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Abstract

Polymer extrusion is an energy intensive production process and process energy efficiency has become a key concern in the current
industry with the pressure of reducing the global carbon footprint. Here, knowledge of the pattern of energy usage and losses
of each component in the plant is highly useful in the process energy optimization. Moreover, it is essential to maintain the
melt quality while improving the energy efficiency in polymer processing. In this work, an investigation was made on the total
energy consumption, drive motor energy consumption, power factor and the melt temperature profile across the die melt flow
(as an indication of the melt thermal quality) of an industrial scale extruder with three different screw geometries, three polymer
types and wide range of processing conditions (altogether 135 different processing situations were observed). This aims to widen
the knowledge on process energy and thermal behaviors while exploring possible correlation/s between energy demand and melt
quality (in terms of melt temperature fluctuations across the melt flow). The results showed that the level and fluctuations of the
extruder’s power factor is particularly dependent upon the material being processed. Moreover, it seems that there is a relation
between the level of energy demand of the heaters and the level of melt temperature fluctuations. While the extruder specific energy
consumption decreases with increasing screw speed, specific energy consumption of the drive motor may have either increasing
or decreasing behavior. Overall, this study provides new insights in a wide range on process energy demand and melt thermal
quality in polymer extrusion. Moreover, further research is recommended to establish strong correlation/s between process energy
consumption and melt thermal quality which should help to enhance process control and hence the product quality in single screw

polymer extrusion.

Keywords: Polymer extrusion, Process monitoring, Energy consumption, Power factor, Energy efficiency, Melt temperature

fluctuations.

1. Introduction 20
21
Polymeric materials are increasingly popular in industrial ,

applications due to their properties including high strength,,
to weight ratio, ease of forming into complex shapes, corro-,,
sion resistance, tunable color, tunable soft/hard touch and re-,,
cyclability. Today, plastics (i.e., high performance polymers,,
and composites) are invading diverse industrial sectors such as,
aerospace, automotive, marine, packaging and transportation,,
particularly due to the possibility of saving energy in compar-,
ison to several other conventional materials. For example, the |
replacement of a whisky bottle made out of glass with a plastic
bottle would offer a significant weight reduction to the trans-,
port sector and this helps to save millions of litres of fuel all
over the world annually [1]. Moreover, it is predicted that the_,
use of polymeric materials will further increase in future [2].
Therefore, it is important to increase the energy efficiency of
polymer processing while the lightness of polymeric materi-
als would also save the energy. In industry, extrusion is one_,
of the fundamental methods of processing polymeric materials_
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and most of the polymeric products pass through an extruder at
least once in their production process. At present, polymer pro-
cessing techniques are becoming highly important and widely
available, and hence improvements to the process energy effi-
ciency would provide a potential contribution for energy sav-
ing of polymer processing companies [3, 4] while reducing the
global energy demand and harmful emissions to the environ-
ment. An extruder is a machine which melts polymeric ma-
terials while conveying along a screw and the heat for material
melting is obtained externally from barrel heaters and internally
from the frictional and viscous forces due to screw rotation.
The molten material formed at the end of the extruder barrel is
forced through a die to form into the desired shape. To achieve
a good quality melt output, today extruders are equipped with
a feed unit, an efficient drive, barrel/die heaters, screen chang-
ing device and various process monitoring and control devices.
However, it is still highly challenging to observe the process
melt quality as the material is being processed inside a closed
barrel (an extruder is a kind of black box) [5]. More details on
the machine, auxiliary equipment, process monitoring/control,
functional requirements and the mechanisms/theories of poly-
mer extrusion can be found in the literature [6, 7, 8, 9].

In general, plastics demand lower energies for their manu-
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facture, product fabrication, and also for recycling, than thats
demanded by other traditional raw materials, such as glass,e-
aluminum and copper. According to Rosato et al. [10], plas-es
tics produce much more energy by incineration compared withs«
other materials in municipal waste (compared with materialses
such as food waste, yard waste, wood, paper, and rubber). Cur-:s
rently, plastics are a safe component in modern municipal wastes
incineration facilities with available high-tech pollution controles
devices. As almost all plastics are petroleum or natural gases
derivatives, incineration can reduce the waste volume by 90-s
98%, and convert the waste to useful energy. Furthermore, plas-s
tics have the lowest energy consumption in the recycling pro-s.
cess compared to several other materials such as paper, glass,
tin, aluminum, etc. However, still there is a possibility of im-s,
proving the energy usage/demand of plastics processing tech-o;
niques such as extrusion and hence further research is requiredss
in those areas. o7

98

1.1. Energy consumption in polymer extrusion 99

Usually, extrusion machines consume energy for the op-"
eration of the drive motor, barrel/die heaters, feeding units,”’
compressors, pelletizers, screen pack changing devices, control ™
electronics, and so forth. The typical energy demand and losses”
from a 63.5 mm diameter extruder relating to these components”*

can be listed roughly as given in Table 1 [11]. e

106
107
Table 1: Typical energy values for a 63.5 mm diameter single screw extrudes s

(11]

109

Energy input (%) Energy losses (%) 110
762

08
02 11

186
2.0 | Convection losses (can be form a numl

ir cooling 20
02 01

100.0 Total energy Toss 370 114

In fact, these figures can be varied depending on the size/agew
of the machine, quality of the power supply, etc. In case of op-
timization of the process energy efficiency, all the components .,

attached to the machine should be considered. s

119

1.2. Total power and motor power 120

Power demand of a direct current (DC) and an alternating®’
current (AC) machine (Pp¢ and P4¢) can be given by equations®

1 and 2, respectively [12, 13]. 123
124
Ppc =V xI (1)75

Pac =V X IXcos(p) 2)

where, V is the line/supply voltage, [ is the line/supply cur-
rent and cos(¢) is the power factor. The same equations can
be used to calculate the power demand of DC and AC motors.
In case of the motors with separate field, the addition of both
armature and field powers should be taken as the total motor
power.

Currently, both DC and AC motors are used in the extrusion
industry. In the past, DC motors were popular due to the advan-
tages of smooth operation over a wide speed range, simplicity
of speed control, ability to produce a constant torque from zero
to base speed, relatively lower power consumption and small-
ness in size compared to other types of drives with the same
capacity. However, nowadays AC motors are becoming popu-
lar in particular due to better energy efficient operation (i.e., AC
drives can operate at a constant power factor across the speed
range) and also the requirement of less maintenance compared
with DC motors.

DC motors are commercially available mainly under three
categories: permanent magnet, separately excited and self-
excited. Of these three categories, permanent magnet and sep-
arately excited DC motors may be the most commonly used
in the polymer extrusion industry. The two main types of AC
motors commercially available are induction motors and syn-
chronous motors defined depending on the type of rotor used.
Either type may be in the form of single phase, two phase, or
three phase. A number of previous authors [14, 15, 16] have
discussed the advantages of replacing DC motor drives with
AC motor drives to benefit energy consumption. They per-
formed experiments on the same extruder with AC and DC mo-
tors and found that a considerable amount of energy saving can
be achieved with AC motors compared to DC motors. As they
claimed, the replacement of old DC motors with new vector-
controlled AC motor drives provide significant benefits in the
long-run although the initial capital cost is higher for AC mo-
tors. It should be noted that the payback time period depends
on the size of the motor and the type of the application.

In a typical AC motor, energy losses usually occur as electri-
cal (or copper), core, mechanical and stray losses. In addition
to these four types of losses, brush loss occurs in the DC motors
which use brushes for supplying the power. More details on DC
and AC motors can be found in the literature [12, 13].

1.3. Power factor

Usually, an AC power flow has three components known as
real power (also known as active power) (P), measured in watts
(W); apparent power (S), measured in volt-amperes (VA); and
reactive power (Q), measured in reactive volt-amperes (VAR)
as shown in Figure 1. The power factor is defined as the ratio of
the real power flowing to the load, to the apparent power in the
circuit and it ranges from 0-1. In other words, if ¢ is the phase
angle between the current and voltage, then the power factor is
equal to the cosine of the angle, cos ¢ [12].

S (units: VA)
Impedance
phase angle

(4VA suun) O

P (units: W)

Figure 1: Power triangle: The components of AC power
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For purely resistive loads, the current drawn by the load is as:
sinusoid which is exactly in phase with the voltage waveforme:
and hence the power factor is unity. This is the most energyies
efficient operating condition. For inductive loads, the currents«
will lag behind the voltage in phase, and hence the power fac-ss
tor will be less than one. Therefore, the energy supplied to thess
load will not be used optimally. As the mains voltage is fixed, as:
higher current is required from the power supplier (i.e., a highss
apparent power than usual) to compensate for the phase shiftso
and deliver the same usable power to the load, bringing the ac-s
tive power back up to the level required to do the desired me-s
chanical work. Here, the power supplier must build additionals-
infrastructure to deal with low power factor conditions and payiss
for the higher apparent power. Therefore, an increase or a de-s:
crease of power factor is unrelated to active power. The ac-ss
tive power may remain constant although power factor changesss
from 0O-1 at a particular processing condition. As power fac-e
tor increases (as the phase angle becomes smaller), it will cutss
down the apparent power demand and hence the consumer wills
not be charged by their power supplier for the reactive power:o
Therefore, maintaining the power factor at a high value is im-=o
portant for industrial processes to achieve an energy efficiento:
operation. Usually, extrusion plants include both resistive and
inductive loads. In the main, electric motors are inductive loads
and hence their efficiency changes with power factor variations:*
Typical barrel/die heaters in the majority of extruders are resis-
tive loads (i.e., based on resistive heating) and they operate with"*
unity power factor. Given that the motor is a majority user of
input power, it is clear that the power factor has a considerable

effect on the process energy efficiency in polymer extrusion.
208

209

1.4. Previous studies on investigating of process energy con-

210

sumption »

Typically, extrusion is an energy intensive production pro-
cess and the process energy efficiency is good at higher speeds.
Regardless, it is difficult to run these processes at high speeds
as thermal fluctuations increase with the processing speed re-
sulting in very poor melt quality [17, 18]. A number of previ-
ous authors [19, 20, 21, 22, 23, 24, 25, 26, 27] have explored
extruder total energy consumption while some of them have in-
vestigated the energy consumption of individual components
such as drive motor and barrel heaters as well. A review on all
major previous studies on process energy consumption in poly-
mer extrusion was provided by the authors previously [28] and
hence more details are not presented in this paper. Although the
knowledge on possible correlations between the process energy
demand and melt thermal quality is one of the major require-
ments in achieving both thermal and energy efficiencies simul-
taneously, no much attention has been paid so far into this area
perhaps due to the possible complexity of such investigations.
Some recent works by the authors [29, 28] explored the pro-
cess energy consumption and met thermal quality in polymer
extrusion and this work presents new results of their extended
research activities. oo

This work aimed to study total power (TP), motor powee:s
(MP), power fluctuations (AP), power factor (PF) and specific:-

energy consumption (SEC) of an extruder over different pro-
cessing conditions. Furthermore, the thermal homogeneity of
the process melt output was explored in detail by observing
the temperature profile across the output melt flow as an in-
dication of the process melt thermal quality. Also, all the en-
ergy and thermal parameters were collected simultaneously and
hence they can be compared each other for possible correla-
tions. Three polymer types, three screw geometries and wide
range of processing conditions (three different set temperature
conditions over five screw speeds) were used for the experi-
ments over the full processing range (screw speed) of the ex-
truder (i.e., 135 different processing situations). All the exper-
iments were performed by replicating actual processing pro-
cedures used in the industry. Extensive details of power de-
mand/losses of the machine (i.e., total power, motor power and
power factor and their fluctuations) and melt thermal quality
(i.e., based on the temperature fluctuations across the melt flow)
were explored to aid the optimization of process energy con-
sumption and melt quality, simultaneously. Such a detailed in-
vestigation on process energy demand and melt thermal quality
over wide range of materials, screw geometries and processing
conditions is not available in the published literature.

2. Equipment, Materials and Procedure

All experiments were carried out on a 63.5 mm diameter (D)
single screw extruder (Davis Standard BC-60) at the IRC lab-
oratories of the University of Bradford. A gradual compres-
sion (GC) screw with 3:1 compression ratio, a tapered rapid
compression (RC) screw with 3:1 compression ratio and a bar-
rier flighted (BF) screw with a spiral Maddock mixer and 2.5:1
compression ratio were used to process the material. These
screws were selected as these are the most commonly used
types in industry and details are given in Figure 2. The extruder

Metering (3.46 mm)
Feed Compression

(10.53 mm) ‘ ‘
|_4D_| 10D 10D
T T

Extruder barrel centreline

Metering (3.50 mm)

Feed Compression
(10.53mm) T

| 12D | 2D 10D
I [l

(b)

Compression Metering (4.90 mm)

Barrier flighted
(12.19 mm) Maddock

mixer

6D

Figure 2: Details of the screws used in experiments

was coupled to an extrusion head containing a conical adaptor
with 38 mm at the outlet by using a clamp ring prior to a short 6
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Figure 3: (a): the arrangement and the dimensions of the apparatus, (b): the
thermocouple mesh arrangement

mm diameter capillary die as shown in Figure 3-a. The extruder
barrel has four separate temperature zones (each with a heaters
of 4 kW) and another three separate temperature zones at thes
clamp ring (with a heater of 0.9 kW), adapter (with a heater ofes
1.4 kW) and die (with a heater of 0.2 kW). All of these temper=s+
ature zones are equipped with temperature controllers whickess
allows individual control of the set temperature of each zone.
The extruder drive is a horizontal type separately excited di-
rect current (SEDC) motor which has ratings: 460 Vdc, 50.0
hp (30.5 kW), at speed 1600 rpm. The motor and screw are
connected through a fixed gearbox with a ratio of 13.6:1, and
according to the manufacturers’ information the gearbox effi-
ciency is relatively constant at all speeds (~96%). The mo-
tor speed was controlled by a speed controller (MENTOR II)
based on speed feedback obtained through a direct current (DC)
tachometer generator.

Melt pressure was recorded using a Dynisco TPT463E pres-¢;
sure transducer close to the screw tip to observe the processss
pressure in real-time. The total extruder power, motor powetss
and power factor relating the total power input to the extrudee
were measured using two Acuvim IIE three-phase power me-
ters. 272

Melt temperatures at various different radial locations of thers
melt flow at the end of the adapter were measured using a ther-7:
mocouple mesh [30] placed in-between the adapter and the diers
as shown in Figure 3. A thermocouple mesh with seven junc-7
tions (i.e., with 7 positive and 1 negative thermocouple wires)s
was used in this study and mesh junctions were placed asym-=s
metrically across the melt flow along the diameter of the meshs
as shown in Figure 3 (distance from the melt flow centrelineso

to each radial position: 0 mm, 2.5 mm, 5.0 mm, 8.0 mm, 11.0
mm, 14.0 mm and 16.5 mm).

A data acquisition programme developed using LabVIEW
was used to communicate between the experimental instru-
ments and a PC. All signals were acquired at 10Hz using a 16-
bit DAQ card, National Instruments (NI) PCI-6035E, through
a NI TC-2095 thermocouple connector box and a NI low-noise
SCXI-1000 connector box.

2.1. Materials and experimental conditions

Experimental trials were carried out on an amorphous ma-
terial [a virgin Polystyrene (PS)] and two semi-crystalline ma-
terials [a virgin low density polyethylene (LDPE) and a virgin
linear low density polyethylene (LLDPE)] and the details of
these materials’ properties are given in Table 2. These materi-
als were selected for the experiment as these are some of the
most commonly used types in industrial applications.

Table 2: Details of the materials used for experiments

Material

Property

PS LDPE LLDPE
Trade name Styrolution PS 124N | LUPOLEN 2420H | Flexirene CL10
Density (g/cm”) 1.040 0.924 0.918
MFI @ (190 °C, 2.16 kg) 1.9 g/10min 2.6 g/10min
MVR @ (200 °C, 5 kg)

12 cm3/10min - -

Melt temperature (°C) - 111 121

Vicat softening temperature (VST) (°C) 87 94 97
Characteristic of a crystal Amorphous Semi-crystalline | Semi-crystalline

During the experiments, the extruder barrel temperature set-
tings were fixed as described in Table 3 under three different set
conditions denoted as A (low temperature), B (medium tem-
perature) and C (high temperature). These conditions were de-
termined by covering the processing temperature ranges of the
polymeric materials used in experiments.

Table 3: Extruder barrel temperature settings

Temperature Set temperatures (°C)
Barrel zones Clamp ring | Adapter | Die
settings 1 2 3 4
A 130 | 155 | 165 | 180 180 180 180
B 140 | 170 | 185 | 200 200 200 200
C 150 | 185 | 205 | 220 220 220 220

Twenty seven separate experimental trials (three materials X
three screws X three set temperature conditions) were carried
out with the three screw geometries. The data were collected
at 0 rpm for a small time period. Then, the screw speed was
adjusted from 10 rpm to 90 rpm in steps of 20 rpm. All data
(i.e., pressure, melt temperature, total extruder power, motor
power, power factor) were recorded continuously whilst the ex-
truder was allowed to stabilise at each screw speed (i.e., at least
around 8 minutes in each speed). Three samples of the mass
throughput were collected during the last two minutes at each
speed and the average values of these samples were used as the
mass throughput at each processing condition. Then, the data
collected during the last minute at each processing condition
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were used for the analysis of steady-state conditions. The difsss
ference between the minimum and the maximum values withinss
this time period was considered as the level of fluctuation of ass
particular parameter. a3

3. Results and Discussion 239
340

As was mentioned earlier, the data collected over the last.
minute at each processing condition are considered for the eval-.
uations presented in this section. 343
344
345

3.1. Total power, motor power and power factor

346

The experimentally measured total power of the extruder,,
(TP), magnitude of fluctuations of the total power (ATP), mo-.
tor power (MP), magnitude of fluctuations of the motor powet.,
(AMP), difference between the total power and motor powegs,
(TP-MP), power factor (PF) and magnitude of fluctuations of;;
the power factor (APF) over the set temperature conditions A,
B and C are shown in Figures 4, 5 and 6, respectively (note: PE;;
details for PS is not available). a5
In this study, an amorphous and two semi-crystalline materi-ss
als were used where these two types show distinct differences inss
their molecular structure. These differences can have a bearings;
on the performance of mouldings in service, and have a mostss
significant effect on the behaviour of the material during pro-s
cessing [31]. In the solid state, the molecular structure of thes,
amorphous materials is random and disordered, the long chain;
molecules being all entangled rather like solidified spaghettizs.
Semi-crystalline materials have a much more ordered structuress
in the solid state, a considerable proportion of the long chains.
molecules being closely packed in regular alignment. How-es
ever, with both the semi crystalline and amorphous materialsss
at sufficiently high temperature (this is when the material is ine,
its molten state) the molecular structure is amorphous [31]. Ofe:
the three materials used in this study, in general, LLDPE shows:s
the highest total power demand in processing at all the condi-
tions. The major difference in LDPE and LLDPE is the degree;
of branching which dominates in determining their mechanical
properties. LDPE is more crystalline than LLDPE as it con-:
tains fewer branches. Usually, LLDPE is less shear sensitive be-
cause of its narrower molecular weight distribution and shortess
chain branching. During a shearing process, such as extrusionys
LLDPE remains more viscous and, therefore, harder to process:
than a LDPE of equivalent melt index. The LLDPE used in thisss
study has a higher melt index (than LDPE) and a higher soft-
ening temperature (than both LDPE and PS). Therefore, these:o
facts explain the higher energy demand of LLDPE compared tos:
LDPE and PS. 382
In general, LLDPE shows the highest motor power demands:
too and a reduction of motor power can be observed with thes:
increase of set temperature with all materials and screws. How-ss
ever, motor power fluctuations are significantly lower than thess
total power fluctuations. As was realized, the total power signaks:
carries considerably high fluctuations due to the on-off of action:s
of barrel heaters and cooling fans. With the screw speed, anso

increasing trend can be observed from the motor power fluctu-
ations which is an opposite behavior to the total power fluctua-
tions. Both total and motor power signals show an increase with
the screw speed and this increase shows a quite linear trend. Of
the three materials, the difference between the total power and
motor power (TP-MP) is the highest with the LDPE, regardless
of the screw and set temperature condition, while PS is show-
ing the lowest difference. Moreover, TP-MP has increased with
the increase of the set temperature which should have occurred
due to the increased energy demand of the heaters. Mostly,
TP-MP reduced with increasing screw speed from 10-90 rpm
while this has happened 30-90 rpm in a few occasions. Usu-
ally, the difference between the total and motor power signals
is the power consumed by the process heating/cooling system,
control electronics and other auxiliary equipment. In this study,
no auxiliary equipment was employed and hence TP-MP val-
ues show the power consumed by the process heating/cooling
system only (as the typical power consumption of the control
electronics is very low at approx. 0.35 kW). As the same exper-
imental set conditions were used with all materials, it is clear
that the heat demand from the heaters are dependent upon the
material type. This dependency should be related to the dif-
ferences of process internal heat generation with the varying
nature of the frictional and viscous properties of the materi-
als. The higher the level of internal heat generation the lower
the power demand of the barrel heaters. Moreover, the mate-
rial’s softening temperature should also affect on the level of
heater power demand during its processing. As shown in Table
2, LLDPE shows the highest softening temperature although
LDPE has demanded the highest heater power (TP-MP). This
suggested that the heater power demand depends not only on
the material melting temperature and hence it occurs via a more
complex mechanism, including frictional properties. This is
one of the areas which little attention has been paid so far (al-
though highly important in energy saving) and hence further
research should be highly useful in understanding the factors
deciding the heater power demand during processing.

The power factor of the extruder has increased with the screw
speed and this confirms that that the machine’s energy effi-
ciency increases with the screw speed. Moreover, the power
factor fluctuations show a reducing trend with the screw speed
and this is also important for improved energy efficiency. How-
ever, the power factor has not increased over 0.8 at any of the
processing conditions tested in the experiments. The motor
drive of the experimental extruder has a maximum speed of 116
rpm where the experiment trails were performed covering the 0-
90 rpm speed range which may be one of the reasons why the
power factor only goes up to 0.8. In fact, operating the process
over 90 rpm would be energy efficient but it is highly likely
to result un-melted materials with the process output leading
to a poor melt quality. Moreover, it is noticeable that the ma-
chine has operated at a higher power factor with the LDPE than
the LLDPE although the same processing conditions were used
with both materials. As was mentioned, total power demand is
higher with the LLDPE than the LDPE. This lower power fac-
tor condition with LLDPE would be expected to demand a high
level of active power during the processing of LLDPE. How-
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ever, the power factor fluctuations are higher for LDPE than thes
LLDPE. In fact, the power factor variations should be mostly:.-
related to the drive motor as it is the largest inductive load in«s
the machine. Here, it is clear that the level of the power fac-
tor and magnitude of variations are depended upon the materialso
type. Obviously, these behaviors should have some relationss:
with frictional properties, shape/size of the pellets and the melts:
viscosity of the processing materials. The exact reason/s forss
such behaviors would be explored from further investigations. s
455
3.2. Specific energy consumption 156
Experimentally measured mass throughput (MT), specificss
energy consumption of the extruder (SEC-Extruder) and spe-ss
cific energy consumption of the motor (SEC-Motor) over thess
set temperature conditions A, B and C are shown in Figures 70
8 and 9, respectively. 461
Mass throughput of all the materials show a linear relation-s-
ship with screw speed regardless of the differences of the screw
geometry. Although the same processing conditions were usedss
for these set of experimental trials, slight differences in thes
level of mass throughput can be observed among the materi-ss
als even for the same screw geometry. Such differences occures
due to the differences of the rheological properties of the ma-s
terials [20] while conveying efficiency of the each screw mightes
be another factor influencing the mass flow rate. Specific en-s
ergy consumption of the extruder reduces with the screw speed
at all the processing conditions and PS shows the lowest SEC-
Extruder among three materials. This also confirms that en-
ergy efficiency of the extruder increases with the screw speeds
as confirmed by previous experiments [32, 29, 28, 18]. PS is«
an amorphous material and its softening temperature is lowets
than LDPE and LLDPE [33], and this explains how PS has con-~
sumed a lower power than LDPE and LLDPE. The magnitude
and trend of SEC-Extruder with both LLDPE and LDPE are-s
quite similar at all the processing conditions although LDPEs
dominates in the heater power while LLDPE is dominant inso
motor power. Previous work by Deng et al [34] found that thes:
lower barrel heating temperature, higher water cooling temper-s-
ature, and higher screw speed will lead to lower specific en-ss
ergy consumption of the extruder. However, the results of thiss:
work are not in agreement with these facts relating to the barrelss
set temperature. In this study, three set temperature conditionsss
were used (A: low, B: medium, C: high) and for some con-s
ditions the lowest set temperature condition shows the highestss
SEC-Extruder. For example, the highest energy consumption atss
10 rpm with GC screw for PS is at set temperature condition Ao
Therefore it seems that the relationship between SEC-Extrudets:
and the barrel set temperature is highly complex in nature ands:
further experiment should be useful in better understudying ofiss
these effects.
Specific energy consumption of the motor shows a highlyss
variable nature depending on the processing conditions, mate-ss
rial and screw geometry. In general, SEC-Motor increases fors,
LDPE and LLDPE with all the processing conditions while itss
reduces for PS with the GC and RC screws at the set temper=ss
ature condition A and also with the GC screw at the set tems=o
perature condition B. Likewise, SEC-Motor with PS are almosto
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identical at all the screw speeds with the RC screw under set
temperature condition B. Usually, amorphous chains become
immobilized and rigid and behave like glass below their glass
transition temperature (7,) and they lose their strength quickly
above T, [35]. However, at this stage, it is not that clear about
the varying nature of the SEC-Motor for PS and further in-
vestigations should be made to understand this phenomenon.
As was mentioned, SEC-Extruder with LDPE and LDPE are
quite similar in trend and magnitude in all the processing con-
ditions while the SEC-Motor shows a similar trend but with a
significant deference in magnitude. The SEC-Motor is always
higher for LLDPE than LDPE where the gap increases with
the processing speed. Mass throughput is always higher for
LLDPE than LDPE and hence the higher SEC-Motor is due to
the LLDPE’s dominance in motor power demand than LDPE
which dominates in the heater power demand with a consider-
able offset to LLDPE.

3.3. Process thermal stability: magnitude and fluctuations of
the temperature across the melt flow

The data collected from the thermocouple mesh during the
last minute of operation at each screw speed (i.e., after the pro-
cess became steady) were observed in order to study the pro-
cess thermal stability. The minimum (Min), average (Avg) and
maximum (Max) melt temperatures across the melt flow at each
radial position were calculated and the corresponding temper-
ature profiles across the melt flow are given in Figures 10, 11
and 12 under the set temperature conditions A, B and C, respec-
tively.

In general, melt temperature fluctuations are not that signif-
icant at low screw speeds (10 rpm and 30 rpm) with all the
processing conditions. However at high screw speeds, the BF
screw clearly shows the lowest magnitude of fluctuations of the
melt temperature at all the conditions regardless of the material
being processed. Usually, BF screws perform favourably (e.g.,
efficient melting and mixing) compared to conventional single-
flighted screws particularly due its specific design with melt-
solid separation and mixing of the melt [32, 36]. Moreover,
there is a clear increase of thermal fluctuations as screw speed
increases with all the screws. Of these three materials, LLDPE
shows the highest level of melt temperature as was expected
(LLDPE having the highest melting temperature as shown in
Table 2) and also the power demand for LLDPE processing is
relatively higher than for PS and LDPE. The temperature of the
PS and LDPE melts at some of the radial locations drops below
the die wall set temperature with the GC and RC screws at 90
rpm for all the set temperature conditions. Temperature of the
LDPE melt has also gone below the die wall set temperature
at 70 rpm, with the GC and RC screws, at all the set tempera-
ture conditions but only at the set temperature condition C for
PS. However, temperature of LLDPE melt are always higher
than the die wall set temperature for all the conditions tested
regardless of the screw, set temperature and speed. That means
LLDPE does not show a low temperature shoulder region which
is a kind of a good indication of better melting/mixing. As
was explained in section 3.1, LLDPE shows the highest en-
ergy demand for processing among the three materials tested
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which could be due to the high viscous and frictional properss:
ties of LLDPE compared to other two materials. Therefore, the:-
higher energy demand and good melting (i.e., not having the

low temperature shoulder region) should have some relation+*
ship(s) which can be attributed to both viscous and frictional*
properties of the processing materials as well. In fact, this is*°
a good indication of the material dependency of the extrusion™
melt thermal quality/efficiency which is another area of further®’
research should be carried out. %8
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Ideally, it is required to have flat and consistent temperature
profiles across the melt flow for better thermal stablhty/quahty
[18, 37,7, 38, 39]. However, consistency of the melt tempera-5 "
ture profiles reduced with screw speed regardless of the screw
geometry although the process energy efficiency increases w1th )
the screw speed. Therefore, it is clear that the melt thermal
quality deteriorates as the process energy efficiency increases. "
Some previous studies [18] has shown that the variability of the _
melt temperature across a 38 mm diameter die. As a result, in-
dustrial processes are running at conservative rates to achleve )
the required melt quality by sacrificing the energy efficiency Ofm
their plants. Therefore, it is essential to explore ways to run_
the processes at high speeds while achieving the required melt |
quality.
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To further understand the level of process thermal stability;s«
the magnitude of melt temperature fluctuations at 70 rpm andss
90 rpm at each processing condition were calculated (i.e., thess
difference between the maximum and minimum) and are showns;
in Figure 13 (except for the 19 mm die radial position). Albss
the plots are at the same scale and only a half of the melt flow:ss

11

are shown in each sub-figure as these plots show a symmetrical
nature across the melt flow centerline over the selected time.

As shown in Figures 4,5 and 6, the difference between the
total extruder power and motor power (i.e., power demand of
barrel heaters) is always higher with the LDPE. Likewise, the
magnitude of thermal fluctuations are higher for the LDPE in
the majority of conditions than other two materials as shown
in Figures 10, 11, 12 and 13. This implies that there may be a
relation with the level of heater power demand and melt ther-
mal fluctuations. According to the observations of this study,
it may be argued that the higher the heater power demand the
higher the thermal fluctuations. However, this fact also should
be further investigated in future for better understanding. Such
investigations should help to understand good correlations be-
tween process energy demand and thermal stability. Moreover,
the highest magnitude of thermal fluctuations across the melt
flow exists somewhere around 5 mm from the melt flow cen-
terline with the BF screw for all the materials. For the GC and
BF screws, this occurs in-between 8-12 mm from the melt flow
centerline depending on the processing conditions. Brown et
al. [40] argued that the formation of such highly temperature
fluctuating region at the middle of the flow can be attributed to
polymer flowing from the melt pool which develops along the
screw length. Also, this is an indication of the differences of
material mixing capability of different screw geometries. The
BF screw has a Maddock mixer at the end and this may help to
reduce the level of melt temperature variations across the melt
flow via better mixing of molten material. Also, it has dual
channels for melt and solid separation which would also help in



—< — PS-Min —&— PS-Avg -~ © --PS-Max —= — LDPE-Min —=— LDPE-Avg -~ * -~ LDPE-Max

—8 — LLDPE-Min —5— LLDPE-Avg --& -- LLDPE-Max

BF Screw

wdloT :paads malos

wdliog :paads malos

wdipg :paads malos

RC Screw

73]

GC Screw

N —
(D,) ainesadwial 38N

£ 220

(OGN

—

nyesadwal 3BIN

15 19

10

Radial position (mm)

10 15 19-19-15 -10

5
Radial position (mm)

0

10 15 19-19-15 -10 -5

5

Radial position (mm)

Figure 10: Average melt temperature profile across the melt flow with the magnitude of fluctuations under the set temperature condition A

12



—© — PS-Min —©— PS-Avg -9 --PS-Max —= — LDPE-Min —=— LDPE-Avg -~ % -~ LDPE-Max

——8 — LLDPE-Min —=— LLDPE-Avg -- & -- LLDPE-Max

wdlioT :paads malos

wdlo, :paads malas

el i 77

RC Screw

15 19

10

Radial position (mm)

GC Screw

10 15 19-19-15 -10

0 5

5

BF Screw

15 19-19-15 -10

Radial position (mm)

Radial position (mm)

Figure 11: Average melt temperature profile across the melt flow with the magnitude of fluctuations under the set temperature condition B

13



——e — PS-Min —©— PS-Avg -~ < --PS-Max —= — LDPE-Min —=— LDPE-Avg -~ % -~ LDPE-Max

—8 — LLDPE-Min —&— LLDPE-Avg -- & -- LLDPE-Max

BF Screw

wdig, :paads maids

RC Screw

GC Screw

N —
(D,) ainresaduwial 8N

Radial position (mm) Radial position (mm)

Radial position (mm)

Figure 12: Average melt temperature profile across the melt flow with the magnitude of fluctuations under the set temperature condition C

14



D C-90|

\—e— A70 —%k— B-70 —P— C-70 =G A-Q0 - B-90 -

RC Screw

GC Screw

BF Screw

20 -----

(2,) aunyesadwis

o

< N

(2,) ainessdwa

Radial position (mm) Radial position (mm)

Radial position (mm)

Figure 13: The difference between the maximum and minimum melt temperature at each radial position at 70 and 90rpm

15



599

601

605

611

better melting/mixing performance. 614
615
616
4. Conclusions and future work 617
618
A comprehensive study on process energy behaviour andie
melt thermal fluctuations in polymer extrusion were carried out*
while highlighting a number of areas demanding further re-zz
search for better understanding. The results are in agreement.;
with the previous findings such as decrease of the extruder spe<2
cific energy consumption with screw speed and increase of meli?25
thermal fluctuations with the screw speed. Moreover, the find-. oy
ings show that the drive motor specific energy consumption:s
may have increasing or decreasing behaviour with the screwB2q
speed although the extruder specific energy consumption re*’
duces with the speed. Furthermore, it was found that the leve]632
and magnitude of fluctuations of the extrusion machine’s powee:s
factor decreases with the screw speed and both of these are de<*
pendent upon the polymer type, screw geometry and process-i35
ing conditions as well. The level of energy demand from the,,
heaters vary with the processing conditions. Also, it is likelys:s
that there is relation between the level of energy demand froni*
the heaters and the melt thermal fluctuations, where the highef;j?
the energy demand of the heaters the higher the melt thermal,,
fluctuations. However, it is better to conduct further research:
prior to drawing exact conclusions regarding this particular fact™
Also, the results of this study on SEC of the extruder contradicﬁjz
with some previous work on who found that the lower the barrel.,
set temperature the lower the SEC of the extruder. Moreover;«
the radial location of which the highest melt temperature fluc<*
tuation is occurred across the melt flow depends partlcularlyé51
on the screw geometry. In general, both energy demand ands.
melt thermal fluctuations are highly varying on the processings
conditions. In future, further research is highly recommende(fcz;1
to study on the issues such as the extrusion machine’s power,,
factor; relation/s between the power demand of the heaters ands:

thermal fluctuations; and motor specific energy consumption.
659
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