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Abstract

Project Code: PDF48/2541
Project Title: Design & Development of a Novel & Versalile Capillary Rheometer
Investigator: Or Narongrit Sombatsompop

Dr Alan K Wood

Email address: 1narmpop@cc. kimult.ac.th

Project Period: 1" July 1998 - 30"1 November 1999

Objectives:

1. To design and develop a novcl capillary rheometer that fealures the possibility of
moving either the piston or the barrel, the latter being novel in design.

2. To determine the flow properties of polymer melts using the constructed capillary
rheometer, the results being compared to those generated using a conventional
capillary rheometer.

Methodology, Results and Discussion
This research project introduced a novel type of capillary rheometer, with respect o its
design and operation, for investigating flow properties of a polymer mell. The
constructed capillary rheometer was filted into a standard tensile testing machine such
that the mode of extrusion could be allered. The equipment featured the possibility of
moving either the piston or the barrel, the lalter being novel in design. In addition, this
work presenled a novel pressure sensor, so-called "Pin-Spring (PS) pressure sensor”,
for determining the pressure drop along the die in the capillary rheometer. The following
were noted:

1. The PS sensor was found to be novel with respect to its design and operation and it
can be used to accurately mcasure the pressure of polymer melts in polymer
processing. The sensor was found to be reliable, simple and versalile in use, robust
and low in cost. The reading accuracy of the sensor was +1%. The principle use of
the PS sensor was very simple. It used a mechanical system, which was relatively
novel in design, to transmit the pressure from the fluid system, ulilising a variable
resistance transducer to monitor the changes in pressure and displayed the data in
the form of electrical voltage and thus real pressure,

2. The novel capillary rheometer featuring the possibilities of moving the piston and the

barrel was inlroduced and it can be used to investigate the flow properties of the



polymer melts. The experimenlal results showed that the polymer melts used in this
work exhibiled psueoplastic non-Newtonian behaviour and the flow properties were
dependent not only on the test temperature, but also on the mode of operation. It
was thought that the discrepancies in the results by the mode of operation were
caused by the flows occurring in the barrel that varied with the mode of operation.

3. The rheological resuils obtained by the novel capillary rheomeler were different from

those obtained by the slandard type of capillary rheometer, the differences being

around 15-20% which were larger than the experimental errors (£3%). It was
concluded that the flow properties of the polymer melts were dependent on the style
of rheometers used which was thought to be affected by the flow patterns of the
polymer mells occurring in the rheometers.
The detailed discussion of the resuits can be sought in the accepted papers, gathering
at the end of the report.
Conclusion
The novel capillary rheometer can be used to accurately determine the flow properties of
polymer melts, the polymer melts used exhibiting psueoplastic non-Newtonian behaviour.
It was found that the flow properties of the polymer meltls were dependent on the mode
of operation of the rheomeler, this being associated with the flow occurring in the barrel
of the rheometer.
Suggestions and Further implication
Further work aims to investigate the relationship between the flow properties and flow
palterns occurring in this type of apparatus, this allowing the quantifying and
understanding of the flow properties of polymer melts. In addition, effects of barrel
characleristics and barrel/die design on flow properties and flow patterns will also be of
interest.
Keywords
1. Capillary rheometer
Flow properties
Polymer melts

Polymer rheology
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A novel sensing device for pressure measurement in molten
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Abstract

This paper introduces a novel sensing device for measuring pressures of highly viscous polymer melts.
The sensor catled *Pin Spring’ is found 1o be novel with respect to its design and operation. The design
and development of the sensor are based on a measure of resistance change of a sliding contact resistor
which is activated by the movement of a spring that is attached to the resistor. The pressure sensor is
found to be reliable, simple and versatile in use, robust and low in cost. The reading accuracy of the sensor
is found to be * 1%. © 1999 Elscvier Science Ltd. All rights reserved.

Keywords: Pressure sensing device; Pressure measurement; Fluid enginecring; Polymer melts

1. Introduction

The most important parameters that arc measured to provide information on the operating con-
ditions in any forming process are pressure, flowrate and temperature, these parameters being
inter-related. Their relationship needs to be measured and understood. It 1s well know that the
pressure of polymer melt plays an important role in the processing of polymers. Therefore, it is
significant to measurc melt pressure and control the variable in the processing. For example, in
extrusion, the dimensions of the extrudate are very important [1]. Fluctuations in die-head pressure
cause variations in the {low rate through the die and thus in the extrudate dimensions. In injection

* Corresponding author. Tel: + 662-470-8645; lax: + 662-427-9062; e-mail: inarmpop@cc.kmutt.ac.th
' Also at Faculty of Industrial Engincering, Rajamangala Institute of Technology, North Campus, Changmai, Thai-
land.

0142-9418/98/3 - scc lront matter © 1999 Elscvier Science Lid. All rights reservegl.
PII: 50142-9418(99)00028-8 )
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moulding, polymers encounter high pressures, as high as 200 MPa, during processing [2]. These
pressures significantly affect many paramctcrs such as melt temperature, thermal expansivity and
compressibility of the polymers, these parameters being related to shrinkages, warpages and
internal stresses in the products [3]. If the pressures arc not accurately measured the control of
processing operations may be impossible. Another example is the measurement of pressure drop
in capillary rheomcters [4]. Since the shcar stress is calculated using the value of pressure drop
at the dic entrance in the rheometer the accuracy of the pressure mcasurcment becomes very
important {4,5]. As a conscquence, it is esscntial to have a good pressure transducer that performs
the measurement satisfactorily.

Specifications on pressure transducers may vary significantly depending on the manufacturers.
However, it 1s very important to understand how and to what cxtent specifications affect the
accuracy of the measurcment. The best way 1o evaluate the accuracy of different pressure sensors
is to comparc them with an ideal pressure sensor, which would have a number of characteristics
such as accuracy, fast response, repeatability, reliability and economy [6]. An ideal transducer
would have an exactly lincar relationship bctween pressure and output voltage. However, in prac-
tice, this is not the case, the relationship being non-linear [6,7]. In addition, temperature changes
will causc variations in pressure rcading [8].

Nowadays, a varniety of pressure devices are available. In the past, Bourdon gauges were used,
but they present a problem because the polymer melt enters the gauge, cools down and solidifies,
thereby rendering the gauge useless. This problem was overcome by filling the gauge with silicone
grease [1]. However, at high temperature, the grease tends to leak out causing inaccurate readings
and product contamination. At present, more accurate measurements and continuously recording
pressure readings are demanded. Therefore, more sophisticated pressure transducers are intro-
duced. These transducers usc strain gauges to convert the applied pressure into electrical signals.
Since the strain gauge cannot be in conlact with the melt stream, a mechanical system has to be
uscd for transmitting the pressure, as in diaphragm gauges [8,9]. The output of these gauges is
a function of the local strain, which is related to the diaphragm deflection and pressure differential.
The mechanical system linking the diaphragm and the strain gauge can be cither capillary type
(containing mercury) or force rod |7-10]. Apart from the mentioned transducers, therc are other
types of pressure transducers available such as piezoelectric pressure transducers, the details of
these transducers being {ound elsewhere [8,10].

In this initial article, a pressure sensor is introduced which i1s nove! with respect to its design
and operation for measuring pressures of highly viscous polymer melts. The calibration and
examples of measurements are also outlined in order to confirm that the sensor is a rchable and
useful device for pressure measurements in molten polymer system.

2. Experiimental

2.1. Design of the novel pressure sensor

2.1.1. General description
[n this work, a novel pressure sensor is designed and manufactured for measuring melt pressure
in polymer testing and processing equipment such as capillary rheometer, extruders and injection

POTE: rouymen TesTiwc - ELSEVIER 20-6%5-99 08.31:19 Rev 14.02x  rOTESS226F
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moulders. The design and manufacture of the scnsor is based on use of a mechanical system to
transmit a pressure from the fluid (polymer melt) to a variable resistance transducer, which moni-
tors the resistance changes corresponding 1o changes in pressures ol the fluid. The changes in
resistance of the resistance transducer are then converted 1nto the clectrical voltage and thus, the
rclationship between the real pressure and the electrical voltage is constructed. The design and
construction of the scmor presented s novel, aming 1o develop a pressure sensor with o high
accuracy, pood mechamcal strength, simphicity and versatility in usc, and low costs.

The novel pressure sensor in this work s called a "Pin-Spring, (PS)’ pressure sensor, which s
shown in the form of part assembly in Iag. 1. The sensor consists of a number of components
as follows:

1. Adapter. This is a connector between a fluid system, in which the pressure is being measured,
and the sensor.

2. High temperature (3-ring: This 1s made of high temperature rubber in the form of an annular
nng. This O-nng 15 placed around the tp of a steel pin, located inside the adaptes, to prevent
lcakage of the Mud from the (Muid) syulem 1o the sensor. Since the O-ring 1s used in direct
contact with the luid at clevated temperatures, it has to be able to withstand a teimperature up
to 300°C.

3. Steel pin: This is uscd to transmit the pressure from the fluid 10 a resistance transducer. One
end of the pin ts placed within the adapter in direct contact with the fluid whercas the other
1s attached to a vanable resistance transducer. As the pressure 1s applicd 1o the end of the pin,
the pin will move bachwards in response to the pressure, causing a displaccinent of the variable
resistance transducer and thus giving rise to changes in resistance.

[
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Fig. 1. The design and assembly of the PS sensor.
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4. Screw bolr: This is used for connecling one end of the steel pin to the variable resistance trans-
duccr.

5. Spring: The spring is located around the steel pin (sce Fig. 1) and 15 used to control the
displacement of the steel pin corresponding to the amount of pressures applied onto the pin.
Duc to the highly clastic property of the spring, it also functions to reverse the movement of
the steel pin when the pressure of the luid s removed or reduced.

6. Screw tap: This is altached to the end of the adapter. This pant encascs all the above parts (O-
ring, steel pin, spring).

7. Insulator plate: This insulator is made of Bakelite. This 1s used as an insulator of the system,
insulating the heat from the (lid system, transmitted through the pin, spring, to the resistance
transducer. This insulating plate is attached to the end of the screw tap using two screw bolts.
In addition, 1t 1s used as a base for locating the variable resistance transducer.

8. Resisior-pin conncctor: This is a comnector for joining the resistance transducer and onc end
of the steel pin by use of a bolt.

9. Variable-resistance transducer: This is a vanable resistor in the form of a moving contact on
a solid conductor, this transducer converting hincar displacement (movement) into an clectric
signal.

10. Resistance transducer housing: This s an enclosure of the resistance transducer and made
of stainless steel. It as used for protecting the resistance transducer from dust and other con-
taminants.

1. Converter circuit and data logging svstem: This converter circuit is used for changing the
measured output from analog to digatal signals and to real pressure values. A data logging
systcm, which is connccted to a personal computer, is used for taking the measurcments in
real time and under dynamic condilions.

2.1.2. Manufacture of the I'S sensor

All the machined parts are made of mild steel (ST-37) unless indicated otherwise. The manufac-
twring proccdurcs and preparation of the PS sensor are described in a scquence of the sensor
assembly as follows: the way that the novel pressure sensor introduced in this work is used is
the same as conventional pressure sensing devices. That is,the pressure sensor s attached to a
system where the pressure measurement is required. Usually, an adapter or a conncctor between
the fluid system and the sensor may be required. In this parucular example, a cylindrical barrel
containing a fAuid s used as a lwd system to illustrate the design and application of the PS
sensor. The cross-sectional view of the sensor s shown in Fig. 2. The barrel and the sensor arc
connected using an adapter, specially designed as part of the sensor. The adapter is divided into
two sections: onc attached to the barrel and the other connected to the screw tap. The whole
length of the adapter i1s 70 mm. The first cnd has inside and outside diameters of 4 and 15 mm
respectively, whereas the other end has 16 mm inside diameter and 25 mm outside diamcter. Both
ends of the adapter arc outer-screwed by M25 X 1.5, The adapter has a 4 mm diamcter hole with
a length of 35 min. The rest of the length of the adapter is also hollowed out, giving an insidc
diameter of 16 mm. The steel pin s located within the adapter and is 125 mm long with various
diameters along its length. The steel pin can be described in five different sections with respect
to its dimensions (diameler and length), this being shown in Fig. 3. The first section is placed
into the 4 mm holc of the adapter, this scction being in direct contact with the polymer flowing
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Fig. 2. Cross-sectional view of the PS sensor (without the transducer housing).
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Ffig. 3. Cross-scctional view of the sleel pin.

in the fluid system (barrel). This section is | mm in diameter and 2 mm long. An O-ring made
of high temperature rubber in the form of annular ring, baving inner and outer diameters of |
and 3.95 mm respectively, 1s placed around the tip of the pin in the adapter and it also is used
to prevent lcakage of the fluid from the barrcl to the sensor. The second zone of the pin has a
diameter of 3.95 mm and a length of 33 mim, this being inscrted into the 4 mm hole of the adapter.
Since this part of the pin cxperiences [riction during operation, the surface arca is important. The
surface of the pin at this part is hard-chrome-clectroplated. The third part is 16 mm in diameter
and 5 mm long, and the fourth i1s 7.95 mm in diameter and 90 mm long. The fourth part is
surrounded by the spring, the spring characleristics being detailed later. Finally, the last section
of the steel pin, attached to the resistance transducer by a screw bolt, is half-circular rod having
the same diameter as the fourth zone with a length of 10 mm.

The spring is onc of the most important parts of the sensor. The spring uscd in this work is a
compression spring and its so-called name is ‘Yellow Spring’. The spring has a free length of
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30 mm and an effective cross-sectional arca of 100 mm?. Its walls are 1 mm thick and it contains
10 convolutions in an active length of 10 mun. The spring has a constant of 8.8 N/mm. The steel
pin and spring arc localed inside the adapter firmly, as shown in Fig. 2, by use of the screw tap,
which is directly attached to the end of the adapter. The screw tap has a circular shape with an
outside diamecter of 50 mm and length 25 mm. At the centre, the screw tap is drilled, giving a
circular hole of 8.2 mm for allowing the steel pin to pass through. This end of the steel pin is
attached to a variable resistance transducer via a bolt (resistor-pin connector). In between these,
there is an insulating platc made of Bakclite that is placed and screwed onto the screw tap, the
insulator having a thickness of 12 muim which is sufficient to insulate the heat from the barrel of
the extruder to the resistance transducer. From our isolated experiment, it is found that this thick-
ness can rcduce the heat by 97%. This suggests that with this type of design of scnsor, shift in
pressure value due to changes in temperature of the sensor can be neglected. The variable-resist-
ance transducer used in this work 1s in the form of a moving contact that slides along a solid
conductor, (Type-B and Sang-Chai Mecter Co. Ltd). The resistance transducer uscd gives a
maximum resistance of 10 KS1. The resistance transducer is protected from dust and contaminants
by use of a resistance transducer housing made of stainicss steel and made in form of a hollow
thin-wall-cylinder, onc end of the housing being scaled. The housing has an inncr diameter of 42
mm and is 90 mm long. The mecasurements in this work are obtained in the form of either
resistance change or clectrical voltage which is then converted into real pressure using a data
display unit or data logging system, which is attached to a personal computer. At the present
time, the measurements are restricted to the pressure of polymer melts with high viscosity.

2.2. Basic principle of the sensor

The principle usc of the PS scnsor is very simple. It uses a mechanical system which is novel
in design to transmit the pressure from the NMuid system, utilising a vartable resistance transducer
to monitor the changes in pressure and display the data in the form of electrical voltage and thus
real pressure. As the pressure of the fluid is applied to the tip of the stecl pin, displacement of
the stecl pin will occur, the displacement corresponding to the extent of the applied pressure (see
Figs. | and 2). The displacement of the pin will then cause the moving contact on the variable
resistance transducer to move and this will result in changes in the resistance. The resistance
changes are converted into electric voltage and real pressure value by a direct calibration.

2.3. Calibration

All transducers must be calibrated at intervals to cnsure that the calibration constant has not
changed. The Pin Spring pressure sensor designed and constructed in this work is calibrated on
a basis similar to the dcad-weight method {7.8]. The experimental apparatus used for calibrating
the sensor is shown in Fig. 4. The calibrating apparatus consists of the hcated barrel, die and die
holder at the bottom of the barrel and piston drive, all the component being fitted into an AGS-
500 D(SHIADZU) Insiron tensile testing machine. In this work, the fluid used for calibration is
a low-density polyethylenc melt (LD100BW: Exxon) since the proposed sensor is to be used in
the polymer processing industry. The PS sensor is installed near the die entrance as shown in
Fig. 4. The calibration is commenced by allowing the apparatus to warm up and the temperature
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Fig. 4. The experimental arrangement for pressure measurement.

(160°C) to stabilise. The die and die holder are inserted. The barrel 1s charged with the polymer
using a charging tool to regularly tamp down the polymer. The piston is mounted, the motor
starts and the piston drive engages in order to compress the polymer slightly. The polymer is left
in the barrel for a period of ten minutes in order to allow the polymer to melt and consolidate.
After that the die outlet is completely blocked using a screwed cap to prevent the polymer from
flowing out. The piston drive is then engaged and the pressure excrted on the polymer melt is
then transmitted to the sensor via steel pin and spring. This pressure is varied by changing the
piston displacement, the greater the piston displacement down the barrel the higher the force
(pressure) exerted on the polymer melt. The exerted (calculated) pressure (£} is calculated using
the force values indicated on a load indicator on the tensile testing machine and the mean cross-
sectional area using the following equation [8]:

where F is the force excrted on the polymer melt and A 1s the mean valuc of cross-sectional area
calculated from thc cross-sectional arcas of the piston and barrel [8].

The PS sensor is calibrated by recording the voltage signal for a particular calculated pressure
as indicated on the machine console. The calibrations are carried out by setting different loads
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or forces {corresponding to piston displacements) on the polymer melt. On application, the vollage
values are converted into the actual pressure values. A graph of the calculated pressure on the
machinc and the voltage signal is shown in Fig. 5. The result shows that the response of the
sensor to the applied pressure is lincar as one would expect [7,8].

2.4. An example of measuring data

In order to prove that the PS sensor is suitable and can be uscd to accuratcly measure the
pressure 1n a molten polymer system, we used this sensor to monitor the low properties of a
polymer melt in a capillary rhcometer [4,11], details of the experimental procedure being found
elsewhere [4]. The results obtained by the PS sensor are then compared with those obtained by use
of a standard pressurc transducer. The standard pressure transducer is the strain gauge-diaphragm
transducer (PT-800SB: Sang Chai Mecter Co. Lid, Thailand). The calibrated PS sensor 1s inserted
ncar the die entrance for the measurements of pressure drop of the polymer meit (LDPE) in the
system. The various spceds of the piston drive are controlled and indicated via a control system
(supplied with the tensile testing machine). The pressure drop at the dic cntrance is measured
using the PS sensor at various piston speeds. The measured pressure drop i1s used to calculate the
shear stress whereas the piston speed is used to determine the shear rate, the details of the calcu-
lations of the shear stress and shear rate can be found elsewhere [11]. For comparison purposes,
the above procedures arc repeated but this time the PT-800SB standard transducer is used. In this
work, the relationships between shear stress, shear rate and viscosity of the polymer melt arc our
main intcrest. The test temperature of 160°C and a dic of 55/2.75 L/D arce usced. [t should be
noted that Bagley corrections are not apphied to the flow data. In this case the data is solely being
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Voltage (mV)
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300 -
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20 60 100 140 180 220
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Fig. 5. Calibration of the PS scnsor.
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used for comparative rcasons to tllustrate the similarity or the difference in the flow curves of
the material as a function of the transducers used [4]. The results of the flow curves obtained by
using the two types of transducers arc shown in Fig. 6. The following arc to be noted:

e It can be scen that both transducers give very similar flow curves. The differences in the flow
curves, obtained by the two pressure transducers, are within the experimental errors, this being
in the order of = 4%, in which it is acceptable in practice [12,13]. It can also be scen that for
high shear rates the differences become smaller.

e Typical flow curves of the LDPE melt obtained by both pressure transducers exhibit a psucdopl-
astic non-Newtonian behaviour, the viscosity decreasing with shear rate, as one would expect
[4,11-13].

The above points, coupled with the results in Fig. 6, are sufficient to confirm that the novel
Pin-Spring pressure sensor is a reliable and useful device to accurately measure melt pressure in
polymer processing.

2.5. Supplemental comments on the PS sensor

In this initial investigation, some comments with respect to advantages of the PS sensor over
other transducers should be noted:

200 1800
| a i
1 x\ o Diaphragm lransducer L 1500
160 { % \ x PS sensor
J kY \‘o i
E i — 1200 m
Py 120 =
w - - i
2 : L 900 2
o | | 0
[ [®]
S 80 - i 4
) 1 - 600 >
40 i
4 - 300
0 T ™1 1 T T T 1 7 ¥ T ¥ T T 0

10 60 110 160 210 260 310
Shear rate (1/s)

Fig. 6. Comparison of Now curves for LDPE melt obtaincd by the PS sensor and the diaphragm transducer, at 160°C
test iemperature and L/D = 55/2.75 (solid lines: shear stress data; dashed lines:viscosity data).
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|. Measuring range: One of the advantages of the PS sensor over other pressure sensing devices
is that the maximum measuring range for this sensor can be altered easily within one sensor.
This can be achicved by varying the characteristics of the spring, including the free length,
cffcctive cross-scctional arca, the number of convolutions, and the & constant value. It is very
convenient to change the spring becausc all the components are designed and manufactured
such that they can be dismantled very casily. In this paper, the so-called yellow spring 15 used
and 1t gives a maximum pressure, that can be measured, of 200 bar. It should be borne in
mind that cach spring requires its own calibration.

2. Versatility: Because of (1) the PS sensor could be used in any type of polymer testing and
processing cquipment, such as capillary rheometers, extruders and injection moulders, that
encounter different pressure values during processing. For instance, the pressure measurements
in injection moulding machines may require a spring with greater k valuc than those in capillary
rheometers. In the case of different sizes of fluid system, the sensor can also be adaptable in
use by changing the size of the adapter (connecting between the sensor and the fluid system).

3. Repeatability: A number of pressure mcasurements of the polymer melt arc carried out under
conditions of calibration and flow property measurement (not shown in the paper). The results
are obtaincd from the mean value of five separate determinations and it is found that the results
are reproducible, the differences in the results of each run being very small ( = 1%).

4. Accuracy: The accuracy of the sensor in this work is calculated from the rcpeatabilities of the
measurcd results and it is found that the sensor has a rcading accuracy of = [%.

5. Temperature effect: The pressure measurcments carricd out by the PS sensor are found to be
unaffected by temperature. In other words, the calibration curve (Fig. 5) is valid for the pressure
measurcinents of any temperature, this being due to the fact that the sensing element (the
variable resistance transducer) is isolated from the fluid system. This is another advantage of
the sensor becausc this requires no further calibrations and additional clectric elements, such
as temperature-compensation gauges.

6. Simplicity: The design and construction of the sensor is very simple and easy to operate and
calibrate. Since it is a simple mechanical sensing device it is robust. All the parts of the sensor
are available and easily changed.

7. Cost: The total cost for making this type of sensor (as prescnted in this paper) is relatively
low as compared to other pressure sensors like strain-gauge diaphragm pressure transducers.
This 1s due to the sumplicity of the sensor. The estimated cost (in Thailand) for production of
onc PS sensor is around $75 whereas a strain-gauge diaphragm transducer costs around $2500,
excluding data logging system, computer and Value Added Tax.

8. Other comments: At the present time, 1t is felt that the PS sensor is more suitable for highly
viscous fluids (such as polymer melts) with requirements of mid- to high-pressure mcasure-
ments.

No further attempts have been made with respect to the development of the PS sensor. However,

it 1s hoped that in our ongoing investigations and development of the sensor, this type of sensor
would offer some significant contributions to pressure mcasurement in other types of fluid system.
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3. Conclusion

The scnsor called *Pin Spring’ is found to be novel with respect to its design and operation.

1t is

found in this work that the scnsor can be used to accurately measure the pressurc of polymer

melts in polymer processing. The sensor is reliable, simple and versatile 1 use, robust and low
in cost. The rcading accuracy of the sensor is found to be + 1%.
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pombatsompop - N. Intawong

novel capillary rlieometer for measurement

flow properties of polymer melts

i tract This paper introduces a novel type of capillary
1-- meter, with respect to its design and operation, for in-
igating flow propertics of a polymer meit. The con-
cted capillary rhcometer is fitted into a standard ten-
testing machinc such that the mode of extrusion
Id be altered. The equipment features the possibility
oving cither the piston or the barrel, the latter being
el in design. In addition, this work presents a novel
ksure scnsor for determining the pressurc drop along
fdic in the capillary theometer. It is found that the con-
Hcted capillary thcometer, coupled with the novel pres-
e sensor, is a useful device to monitor the flow proper-
of the polymer melt. The preliminary results show
ix the flow propertics are dependent not only on the test
adition used, but also on the mode of operation.

words Capillary theometer - Polymer melts -
keological propertics - Pressure transducer -
in-Newtonian bechaviour - Psucdoplastic fluids -
w-density polyethylene - Polymer melt
Kw propertics - Polymer rheologyInstrumentation

kroduction

s essential in most fields of polymer processing to un-
frstand the rheological propertics of polymer mclts.
lymer melts generally exhibit non-Newtonian flow be-
gviour of a pseudoplastic nature. The flow propertics of
rmoplastic melts, including rubber compounds, are im-
Ertant in processing, but are complicated by a number of
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paramcters such as flow rate, pressure, and temperature.
Flow propertics of a polymer melt are usually expressed
in terms of plots between either wall shear stress and wall
shear rate or apparent viscosity and wall shear rate. Such
propertics arc widely determined using a capillary rhcom-
cter [1}. The common type of the capillary rhcometer
consists of a heated barrcl at the bottom of which is Mtied
a small capillary die. The principle is that a polymer melt
is extruded through a capillary dic by the action of a pis-
ton which is driven at a constant speed. This gives a con-
stant flow ratc and hcnce a constant shear rate test. A
pressurc transducer is uscd to measure the melt pressure
generated by the motion of the piston and is usually situ-
ated at the base of the barrel just above the dic face. The
other casc is a pressure driven rheometer, where the volu-
metric flow rate is the measured quantity.

Many workers [2—10] have carried out the measure-
ments of the flow propertics of polymer melts using vari-
ous styles of capillary rheometers. It has been found that
the results of flow propertics of polymer melts varied
with the style of rheometer used. Horsfall and Sambrook
[2] compared measurements of rubber processability
obtained using different devices such as rotational
(Mooney Viscosity), compression (Williams Plasticity)
plastometers and extrusion rhcometers, and found that
the results obtained from the capillary rheometer scemed
to give better detailed descriptions, the results being
morc consistent. Wood et al [3] investigated the flow
properties of polymer melts using various dcsigns of
thecometers, these including a constant shear rate viscom-
eter, a constant shear stress viscometer, and an injcction
moulding machine, using the same dic. The results
showed that the flow characteristics of a range of poly-
mer mcelts obtained were different, the results varying
with the style of rtheometer used. It was suggested that
the design of the apparatus and the flow patiems occur-
ring in the barrel of the rheometer had a significant effect
on the mcasured flow properties, these results and sug-
gestions being supported by their later work [4]. This
statement was deduced bascd on the fact that, for a poly-
mer melt flowing along a tube, there is a loss in driving
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ssure (pressurc drop) at the cntrance region. The pres-
e loss is partly converted into viscous dissipation duc
converging flow on cntering the capillary dic, and
It acccleration due to velocity profile rearrangement.
other words, the pressure loss was influenced by the
ngement of the flow patterns at the dic entrance [4].
is view was also correlated to the results obtained by
-tng [5] who suggested that the relationships between
entrance pressure loss and the rheological character-
iics of a rubber compound were very much affected by
dic gcometry and rhcometer used, which was closcly
ted to the flow of the polymer at thc dic entrance.
re rccent evidence [4] investigates the flow proper-
t, with respect to apparent viscosity, of carbon black
llied rubber compounds using a capillary rhcomeler
stant shear rate viscometer) having two diffcrent tip
igns of piston, one being a flat-tip (which is usually
d in the constant shear ratc viscometer) and the other
ng a dome-tip (which is similar in design to the shape
{the ball bearing in thc constant shear stress viscome-
t). The results obtained from the use of the two piston-
% within the samc rheometer (using the constant shear
r rheometer) were found to be different. The results
tHained from the use of dome-tip piston were very simi-
'jto those generated by using the constant shear stress
gll bearing) viscometer. The discrepancics in the re-
its from the two pistons were larger than thosc influ-
ited by varying concentrations of carbon black. These
re thought to be causcd by different flow paltiemns oc-
Wring and developing in the barrel which were affected
iithe design and gcometry of the machine used, this be-
i referred to as the piston design. More information
sicerning the cffect of rheometer design with respect to
geometry and shape on flow patterns of polymer
#lts were detailed elsewhere [6-7). The rheological re-
#ts of polymer melts were found [8] to be dependent on
Il size and gcometry, and the melt shear viscosity and
It shear stress varied with dic size and dic entry angle,
£ melt viscosity and shcar stress increasing with de-
hasing size of the die diamcter and/or increasing dic
ity angle, this being related to changes in characteris-
of the elastic and viscous dissipation of cnergy dur-
the flow. It was also obscrved [7] that the flow be-
viour was dependent on the action of the piston along
¢ barrcl. Recent investigations [9] concerning the in-
stigation of flow patterns of polymer melts occurring
the barrel of a capillary rheometer and an injcction
pulding machine suggested that the nature of the flow
fveloping in the barrel of thesc two machinc was very
ilar, but not the same, and influenced the rheological
operties of the melts being measured.

Flation to previous work

ftempts [10] have been madc to correlate the results
btained from different designs of the measuring cquip-
nt. That is, one tries to take the results given from one
of equipment and adjust or convert them to obtain

+0.01 +08

e26°°
5

o

20
#

N
N’
“l\\§ )

N\

NN

A R R Y

—_rERErI IO,

7

30
Hard Chrerzfora Floticg
120

k.

L4
[=}

?

Fig. 1 Plan and section view of the barrel system (dimcnsions
in mm)

the results for another piece of equipment. So far, this
cncounters many difficulties, including modeling and
factors used for such conversion [10-12). This work 1s
initiated in order to investigate some other factors con-
cerning the cffect of the design of rhecometers on flow
propertics of polymer melts. In this work, a novel type of
capillary rhcomecter, coupled with a novel pressure sen-
sor, is designed and manufactured so that it can be fitled
into a standard tensile testing machine. The equipment
features the possibility of moving cither the piston or the
barrel, the latter being novel in design. This is intcresting
and of practical importance because it would help to un-
derstand the flow behaviour and other flow related prop-
crtics occurring in polymer processing. It is aimed in this
paper to preliminarily investigate the flow propertics of
polymer melts as a function of the operation modes (ci-
ther moving the piston or moving the barrel).

Expenimental

Experimental design of the novel capillary rhcometer

kn this work, a novel capillary rheomcter is designed and manufac-
turcd for determining the flow properties of polymer melts. The
constructed rhcometer is a constant shear rate rhcometer, and it
consists of a number of componcnts as follows:

1. Barrel: The barrel system was specially designed such that it
could be fitted into an AGS-500 D(SHIADZU) Instron tensile
testing machine. The barrel is made of SKD61 tooling steel that
can be used at clevated temperatures. The fitting of the barrel
onto the tensile testing machine is designed so that it allows the
rhcometer o move either the barrel or the piston. The barrel
systermn including its dimensions is shown in Fig. 1. A small
pressure hole (2 mm in diameter) is located near the bottom of
the barcel {near the dic entrance} for pressure measurement, The



Mloving Plston Moving Barrel
Part Name

1. Piston Holder 2. Side Plate (1) 3.Cap

4. Barrel Plate 5.Die 6. Barrel

7. Piston 8. Side Plate (2) 9. Bottom Plate

|2a, b The experimental arrangements of the capillary rhcometer with moving piston (a) and moving barrel systems (b)
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side surface of the barrel is hardened by hard chromium plat-
g [13], giving the hardness ol approximately 50-60 HRC. The
rrel has four holes located along its length for installing heat-

and a thermocouple (Type K).

L{c and dic holder: The dic vsed is 55 mm leng (L) and 2.75
m in diamcter (D). A separate dic plate (holder), designed for
Iding the die, is bolted to the bottom of the barrel. The mate-
i) used for making the dic and dic holder is made of mild steel

7.

i. iston: The piston is divided into two parts, these being piston
ldy and piston tip. The piston body is made of mild stecl
T37) whilc the piston tip is made of copper.

Lijgh temperature O-ring: An O-ring made of high temperature
’3bcr in the form of an annular ring is used to prevent leakage
the polymer mcit along the piston. This O-ring is placed be-

ecn the piston surface and the polymer melt during extrusion.

ration control systems: These can be divided into three sep-
te systems, these being temperature, pressure, and test speed
trol systems.

temperature control system: It consists of four heaters, a
K thermocouple and a Eurothermy Type 018 temperature

trolier, these being used for moenitering and controlling the
gnperaturc of the apparatus (rheometer).

« #he pressure control system: This work uscs a novel pressure
insor designed and developed by Sombatsompop et al, the sen-
i¥ being so-called Pin-Spring (PS) pressure sensor whose plan
i section view are being published elsewhere [14]. The sensor
s connected and situaled at the base of the barrcl just above the
ke face using an adapter. The principle usc of the PS scnsor is
pry simple. It uses a mechanical system, which is novel in de-
i-kn, to transmit the pressure from the fluid system, utilising a

iable resistance teansducer (sliding contact type) to monitor
I ¢ changes in pressure and using a computer 1o display the data
‘{the form of clectrical voltage and real pressure values, The
ktails of the PS scnsor as to its design and construction arc dis-
| issed later.

Wst speed: With the design of the theometer in this paper, cither
"f barrel or the piston is able to move. The speed of the move-
rents is used to calculate the shear rate of the system. The test
tteed is controlled and monitored by usc of a transducer that is
|spplied with the standard tensile testing machine, the accuracy
|<ing in the order of +0.1%.

¥ experimental apparatus has to be fitted into the standard ten-
i itesting machine. Two connecling plates and a piston holder
1 equired. Figure 2 shows the experimental arrangements of the
#itructed capillary rhcometer for the moving piston (Fig. 2a)
the moving barrel {Fig. 2b) systems, the latter being novel in
#gn. The constructed rheometer is assembled with most carc to
Yare the alignment of the apparatus.

perimental procedure

gow-dcnsily polycthylene (LDPE, Exxon Chemical Ltd,
100BW) is used to investigate the flow propertics, the mea-
“ments being made using the arrangements of the novel capil-
It theometer coupled with a novel pressurc sensor (PS scnsor),
lich is attached to the barrel of the rheometer. The test tempera-
# range uscd are in the range of 160 to 200°C and the dic used
{L/D of 55/2.75. The experimental procedures are commenced
allowing the apparatus to warm up and the required tempera-
¢ to stabilise. The dic and die holdcr arc inscricd. The barrel is
frged with the polymer using a charging tool to regularly tamp

n the polymer. The piston is mounted, the motor starts and the
ron drive engages in order to compress the polymer slightly.
£ polymer is left in the barrel for a period of ten minutes in or-
i to allow the polymer to melt and consolidate. In the casc of
tving piston (Fig. 2a), the piston drive is engaged and the poly-
x melt extrudes through the dic. The pressures generated at var-
Is piston speeds are recorded and flow curves are generated. In

case of moving barrel (Fig. 2b), the piston is rigidly mounted
{the base of the tensile testing machine and the barrel and dic

move downwards along the piston at various specds, thesc also
generating the pressures. The pressurcs gencrated at various barrel
speeds arc recorded and flow curves are generated. The barrel and
piston specds arc used to caleulate the shear rate () while the
pressures penecrated arc uscd for calculating the shear stress ().
Shear rate and shear stress data arc obtained from the experimen-
tal data gencrated on the novel capillary rheometer using Equa-
tions 1 and 2. It should be noted that Bagley corrections are not
applicd to the flow data generated. In this case, the data is solely
being used for comparative rcasons [7] 1o illustrate the similarity
or the difference in the flow curves of the material as a function of
the operation systems used.

Apparcnt wall shear stress =7 = g—f Eqn.1

=yp=[Bat D (40)
Apparent wall shear rate =y —[ an [H‘— Eqgn.2
where R is the radius of the die, P is the pressure drop along the
dic, L is the length of the die, Q is the volumelric flow rate along
the capillary dic and n is the power law index.

Results and discussion

It should be noted that the results of flow propertics ob-
tained in this work arc not to bc compared with other
systems. The objectives of the work are to introduce a
nove! type of capillary rhcometer with respect to its de-
sign and operation, and also to preliminarily investigale
the cffects of the operation modes (moving piston and
moving barrel} on the flow properties of thc polymer
melts using the constructed capillary rheometer. A novel
type of pressurc sensor designed and developed by the
authors for measuring the pressure drop along the dic is
also prescnted with a relevant reference | 14].

In order to verify that the constructed capillary rhe-
ometer is reliable and gives accurate results of the flow
propertics, the repeatabilitics in the measured results arc
requircd, this being camried out by taking a number of
mecasurcments, for a given test condition (180°C test
temperature). The results, plots of apparent wall shcar
stress versus apparcent wall shear rate, are shown in Figs.
3a and 3b for the moving piston and barrel systems re-
spectively. It can be secn that the flow curves of each run
for both system arc very similar, the diffcrences in the
results of each run being within the experimental errors
of the order of #3.5% and the repeatabilities of the re-
sults being indcpedent of the mode of operation. This
confirms that the rhcometer is rcliable for measurements
of the flow properties of polymer melts.

Figurc 4 shows a comparison of flow curves flor
LDPE mclt at various tempcraturcs gencrated using the
constructed capillary rheometer with two different
modes of operation (moving piston & moving barrel).
Figurc 5 shows plots of apparent viscosity against appar-
cnt wall shear rate for LDPE melt, the data being the
same as used with Fig. 4. It is evident that the LDPE
melt exhibits a psuedoplastic non-Ncwtonian behaviour.
That is, the viscosity decrcases with shear rate [1], this
being the case for the two operation modcs. However,
the flow properties seem to be dependent on the mode of
operations used. For a given test temperature, it is clearly
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sltusing the constricted capillary rheometer with moving piston
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werved that the flow curves from the two operation
odes arc different. The discrepancies tn the results are
latively large, this being in the order of 10-20%. After
king account of the experimental crrors, the differences
i the results are strongly caused by the mode of opcra-
ons uscd. This could be a result of the flows occurting
1 the two operation modes. Recent evidence [3, 12] has
dicated that the flow propertics of polymer melts are
spendent on the design of the apparatus uscd, this influ-
acing flow patterns occurring inside the barrels. Relat-
1g 1o this present investigation, the {low patlerns occur-
ng in the barrel of the two operation modces may proba-
ly be diffcrent and thus resulting in the discrepancics in
1 measured results.

In this work, thc moving of barrcl when measuring
¢ flow propertics of polymer melts in a capillary rhe-
smeter is interesting and of practical importance because
: would hclp to understand the flow behaviour and other
low related propertics occurring in polymer processing
I5}. In this initial work, no further attempts have been
nade regarding the cause of the discrepancics in the
heological resuits obtained by the moving piston and

ving barrcl systems. In our ongoing investigations,
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Fig. 5 Comparison of plots of apparent viscosity versus wall
shear rate for LDPE mcelt 1in the rheometer with moving piston
system {solid hnes) and moving barrcel system (dashed lines), at
various lest temperatures

we are currently cxamining the effects of the operation
modes an flow patterns and other flow related cffects of
polymer melts in the capillary rheometer. 1t is hoped that
these would provide the definitive cause of the discrep-
ancics in the results reported in this paper, and o offer
some significant understandings as to the measurements
of the flow propertics of polymer melts in capillary rhco-
melers.

Conclusions

A novel capillary rhcometer which features the possibili-
tics of moving the piston and the barrel is introduced and
can bc uscd to investigate the flow propertics of the
polymer melts. The experimental results show that the
LLDPE mclht exhibits psucoplastic non-Newtanian behav-
iour and the Now properties are dependent not only on
the test temperature, but also on the mode of operation.
It 1s thought that the discrepancies in the results are duc
to the flows occurring in the barrel that arc varied with
the maode of operauon.
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Abstract

Rheological properties of natural rubber compounds filled with carbon black were
determined using two different designs bf rheometers. The results from the two
rheometers for a given test condition were found to be different. The discrepancies
in the results due to the design of the rheometers were observed to be larger than
that due to the effect of material characteristics. This was considered to be caused

by the differences in flow patterns occurring in the rheometers.

Keywords: Rheological properties, Polymer melt flow, Shear heating, Capillary

rheometer, Rubber compounds
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Introduction
It is well known that polymer melts exhibit viscoelastic behaviour under normal
processing conditions and their rheological characteristics depend on how the
polymer melt is being deformed [1]. The extent of deformation and deformation
history are strongl;/ affected by the flow geometry which is determined by the
types of deformation [1-2]. For instance, the rheological characteristics of a
polymer melt in an injection moulding machine are different from those in an
extruder. It is essential to understand the effects of machinery on the rheological
behaviour occurring. In injection moulding, the physical, optical and mechanical
properties. of a moulding are determined by the rheclogical characteristics of the
polymer melt, these being melt viscosity and elasticity [2-3]. In extrusion, the
processing of polymeric materials involves drag flow deformation. The residence
- time and the volumetric flow rate of the melt are controlled in order to prevent
thermal degradation and melt instability. The rheolcgical characteristics can

become unstable if badly designed screws and dies are used.

Generally, flow properties of a polymer melt are determined using a capillary
rheometer {4]. The common type of the capillary rheometer consists of a heated
barrel at the bottom of which is fitted a smali capillary die. These devices are of
two general designs, these being constant shear stress devices such as Davenport
Extrusion Rheometer, and constant shear rate devices such as Davenport High
Shear Viscometer. in practice, when determining the flow characteristics of a

polymer melt using a rheometer {(or viscometer} the measurements taken are

Page 2



Revised paper to ScienceAsia

pressure drop along the capillary (P), die length (L), die radius (R) and volumetric

flow rate (Q). The apparent shear stress {tw } and apparent shear rate (y'w) at the

wall are usually used and they can be calculated as follows [4-5]:

RP
Tw = Z Eqn. 1
: Gn+1) 40
P =[ 4n ] [JTRJ Fan. 2

~here n is the power law index

The viscosity (n} of polymer melts is practically expressed in the form of [4-5]:

7= Lo Eqn. 3

In practice, the flow data needs to be accurately determined. Flow curves of
| apparent wall shear stress against apparent wall shear rate are widely accepted as
| the method for categorising the rheological characteristics of polymer melts. Errors
f in such measurements may lead to disaster events during processing of polymer

products such as badly designed screws and dies, wears in processing equipment,

improper processing conditions used and unwanted features of the products. Rudin
aind Schreiber [6] investigated viscous and elastic dissipations of polymer melts by

determining the effect of testing time on the variations of output rates. Significant

variations in output rates (Q) (exceeding the initial output rate by as much as 40%)
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with extrusion time were found to be due to changes in melt viscosity and
decreases in elastic deformation, that is increases in viscous deformation. However,
since the time scale of test is normally very short the error in Q can be negligible
[7]. Horsfall and Sambrook [8] compared measurements of rubber processability
obtained using different devices such as rotational (Mooney viscosity), compression
(Williams plasticity) plastometers and extrusion rheometers and found that the
results obtained from the extrusion rheometer seemed to give better detailed
descriptions. Wood et al {9] utilised a Davenport High Shear Viscometer to assess
the processing stability of polyethylene melts and observed large changes in
rheological characteristics under prolonged shear at elevated temperatures. Recent
evidence by Wood et al {4] and Sombatsompop and Wood [10] indicated that the
differences in rheological properties of thermoplastic meits, such as LDPE and PS,
using different designs of rheometers with the same die appeared to be significant
especially at high shear rates. The effect of test conditions such as temperature,
pressure, and shear rate on the flow properties of polymer melts have been widely
investigated by Cogswell [11]. Sombatsompop et al [1] studied the effect of test
temperature, mastication time and thermal history on the flow curves and power-
law index variations of unfilled natural rubber compounds using a extrusion
rheometer. They found that the rubber compounds were pseudoplastic non-
Newtonian fluids and the viscosity was observed to decrease with increasing test
temperature and to increase with increasing molar mass. In this current work,
rheological properties of unvulcanised natural rubber compounds filled with different

concentrations of carbon black (from 0-50 parts per hundred rubber, phr) were
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investigated using two different styles of rheometers. The variations of the
rheological results were discussed in detail. Finally possible reasons causing such

variations were given and verified.

Experimental

Material Preparation

All natural rubber formulations were based on the same bale of smoked sheet SMR-
60CV supplied by the Malaysian Rubber Producers Research Association. Carbon
black was supplied by WOM Polymers Ltd (grade NB102} as a preformulated
masterbatch of 50% carbon black and 50% SMR-60CV by weight. The initial stage
of the testing process was the mastication of the natural rubber. Batches of 400 g of
natural rubber was masticated and milled on a two-roll mill with the nip set at 0.1 cm
 for 20 minutes according to previous investigations [1,7,12], the mill rolls being
| cooled using chilled water at 15°C. Where appropriate, carbon black was added in
the required proportions (from 0-50 parts per hundred rubber, phr) for a further ten

|

minutes. Continuous cutting and folding ensured good dispersion before taking off the

mill,

Experimental Apparatus

Rheological properties of unvulcanised natural rubber compounds filled with
different concentrations of carbon black were determined using two different
designs of rheometers (viscometers). Two conventional rheometers were used,

these being a Davenport Extrusion Rheometer (sometimes called Capillary
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Rheometer) and a High Shear Viscometer. The resulting data were used to calculate
apparent wall shear stress and apparent shear rate according to equations 1 and 2.
The die used had L/D of 15/1.5 and test temperature was 80 °C unless otherwise
indicated. The experimental procedure on the Devenport Extrusion Rheometer and

the High Shear Viscometer were explained elsewhere [2,10].

Results and Discussion

The rheological properties of a polymer melt are usually reported in the form of a
flow curve, a plot of apparent shear stress against apparent shear rate. Bagley
'corrections [1,5] were not applied to the flow data generated because, in this case,
the data is solely being used for comparative reasons to illustrate the magnitude of
the changes observed in the flow characteristics of the materials as a function of
. the design of the apparatus and temperature used.
\

Figures 1 and 2 show flow curves for the rubber compounds having different
| rconcentrations of carbon black using the Extrusion Rheometer and the High Shear
Viscometer respectively. It was found that the results from the two rheometers
were different. However, it was clear that the rubber compounds exhibited a
psuedoplastic non-Newtonian behaviour, showing non-linear relationship between
apparent shear stress and apparent shear rate. For both rheometers, it was
observed that the apparent shear stresses (hence apparent viscosity) increased, for

any shear rates, with increasing concentration of carbon black. The flow curves

from the two rheometers were observed to be different. On the whole, for any
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given apparent shear rate, the apparent shear stresses measured by the High Shear
Viscometer were found to be higher than those measured by the Extrusion
Rheometer. It was extremely interesting to note that the differences of the flow
curves due to different concentrations of carbon black seemed to be less
pronounced (only 10-15% for 20 phr difference in carbon black content) than those
{around 25-35%) of the flow curves obtained from the two rheometers for a given
~content of carbon black, all the percentage differences being shown in Table 1. It
'was expected to observe changes in the results with adding various amount of
carbon black and the results from two rheometers for a given content of carbon
black should be the same. The latter was not seen to be the case, the results from
the two rheometers for a given condition being different. This phenomenon was
extremely unacceptable in the determination of processability and the flow
| properties of polymer melts. This led to a significant question of which rheometer

| gave accurate and reliable results,

In this present investigation, it was aimed to analyse the error sources which
_ caused the variations in the results obtained from two styles of rheometer. It is
important because one wishes to obtain correct and reliable data in order to control
and determine the processability of rubber compounds during processing. The
possible causes of the differences in the results could arise from the following:
* Changes in temperature of the compound
¢ Characteristics of the compound

e Errors in pressure measurement
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e Changes in density of the polymer

Changes in temperature of the compound

Initial test temperature was set at 80 °C, this being the temperatures of die and
barret. During the tests, compound temperatures were measured instantly as the
melt was extruded through the die at various extrusion speeds {shear rates) using a
thermocouple probe, which was located near the die exit. It was very difficult to
accurately measure the melt temperature because the extrudate diameters were
very small {around 2.5-3 mm). The temperatures of the extrudates were measured
at the die exit of the two rheometers and found to be around 83-85 °C for all the
shear rates. In general, one would expect to observe a larger increase in melt
temperature due to shear heating resulting from the flow of the material from the
barrel to the die, but this was not found to be the case. This may be due to the fact
that the effect of heat conduction through the die wall became dominant, this
leading to a reduction of melt temperature. Recent evidence by Sombatsompop and
Wood [13] has indicated that the effect of heat conduction on changes in melt
temperature (usually causing a reduction of melt temperature) became more
~pronounced than that of shear heating (usually causing a increase in melt
temperature) in the case where the die diameter was less than 2 mm [7,13].
Therefore, the increase in melt temperature in this work (with the die of 1.5 mm
diameter) became less dependent on the shear rate. In this work, if the change in
extrudate temperatures caused the variation in the results, one would expect to

observe a decrease in the apparent shear stress {or viscosity) at 856 °C test
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temperature, when comparing to flow curves at the test temperature of 80 °C.
Figure 3 shows flow curves at test temperature of 85 °C generated using the two
 theometers. The results were found to be very similar, within the experimental
error, to those at 80 °C test temperature. This indicated that the change in melt

temperature was not the major cause of the variations in the results obtained. This

| view is in good agreement with Wood et al who indicated that the effect of

temperature change on the flow properties in a capillary rheometer was relatively
small [4]. It should also be noted that it was very difficult to generate the flow

curves at a controlled temperature due to the fact that melt temperature will

change continuously during testing [14].

!
|

Characteristics of the compounds

These involve the molecular weight of the polymer and carbon black dispersion in
, the compound. The type of the rubber and mastication procedures used in this work
were the same as those used in the previous investigations [1]. Therefore, the
characteristics of the material were known and controllable. In addition, the
compounds used to load into the Extrusion Rheometer and the High Shear

Viscometer were obtained from the same batch of mixing. As a consequence, it

~ was reasonable to believe that the variations in the results from the two rheometers

- were not caused by the characteristics of the materials used.
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Errors in pressure measurement

With respect to pressure measurement in the Extrusion Rheometer, the pressure
transducer was calibrated before being used [1,4]. However, in order to ensure that
the pressure transducer gave accurate and reproducible results, a number of
pressure measurements were taken at two different shear rates {100 and 200 s™)
as a function of time. For a given shear rate, the pressure measurements were
being recorded as the piston was travelling along the barrel length. The time period
of ten seconds was used and time interval between each measurement was

approximately 2 seconds. The results of pressure profiles as a function of time are

]

shown in Figure 4. it can be seen that the pressure values during the test were

'stable within the experimental error of +5% for both shear rates, this indicating

that the measurements of melt pressure were reproducible and the discrepancies in

|
the results were not caused by the pressure measurement.

Change in density of the polymer
|
'In the case of High Shear Viscometer, the determination of volumetric flow rate (Q)

requires a density value of the compound which was, in this work, measured using
a Melt Flow Index Tester. The density of the rubber compounds is expected to
changer due to the effect of pressure applied to the system and the change in melt
temperature {15]). The latter one was already mentioned to be very small and
regarded to be negligible. |f the melt density changed during the test, one would
expect to obtain a change in output of the extrudate. If this was the case, the

results generated from the High Shear Viscometer should be offset from those
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obtained using the Extrusion Rheometers for a given condition {4]. However, this

|phenomenon was not seen here. Consequently, the change in melt density during

‘the test was not the reason for the difference in the results.

| The authors considered that the cause of obtaining the different results from two

different styles of rheometer may probably be some differences in flow patterns

occurring in the barrels of the two machines. This statement was drawn based on

the fact that, for a polymer melt flowing along a tube, there is, at the entrance
region, a loss in driving pressure (pressure drop). The pressure loss is partly
converted into viscous dissipation and acceleration due to the converging flow
before entering the capillary die and due to consequent velocity profile

rearrangement [2]. In other words, the pressure drop is influenced by the

‘arrangement of the flow patterns at the die entrance. Different flow patterns

occurring will affect efficiencies in transfering or displacing the material from the

barrel to the die, and this therefore affects pressure drop [16]. Early work by

| Sombatsompop and Wood has found that overall flow patterns were influenced by

the design of the apparatus such as barrel/die system [12,17]. in relation to this

present work, flat-tip piston was used in the Extrusion Rheometer whereas a ball

bearing (having a dome shape) was used in the High Shear Viscometer, to displace

the material. The author strongly felt that this factor (difference in piston design)

' may have led to the changes in the flow patterns in these two rheometers. This

speculation was therefore proven by designing the tip of the piston in the Extrusion

| Rheometer to be the dome-shape (see Figure 5) and then the measurements of the
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rheological properties of the compounds were carried out using the same rheometer
(capillary rheometer) with the use of the flat-tip and dome-tip pistons, the results

being shown in Figure 6. For comparison purposes, flow curves with the same

|| conditions as used in Figure 6, were generated using the two rheometers and the
fl results are shown in Figure 7. It can be seen that the flow curves generated by two

| different designs of piston tip in Figure 6 were different although the same machine

and material were used, but the results gave similar values to those appeared in
Figure 7. This implied that the rheological properties of the rubber compound were

influenced by the flow patterns, occurring in the rheometer, which are in turn

.| affected by the design of the rheometer [1,4,17]. However, looking at more details,

it can still be seen that the results of flow properties obtained by using the dome-tip
piston (represented as the High Shear Viscometer) were greater for any shear rate.

Therefore, it can be concluded here that the flow properties of polymer melts being

| measured were strongly affected by the design of rheometers and the variations in
the results from the two rheometers used in this work were caused by the flow

' patterns occurring in the rheometers. However, beyond the scope of this paper, the

relationship between the flow patterns and the rheological properties of polymer

" melts for various designs of a rheometer should be sought and would be a stronger

~ evidence to verify the conclusion that was drawn in this work.

Conclusion

It can be concluded that the rubber compounds with and without carbon black

exhibited a psuedoplastic non-Newtonian behaviour. The apparent shear stress of
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the compounds increased with increasing carbon black content. The rheological
properties of the rubber compounds determined by using two different designs of
rheometer for a given test condition were found to be different. The
discrepancies due to the design of the rheometers were observed to be larger
than that due to the effect of material characteristics. The variations of the
rheological results obtained using two different designs of rheometers were

thought to be caused by differences in flow patterns occurring in the rheometers.

Acknowledgements

1 The authors would like to thank Thailand Research Fund (TRF) for financial

|

support throughtout this work (Funding Code: PDF/48/2541).

References

1. Sombatsompop N, Tan MC & Wood AK - Polym. Eng. Sci. -37(2), 270, 1997.
2. Han CD - Rheology in Polymer Processing - Academic Press, New York, 1976.
3. Lee W & George HH - Polym. Eng. Sci. - 18 (1}, 146, 1976.

4. Wood AK, Read AG & Lovegrove JGA - Plast. Rubb. Proc. Appl. -12 (1),15,

1989.

5. Fenner RT - Principles of Polymer Processing - Macmillan Press, London, 1979,
6. Rudin A & Schreiber HP - J. Polym. Sci. - 44 (1), 261, 1960.

7. Patel MK - PhD Thesis - University of Manchéster & UMIST, UK, 1989.

1 8. Horsfall F & Sambrook RW - The Davenport Extrusion Rheometer - RAPRA

Bulletin_, August, 217, 1972.

Page 13



Revised paper to ScienceAsia

9. Wood AK, EI-'Rafey E. Yue M, Sims GLA & Healey G - Processing Stability of
Polyethylene - J. Appli. Polym. Sci.: Appli. Polym. Symp., 55, 117, 1994.

| 10. Sombatsompop N & Wood AK - ASME Fluid Measurements & Instrumentation
- FED-Vol. 239 (4), 447, 1996.

111. Cogswell FN - Polymer Melt Rheology - George Godwin, London 1981.

| 12. Sombatsompop N, Wood AK & Godfrey IS - SPE ANTEC Tech. Papers - 43 (1),

392, 1997.

I:‘ 13. Sombatsompop N & Wood AK - SPE ANTEC Tech. Papers - 44(1), 482, 1998,

14. Sombatsompop N, Wood AK & Yue MZ - ASME Fluid Measurements &

Instrumentation - FED-Vol. 239 (4), 371, 1996.

15. Sombatsompop N, Liolios K, Mohd Jamel MH & Wood AK - Polym. Polym. Comp.

-5 {4), 259, 1997.

16. Sombatsompop N & Intawong N - Materials Research Innovations - in press.

17. Sombatsompop N & Wood AK - Polym. Eng. Sci. - 37 \2), 281, 1997.

Page 14



Revised paper to ScienceAsia

.‘I' Carbon black Average Comparative Average
:‘ content {pph) Differences of thd carbon black Differences of the
results between content (pph) results (%)
two rheometers
: (%)
; At O 30-35 At 0 and 10 10-12
At 10 | 30-35 At 10 and 30 10-15
i At 30 25-30 At 30 and 50 10-15
At 50 25-30 - -

Table 1: Variations of the rheological results influenced by rheometer design and

carbon black concentration
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Figure 1: Plots of apparent shear stress against apparent shear rate of unvulcanised
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Figure 2: Plots of apparent shear stress against apparent shear rate of unvulcanised
rubber compounds at 80 °C using the High Shear Viscometer
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Figure 5: Schematics of piston designs

{Left: Dome-tip piston and Right: Flat-tip piston)
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rubber compounds at 80 °C using the Capillary Rheometer having different piston-tip
designs
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FLOW PROPERTIES OF MOLTEN POLYMERS IN MOBILE BARREL
CAPILLARY RHEOMETER

N-T Intawong & N Sombatsompop
Division of Materials Technology, School of Energy and Materials
King Mongkut’s University of Technology Thonburi (KMUTT)
Bangmod, Bangkok 10140, THAILAND

INTRODUCTION

A varicty of rheological sensing devices for the mcasurements of the flow properties of
polymer melts have bcen developed in the patent and research literature, each with its
advantages and disadvantages [1]. The flow properties of polymer melts using various designs
of off-line rhcometers were investigated using the same die [2-3]. It was found that the flow
characteristics of a range of polymer mclts obtained were different, the results varying with the
style of rheometer used. 1t was suggested that the design of the apparatus and the flow patterns
occurring in the barrcl of the rhecomcter had a significant effect on the measured flow
propertics. This statement was deduccd based on the thoughts that different flow patterns
occurring would result in different efficicncics in transferring or displacing the material from
the barrel to the dic of rhcometer, and hence affecting the pressure drop being measured [4].
This view was also correlated o the results obtained by Liang [S] who suggested that the
relationships between the entrance pressurce loss &the rheological characteristics of a polymer
melt were very much affected by the dic geometry & rheometer used. Sombatsompop & Wood
[4] investigated the flow propertics, with respect to the designs of the piston tips, including a
flat-tip and a dome-tip. The results obtained from the use of two piston-tips within the same
rheomelter werc found 10 be different. The investigation of flow patterns of polymer melts in
the barrels of a capillary rhieometer and an injection moulding machine suggested that the
nature of the flow developing in the barrels of these two machines was very similar, but not
the same, and influenced the rhcological properties of the melts being detected [6]. In this
work, we proposc another design of a capillary rheometer in order to investigate the effect of
the mode of operation on the rheological properties of the polymcr melt.

EXPERIMENTAL

In this work, a ncw capillary rhcometcer was designed and constructed so that it can operate by
moving either the piston or the barrel. The rheological properties of a low-density
polyethylene (LDPE) melt were investigated using the proposed capillary rheomcter. The
resulting data was used to calculate apparent wall shear stress, wall shear rate, and apparent
viscosity, the details of the calculations being found elsewhere [3]. The test temperature used
was 190°C. The dies had L/D of 13, 23, 31, 40 and 49.

RESULTS AND DISCUSSION
Figure 1 shows a comparison of flow curves for the LDPE melt between moving piston and

moving barrel systems. Generally, it was found that the LDPE melt exhibited a psuedoplastic
non-Newtonain behaviour as one would expect [1]. However, the flow properties seemed to be
depedcnt on the mode of operations (moving piston & moving barrel systems) and the size of
dies used. It can be observed that, for a given die size the variations in the results due to the
mode of operation were large, the variations being greater than the limit of the experimental
errors (£3.5%). This could be a result of the flow occurring in the two systems. Recent
evidence [2,4-5] have indicated that the flow properties of polymer melts are dependent on the
design of the apparatus used. One way to find out the cause of the discrepancies is to
investigate the flow patterns of the polymer melt for these two operation systems. For this
purpose, a coloured tracer technique [7] was selected and used to investigate the flow patterns
in the barre. Figure 2 shows a comparison of the flow patterns of natural rubber in the barrel
between moving piston and moving barrel systems for a given shear rate (87s"') and piston



(or barrel) displacement (about haif barvel length), using die L/R of 40 at 160°C. At this shear
rate, the shear stress for moving barrel system was 8.04 x10° N/m?, whercas that for the other
system was 9.01 x10° N/m® the difference being greater than the cxperimental errors.
Although the general flow patterns in these two systems were similar in nature, but the actual
flow rates at a given radial position of the (wo systems were different.

350

LR =11
300 - e

250 -
PSR
200 -
150 A

L/ = 49

100 -

Wall shear stress (kPa)

50 -

Q T T T T T
0 200 400 600 800 1000
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Fig. 1: Flow curves for LDPE melt by moving piston (solid) and moving barrel (dashed) at
various L/R.

Fig.2 Flow patterns of natural rubber in the barrel of the capillary rheometer by moving piston
(a) and moving barrel (b).



Table 1 The N values for moving piston and barrel systems

Shear rate (s") N values
Mobile piston Mobile barrel
87 8.9 13.9
216 7.7 11.6
433 15.4 13.5
866 25.9 18.7

The N values for shear stress corrections are listed in Table 1. Ildeally, the resuits of the
entrance corrections (N values) obtained from the moving barrel capillary rheometer would be
expected to be independent of mode of rheometer operation. However, this was not found to
be the case, the N values for a given shcar rate from the two operation modes being different.
The explanations for this were the same as those for differences in the flow properties as

mentioned eariler.

CONCLUSION

The flow properties and cntrance corrections of the LDPE melt were dependent on the mode
of operation of the capillary rheometer, the discrepancies in the results being associated with
the flow occurring in the barrel of the capillary rheometer.
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A Novel Pressure Sensor
for Polymer Melts in Capillary
Rheometers

N-T. Intawong
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Payap Campus Chaingma

N. Sombatscmpop
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School of Energy and Matenals
King Mongkut's Umiversity of Technology Thonbun (KMUTT)
Bangmod, 10140, Bangkok

Abstract

This article inttoduces a novel wype of pressure sensing dewvice, so-called
“Pin-Spring pressure sensor” for measunng the pressure of & polymner meit n
capulary theometeis The rehiability and efficiency of the sensor are followed by
considering 1ts resulting measurements which are compared to those obtained by a
standard type of pressure sensor (a diaphragm pressure transducer). It is found that
the Pin-Spting sensor is simple and easy 1n use, versatile, low in cost and gives

teliable and accurate 1esults.
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