04
Reduced Radius (r/R)

0.6

0.8

Fig.8b

1

Intawong & Sombatsompop




32

Shear Rate {s*)

1500

1400 - Piston Speed at 0,166 x10m/s Fig.8¢
1300 - ) .
1200 h&:ﬁ:t:{;lj\;x Density
1160 4

1000 1 —~0.75

900 i =123

800 - —X—1.56

700 4 -1 6

600 —O— .45

500 4

400 4

300 -

200 -

100 -

0 -

-1 -08 06 -04 0.2 ¢ &2 04 06 08 !
Reduced Radius (r/R}

Figure 8

{ntawong & Sombatsompop




	RSA4580016_s1
	RSA4580016_s2

