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A new extrusion head with integrated ultrasonic device
and online process parameters measurements system —

design and testing”
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Abstract: A new extrusion die with integrated ultrasonic device and online viscosity monitoring system
was designed. This new construction was tested in the process of high density polyethylene (PE-HD)
extrusion. Ultrasonic vibration is applied at various flow rates of material flowing through the output die
channel, making the process more efficient. Under ultrasounds application, extrudate flow rate is enhan-
ced by up to 10 %. Die pressure is reduced by up to 16 % for all the rates studied, being this reduction
higher as flow rate is lower. Viscosity values are reduced by between 5 and 8 %, depending on the flow
rate applied. Temperature is slightly increased.
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Nowa glowica wytlaczarki z wbudowanym urzadzeniem ultradZwiekowym i
ukladem bezposredniego pomiaru parametrow procesu — projekt i testo-
wanie

Streszczenie: Zaprojektowano nowa gtowice wyttaczarki z wbudowanym urzadzeniem ultradzwieko-
wym i systemem bezposredniego pomiaru lepkosci stopionego polimeru. Te nowa konstrukcje testowa-
no prowadzac proces wytlaczania polietylenu duzej gestosci (PE-HD). Badano wplyw wibragcji ultra-
dzwiekowych na efektywnos¢ procesu wyttaczania przy réznych szybkosciach przeptywu stopu poli-
meru przez kanatl dyszy wylotowej. Zastosowanie ultradzwiekéw powodowato zwiekszenie przeptywu
stopu nawet 0 10 %. W przypadku wszystkich badanych szybkosci przeptywu zaobserwowano zmniej-
szanie sie cisnienia w dyszy wylotowej, przy czym zmniejszenie to byto tym wieksze (osiagajac 16 %) im
mniejszy byl przeptyw. Wibracje ultradzwiekowe powodowaty takze spadek lepkosci od 5 do 8 %, w za-
leznosci od zastosowanej szybkosci przeptywu. Energia ultradzwiekéw dostarczana do stopu tylko nie-
znacznie zwiekszata jego temperature.

Stowa kluczowe: wytlaczanie, konstrukcja glowicy, ultradzwieki, lepkos¢, monitorowanie parametrow,
wyttoczyna.

Extrusion is one of the most promising methods for
thermoplastic processing in industrial applications, be-
cause it is productive, environment friendly and it can be
easily scaled up [1]. In recent years several innovations in
extrusion have arisen [2—4], such us the usage of new
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biomaterials to facilitate biodegradation [5, 6], or the
usage of nanoreinforcements to improve both mechani-
cal properties [7] and processing conditions [8]. On the
other hand, the cost of the new products obtained by ex-
trusion needs always be reduced to become competitive.
Numerous efforts have been made to improve extrusion
processing, and the application of ultrasounds may ren-
der an opportunity to achieve this objective.

It is known that ultrasonic waves acting on a melt po-
lymer cause chain rupture and a decrease in molecular
weight, so apparent viscosity is reduced. A physical con-
tribution to decreasing viscosity is also found in the im-
proving of the motion of molecular chains and decreas-
ing elastic tensile strains [9]. Application of ultrasonic
energy can lead to cavitation by generating waves and
bubbles [10] and collapsing of these bubbles generates
hot spots at very high temperatures and pressure that
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cause reactions [11]. The study of the influence of the ap-
plication of ultrasonic waves on pressure flow through a
circular die has been deeply studied for extrusion process
[12]. Oscillating parameters such us frequency and am-
plitude change the rheological and mechanical behavior
of different materials including filled and unfilled ther-
moplastics and thermoplastic elastomers in a wide range
of processing parameters. Depending on the ultrasonic
wave amplitude and chemical composition of the poly-
mer, molecular chains can be reorganized to create high
molecular weight polymeric chains as described in [13].
Other reactions stimulated by the application of ultra-
sounds are those related to copolymerization in immis-
cible components rubber/rubber, rubber/polymer, and
polymer/polymer [14], and homopolymerization with
polyamide 6/polypropylene (PA6/PP) components [15].
These reactions are carried out during melt material pro-
cessing at the local area where ultrasounds are applied
with very short residence time. Ultrasounds assisted ex-
trusion has been used also for blends compatibilization
[16]. It was found that ultrasonic treatment during extru-
sion improved the creation of copolymers due to the ge-
neration of long-chain radicals. Ultrasounds cause ther-
mo-mechanical degradation of polymers and increase
the branching of high density polyethylene (PE-HD). The
research of the rheological properties of long chain bran-
ched polyethylene [17] showed that the viscosity increa-
sed at very low shear rate (<0.05 s™) for high density of
branches but decreased for high shear rate (between 10
and 600 s™).

The application of ultrasonic vibration in different
molding processes is aimed to have a more accurate con-
trol of this process. An improved control of resin transfer
molding process has been achieved [18]. A relation be-
tween ultrasound signal and packing stage of injection
molding has been found [19], and a monitored blowing
process during the curing cycle of sponge rubber has
been developed [20].

Ultrasounds have been used in extrusion to analyze
rheological and mechanical properties of different mate-
rials, i.e. polyethylenimine (PEI) [21], polyamide (PA) and
polypropylene (PP) [15] comparing both mechanochemi-
cal and sonochemical methods, and to improve disper-
sion of nanoreinforcements into a polymeric matrix
[22—24]. To optimize extrusion process conditions and
obtain high purpose polymeric composites, it is impor-
tant to characterize these rheological properties, that are
related to dispersion state of the nanotubes, matrix orien-
tation, and the interaction between nanotubes and poly-
meric chains [25].

Online testing of rheology at an industrial environ-
ment has been rarely used [26]. Online viscosity characte-
rization is sometimes used for quality control of formula-
tion batches [27]. An improvement of large parts quality
is achieved by controlling viscosity during the injection
process performed with a monitored nozzle [28]. The in-
fluence of recycled percentage used to inject a component

was analyzed by online viscosity measurement of the re-
cycled material by means of a spiral mold [29—31]. Vis-
cosity values online measured by an adjustable slit die
have been compared to viscosity values obtained by con-
ventional methods [32]. But, usually, biconical plate rheo-
meters, rotational or capillary rheometers are usually
used after the material is extruded.

In spite of the interest in the effects of ultrasounds on
melt polymer, especially concerning rheological proper-
ties, investigation results are rarely transferred and sca-
led up to industrial applications. And hardly any re-
search has been carried out to study the influence of ul-
trasounds on extrusion process productivity and efficien-
cy specifically. This fact is mainly due to both technical
and economic reasons, comprising the difficulty in obtai-
ning a quick and enough efficient process, and the diffi-
culty in testing the industrial process.

This article describes a further effort to understand
the effects of ultrasonic waves on rheological properties,
and how the efficiency of the process at industrial scale is
improved. The study is based on a detailed analysis of the
apparent viscosity, pressure and temperature evolution
of ultrasonically treated samples of PE-HD, by means of
an innovating fluidity measurement system working on-
line with the extrusion process at real time. A new extru-
sion head including the ultrasonic system as well as the
online viscosity measurement device is also designed
and developed to carry out the experiments. This article
is focused on understanding the ultrasounds aided extru-
sion in an industrial-scale extrusion-compounding ma-
chine and lays the foundations for a future one-step-pro-
cess applied to nanocomposites production.

EXPERIMENTAL PART
Materials
The material used in this study was high density poly-
ethylene (PE-HD) with trade name HMA 014 produced
by ExxonMobil. The main properties of this material are

listed in Table 1.

Table 1. Properties of PE-HD (ExxonMobil HMA 014)

Property Value
Melt index 4 g/10 min (190 °C, 2.16 kg)
Density 0.960 g/cm?
Melting temperature 135 °C
Flexural modulus 1050 MPa
Tensile strength at yield 25 MPa
Izod impact strength 11 J/m?

Design of the extrusion head

The design of the extrusion die including an online
viscosity measurement device for the fabrication of poly-
mer extrusion plates is considered. It presents two main
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Fig. 1. The scheme of the designed extrusion head: 1 — extruder,
2 — coupling head, 3 — upper split case, 4 — die, 5 — sono-
trode-transducer support, 6 — sonotrode, 7 — transducer, 8 — ul-
trasonic generator, 9 — rectangular profile channel, 10 — measu-
rement chain, 11 — lower split case, 12 — sensor located before
ultrasounds application area (b), 13 — sensor located after ultra-
sounds application area (c), 14 — separation sheet, a — location of
the extrusion pressure sensor

novelties regarding other devices used to apply ultra-
sound vibration to a flow [33]. Firstly, an online measure-
ment device is included to catch pressure and tempera-
ture of the flow at local areas just before and after the
ultrasound application location. It provides online data
about the flow which allows understanding its behavior.
Secondly a thin separation sheet made of steel is located
on the flow, in a way that ultrasounds are applied on it,
and the vibration is transferred to the flow through it. It
provides a wider distribution of the vibration to the flow.
Description of the whole device is shown in Fig. 1.

The extrusion head contains a split case consisting of
two sections, namely, upper (3) and lower (11). As a result
of connection of rectangular sections (3) and (11) of the
case, a rectangular profile (9) is formed whose dimensions
are 2.5 mm thickness, 10 mm width and 120 mm length.
These dimensions were established taking into account
that drop of pressure suffered by the polymer when flow-
ing through the die was suitable for the extruder.

On top of the profile channel (9), a separation sheet
(14) with dimensions of 75 x 22 x 0.1 mm is placed to bet-
ter distribute the oscillations through the flow, and to pre-
vent polymer leaks. The profile channel (9) is connected
to the feeding channel of the extruder (1) by means of a
coupling head (2). In front of the case (3)—(11) a die out-
let (4) is arranged to allow the continuous flow of the ex-
trudate. The ultrasonic reactor consists of an ultrasonic
generator (8), a transducer (7), and a sonotrode (6). The
generator (8), that has a power supply of 2000 W and the
frequency of 20 kHz, is connected to a transducer (7)
needed to convert electrical signal into vibrations, and to
a titanium sonotrode horn (6) which receives the vibra-
tion signal of 20 kHz from the transducer, and is in direct
contact with the polymer melt at the profile channel (9)
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Fig. 2. Design of the sonotrode

through the separation sheet (14). The transducer (7) is
cooled by two compressed air circuits and screwed to the
sonotrode. The sonotrode (6) is designed with two crite-
ria in mind:

— it should work at the resonance frequency of
20 kHz, the same as the generator and transducer;

— its diameter should be 8 mm to cover the whole die
profile channel width presented in Fig. 2.

The sonotrode (6) provides longitudinal vibrations at
the die central zone normal to the polymer flow.

A sonotrode-transducer support (5) is located on the
upper half of the case, at the vibration node, as vibration
in this point is zero. This point has been determined by
means of a finite-element analysis at 62 mm from the
upper side of the sonotrode.

The extruder (1) introduces material to the profile
channel (9) through a designed nozzle at the coupling
head (2) connecting the upper split case (3).

The online measurement rheology device consists of
two sensors (Kistler 4021B), a temperature transducer,
the corresponding amplifiers, and the system to control
and monitor the signals. Kistler sensors work in the tem-
perature range up to 350 °C, and a pressure range up to
3000 bar. They are placed in two separated points in the
material flow, before (12) and after (13) the area where
ultrasounds are applied. The distance between sensors is
100 mm. The distance from the ultrasounds application
area to sensors is 50 mm. The sensors can be used for the
simultaneous measurement of pressure and tempera-
ture. The die is also equipped with chain heaters control-
led by thermocouples to control the temperature of the
molten material. The sensors use a very stable and high
temperature resistant silicon sensor element which ope-
rates according to the piezoresistive principle. These
transducers are coupled with their charge amplifiers. To
register the pressure values obtained by the sensors
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during extrusion, a measurement chain (10) is necessary.
Sensor wires are connected to an extension cable to reach
the place where the measurement equipment is located.
Each extension wire is connected to an amplifier, which is
connected also to a control and monitoring system
(CoMo system of Kistler). This unit allows acquisition
and evaluation of signals from sensors with a PC.

Extruder and ultrasonic device

A co-rotating twin screw extruder (Coperion ZSK 26
Mc), presented in Fig. 3, with a maximum torque of
100 Nm; maximal screw speed ®,,,, = 1200 rpm, screw
diameter of 25 mm, and screw length to diameter ratio
L/D =40 was used in the different test procedures. PE-HD
was fed into the extruder and the screw speed was set at
® =500 rpm and zone temperatures were set at 160/190/
190/190/200/200/200/200/200 °C. A maximum pressure of
180 bars is allowed.

The ultrasounds device shown in Fig. 4 consists of
a generator-PC featured as MPI Ultrasonics WG 20 kHz
that is controlled by LabView software to create the sig-
nal and parameterize the process. A transducer MPI
Ultrasonics 5020-6ps works at the frequency of 20 kHz
and has the power of 1000 W. A sonotrode made of a tita-
nium alloy Ti6Al4V, specially built for this purpose, was
described previously.

The signal used for the test has the frequency of
20 kHz and amplitude of 12 um. It was applied alternati-
vely in periods of one minute to provide results with and
without ultrasounds.

Tests description

A first set of tests was carried out to see the influence
of the flow rate on the pressure and viscosity of the mate-
rial. Different flow rates between 2 and 8 kg/h were tes-
ted. For all the cases, pressure and temperature values
were measured at points before and after the ultrasounds

Fig. 3. Extruder Coperion ZSK 26 Mc used for experimental
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Fig. 4. Scheme of the ultrasounds device: a) block diagram,
b) transducer

application area. These points are shown in Fig. 1 and are
designated as: a (extruder), b (before ultrasounds appli-
cation area) and c (after ultrasounds application area).

To analyze the process efficiency, there was carried
out a new test at the maximum pressure allowed by the
machine (130 bars). The flow rate was increased progres-
sively with and without ultrasounds till the maximum
pressure was reached. It was performed to appreciate an
increase in the extrudate output whilee ultrasounds were
applied.

All the tests were repeated ten times. Averaged values
of the results are shown for all the trials.

Rheological calculations

The viscosity was determined using an equation that
takes into account temperature, pressure and flow rate.
The calculations were performed assuming that the melt
was a Newtonian fluid and the following equation was
fulfilled:

T
Ny = - 1
Yﬂp .
where: N, — apparent viscosity, T — shear stress, Yop —
apparent shear rate.
The n,, was calculated from eq. (1), where the parame-
ters involved t and ¥, are related to other process parame-

ters such as pressure, flow rate and die geometry. Rabino-
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witsch correction could be applied for true shear rate calcu-
lation, but it is not considered relevant for the purpose of
this research because apparent viscosity is only calculated
as a needed variable to understand the behavior of the pro-
cesses influenced by ultrasounds application.

A shape factor (F,) for relationship between volume-
tric flow rate in parallel-plate and volumetric flow rate in
channel is used [1].

F, takes into account the correction proposed for the
relation between volume flow rate (Q) and pressure drop
measured between two sensor locations (AP) for rectan-
gular channels, given by equation:

Q=T F @

where: Q — volume melt flow rate (m%/s), a = 0.0025 m —
height of rectangular section measurement channel, b =
0.01 m — width of rectangular section measurement
channel, L =0.1 m — distance between two sensors loca-
tion where pressure drop is measured, F, = 0.83 for the
chosen geometry.

The apparent shear rate (y,,) is calculated indirectly
using the given value of F,, [29, 34]. I F, values are smaller
than 1, the two-dimensional geometry is assumed and
the influence of this factor on y,, is taken into account
increasingly:

. 60
Yo = E €)

The wall shear stress (t) is determined using equation:

t=[AP/2L][ab/ (a+b)] 4)

Traditionally, viscosity values are determined using
capillary rheometer, where capillary diameter and
lengths are known, and pressure drop between the begin-
ning and the end of the capillary is measured. When
using a capillary rheometer for viscosity determinations,
Bagley correction is usually applied to get more accurate
viscosity values. It is based on the assumption that the
melt flow cross-section is constant through the capillary.
This condition is not true at all because of the changes in
cross-section along the capillary entrance and exit. These
section changes generate pressure drops affecting the cal-
culations of viscosity. When the pressure drop is determi-
ned by a monitored die, the polymer flows always into
the slit, so there are not pressure drops due to flow sec-
tion changes in areas near or between sensors locations.
That is why Bagley correction is not necessary.

After using this correction, n,, value of the polymer
melt, given by eq. (1), can be calculated.

RESULTS AND DISCUSSION
Process pressure and temperature
The application of ultrasounds during extrusion af-
fects greatly the material flow when it is processed. Du-

ring the extrusion of PE-HD the pressure decreases gra-
dually as the ultrasounds device is acting. This pressure

is measured by the sensors installed before and after the
area where vibration is induced. The pressure decrease is
partially due to an increment of temperature of the melt
flow when ultrasounds are applied. A mechanical vibra-
tion is transmitted to the flow increasing the viscous
shearing, which leads to an increment of temperature,
and therefore to a decrease in viscosity. Another factor
that has influence on the decrease in pressure and visco-
sity is the thixotropic nature of pseudoplastic materials
like molten polymers. This nature allows vibration wave
propagation to cause a fluidification of the melt. Some
other effects related to cavitation seem to have influence
also on the pressure and viscosity decrease [7, 9, 23]. On
the other hand, the reduction of elongational flow due to
the polymer vibration reduces the pressure loss along the
die channel and the extrudate swell at the die exit.
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Fig. 5. Extrusion pressure with US and without ultrasounds (no
US) application, along the time for extrusion with flow rate of

3kg/h

The evolution of the pressure in time for the case of
samples obtained using melt flow rate of 3 kg/h is presen-
ted in Fig. 5. The previously described effect of the reduc-
tion of pressure when ultrasounds are applied is shown.
Another fact that can be observed is that when the appli-
cation of ultrasounds finishes, the pressure is slightly re-
covered, by about 5 %. This evolution has been revealed
for all processing conditions in this article.

Fig. 6 shows the effect of ultrasounds on the tempera-
ture. T,; curve corresponding to the temperature of the
melt before the ultrasounds application area and T, to
the temperature after the area. T,; increases by about 2 °C
along in for all the flow rates tested, while T, increases by
up to 3 °C when ultrasounds are applied. Once ultra-
sounds are interrupted the temperature recovers values
previous to ultrasounds application. The values of tem-
perature shown in Fig. 6 were acquired with an accuracy
of £0.05 °C. The vibrational energy for unit area was [ = Af
2x?[17] and it increased with the density and propagation
velocity of the material, the frequency and amplitude of
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Fig. 6. Flow temperature with ultrasounds (US — continuous
line) and without ultrasounds (no US — dotted line), downstream
(T,,) and upstream (T;) from the application area for extrusion
with flow rate of 3 kg/h

the vibration. The effect of energy on the material and the
rate constant of chemical reactions (k) follow the Arrhe-

nius equation:
E,

k= Aer )

where: E, — activation energy.
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Fig.7. Pressure dependence on flow rate measured just before the
ultrasounds (US) application area
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Fig. 8. Pressure dependence on flow rate measured just after the
ultrasounds (US) application area

Figs. 7 and 8 show averaged values of pressure mea-
surements in the flow just before and after the area where
ultrasounds are applied, respectively. These values have
been extracted from the information registered by the
sensors in time (Fig. 5) after post-processing of the data to
determine average values. In these cases, the same ten-
dency of pressure decrease when ultrasounds were not
applied was observed. Again, the lower flow rate, the
higher was the pressure decrease. Pressure variations
downstream range from 11 % for low flow rates to 3 % for
high flow rates, and variations upstream reach 11 % for
low rates and 1 % for high ones.

Extrudate output

Ultrasonic vibration during extrusion affects the
throughput of the extrudate. To analyze this influence the
following methodology was followed: a machine maxi-
mum pressure was fixed at 130 bar, that is to say, if ma-
chine sensor pressure detects 130 bar during the proces-
sing, it stops working for safety reasons. The goal of this
test is to determine the maximum flow rate allowed by
the extruder without reaching the security maximum
pressure. Tests will be carried out both with and without
applying ultrasounds. Fig. 9 shows how the flow rate of

130
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118

116 ‘ \ \ \
6.5 7.0 7.5 8.0 8.5 9.0
Extrudate output, kg/h

—A— without US
—— with US

Extrusion pressure, bar

Fig. 9. Maximum flow rate reached by the extruder with and with-
out ultrasounds (US) application under limit pressure conditions
of 130 bar

8.7 kg/h is reachable applying ultrasounds while a lower
flow rate of 8 kg/h is reachable if ultrasounds are not app-
lied. So, the productivity and efficiency of the process can
be improved by 10 % thanks to ultrasounds actuation.

Viscosity

For results obtained in this study 5—10 % reduction of
N,y is reached when ultrasounds are used, following the
same trend as for the process pressure, that is to say, a
higher reduction for lower flow rates. Table 2 shows the
obtained results. The reduction of n,, is due to the incre-
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ment in temperature, the variations in shear rate, velocity
profile and the physical and chemical changes of the mol-
ten polymer. The viscosity is influenced also by the po-
tential chain branching of the PE-HD due to thermo-me-
chanical degradation under ultrasonic waves.

Table 2. Apparent viscosity (n,,) values for samples obtained
in various conditions

gg;?fcoa‘g(‘is Fl‘g f2e ] 1 | AP bar | g Pacs
No 2 62 51 817
Yes 2 62 47 752
No 3 94 72 765
Yes 3 94 66 701
No 5 156 101 645
Yes 5 156 95 610
No 7 219 97 441
Yes 7 219 96 437
No 8 250 102 409
Yes 8 250 100 398
CONCLUSIONS

A new ultrasound assisted extrusion process was de-
veloped for manufacturing PE-HD. This new system pro-
vides some advantages, such as reduction in the die pres-
sure that causes a reduction in the apparent viscosity, and
a higher extrudate output.

Pressure reduction is more important when low flow
rates are used. Pressure decrease ranges from 4 to 16 % at
the extruder die depending of the flow rate tested. Higher
reductions are reached for low rates. Material pressure at
the area before ultrasounds application is reduced by be-
tween 3 and 12 % obtaining higher reductions for low
flow rates. Material pressure at the area just after ultra-
sounds application is reduced by up to 11 % for low flow
rates and hardly 1 % high flow rates.

This behavior is due to different factors. The physical
and chemical changes induced by ultrasonic vibration
produce a reduction in apparent viscosity of the material
by from 5 to 10 %, obtaining higher reductions for lower
flow rates. The vibration energy transmitted to the mol-
ten polymer increases its temperature slightly. The thixo-
tropic effects due to temporal molecular movements de-
crease the viscosity. The reduction of elongational flow
due to the polymer vibration reduces the pressure loss
along the die channel and the extrudate swell at the die
exit. Finally, the intensity of vibrational energy is so high
that it induces permanent changes in the polymer due to
thermomechanical degradation. This mechanism of deg-
radation could induce branching in the case of PE-HD
with an improvement of its shear thinning behavior
[9, 24].

Thanks to this pressure reduction, this new proces-
sing system can be applied in different circumstances,

where high extrusion pressure is required such as extru-
sion of nanocomposites or blend materials. The improve-
ment of immiscible materials compatibilization or micro
and nano reinforcement dispersion could be possible
with a one-step-process ultrasounds aided extrusion.

Also, ultrasounds increase the extrusion throughput
without change to any process parameter when the extru-
sion machine limits are near to be reached. The cost of
products could be cut significantly if a faster process is
designed to increase the output by reducing the die-head
pressure during the extrusion. This research allows to
conclude that an increment in the process efficiency by 10
% can be reached.
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Instytut Chemii Przemystowej im. prof. I. Moscickiego w Warszawie
opracowal ogolnokrajowa
BAZE APARATURY DO OKRESLANIA CHARAKTERYSTYKI I PRZETWORSTWA POLIMEROW
bedacej w posiadaniu uczelni, instytutéw PAN i instytutéw badawczych.
Baza jest wyposazona w funkcje umozliwiajace wyszukiwanie wg zadanych parametrow: nazwy, typu lub
modelu aparatu, roku produkcji, producenta, charakterystyki parametréw technicznych, zastosowania do

badan, lokalizagji, stéw kluczowych, sposobu wykonywania badan, numerow norm, wg ktérych prowadzi sie
badania, oraz adresu i kontaktu z osobg odpowiedzialng za dany aparat. Bazajest ciagle uaktualniana.

Dostep do danychiwyszukiwanie informacji w bazie jest bezptatne.

Instytucje i firmy zainteresowane zamieszczeniem w bazie informacji o posiadanej aparaturze prosimy

o przestanie danych na adres polimery@ichp.pl

aparaturapolimery.ichp.pl
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