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Effect of screw rotating speed on polymer melt
temperature profiles in twin screw extruder
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The effect of screw rotating speed on two-dimensional temperature profiles of flowing
polypropylene melt was investigated in the barrel of a counter-rotating twin screw extruder
using a designed experimental apparatus and a thermocouple temperature sensing device,
the experimental apparatus being connected to a high speed data logger and a computer.
The flow patterns of the polymer melt in the barrel of the extruder were also revealed. The
changes in melt temperature profiles with extruding time were discussed in terms of flow
patterns of the polymer melt during the flow, the increase in melt temperature being
closely associated with total flow length of the melt, and shear heating and heat conduction
effects. © 2000 Kluwer Academic Publishers

1. Introduction at the probe wall besides giving the greatest thermal
Generally speaking, polymer processing equipmenprecision, response and mechanical stability.

converts raw polymer materials to a polymer article by Whilst the literature has many references to temper-
the application of external heat, internal heat generatiomature profile measurements of polymer melts in single-
and the application of pressure. It is widely known thatscrew extruders and injection moulding [6-9], little at-
melttemperature plays animportant role in the processtention has been given to temperature measurements
ing of polymers. The melt temperature variations affectof polymer melts in twin-screw extruders. Maier [10]
the flow properties of polymer melts. The analysis ofmeasured the temperature of polycarbonate melt in a
heat transfer of flowing polymer melts appears complexdie in a co-rotating twin screw extruder using Infrared
not only because of the significant frictional heat gen-(IR) sensors and compared the results with the measure-
eration, but also because of the highly temperature semnents obtained using a common type of thermocouple
sitive, non-Newtonian rheological character of the fluidinserted into the melt stream. It was stated that the IR
[1]. In order to measure the melt temperature accuratelgensors were suitable for measuring the maximum melt
in polymer processing, a temperature sensor should bemperature, which was found to be 15<80above
non-intrusive, be designed to have very fast responsthe bulk temperature. Sharsét al. [11] developed a

to a small change of the measurement, give an accuratbeoretical model for the approximate determination
and repeatable measurement and be very robust to witlof the temperature rise of a low-density polyethylene
stand highly viscous polymer flow [2, 3]. Various de- meltin the extrusion process, the polymer melt used be-
signs of temperature sensors have been used by other iimg filled with ground rubber tyre particles. They also
vestigators which can be categorised into the followingconducted the experimental measurement of the melt
types [2] a) Flush-Mounted Probe, b) Transverse-Flowtemperature using a normal thermocouple probe, the
Probe, c) Parallel-Flow Probe and d) Embedded Themelttemperature being measured in the die. They found
mocouple Ring Bar. These types of sensor exhibit twdhat the experimental results were in good agreement
significant errors in terms of the measurements takernyith those obtained by the proposed model. They also
these resulting from conduction and shear heating efinvestigated the effect of screw rotating speed on the
fects [4, 5]. The use of these sensors also resulted imelt temperature change in the system and found that
the distortion of the flow patterns in the polymer meltincreasing screw rotating speed led to increased heat
[6]. The probes tended to be relatively insensitive todissipation (greater melt temperature rise). However,
the changes in temperature due to the non-exposumo further explanations were given. Nietsetal. [12]

of the thermocouple tip to the melt. Van Leeuwen [2] conducted melt temperature measurements of a black
showed that the parallel flow, up-stream directed therfilled polyethylene melt using an infrared thermometer
mocouple was the best configuration, when compareduring twin-screw extrusion. The changes in melt tem-
to the others, for temperature profile measurement iperature were detected by the changing concentration
flowing molten polymer systems. This form of thermo- of the black traced PE particles. The general findings
couple minimised flow disturbance and shear heatingvere that the melt temperature decreased with time to a
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point where it had reached a minimum before increastypically supported around its periphery using a suit-

ing again. The increase in melt temperature was due table non-metallic supporting rod frame, the rod frame

shear heating effect during the flow. being made of Teflon. A Chromel-Alumel mesh was
In this present work, time-stepped two-dimensionalconstructed from wires of a diameter of 0.63 mm, the

temperature profiles of polymer melts flowing in the strength of the wires being sufficiently robust to be

barrel of a twin screw extruder were measured usdtilised with highly viscous polymer melts. Determi-

ing a novel design of temperature sensor, originallynation of the temperature at the various junctions in-

developed by Woocbt al. [13] and subsequently by volved the measurement of voltages around the periph-

Sombatsompogt al. [3, 9] (brief information on the ery of the mesh [14]. The details of the temperature

sensor being discussed in the Experimental sectionkensor (thermocouple mesh) can be found in previous

This is the first timethat this type of sensor was in- investigations [3, 13].

troduced to measure the melt temperature profiles in a

twin screw extruder. The effect of screw rotating speed

on changes in temperature profiles of the polymer mel2.3. Experimental apparatus and

was of our interest, the experimental temperature re-  arrangement

sults being also considered in connection with the flowd-ig. 1 shows the experimental arrangement used for
occurring in the system. measuring the temperatures of the polymer melt in the

barrel of a twin screw extruder. The experimental ap-

paratus was attached to the end of the barrel of the twin
2. Experimental screw extruder. The pressure drop along the apparatus
2.1. Material and machine was measured at the outlet of the apparatus near the
In this paper, the polymer used was a polypropylenealie entrance. The temperature sensing device was posi-
(PP, P-700J), supplied in granular form by Thai Poly-tioned near the die entrance. This arrangement produces
mer Propylene Co. Ltd, (Thailand). All the measure-a clearance of around 65 mm between the sensor and
ments were carried out using a twin screw extrudeithe end of the screw. This arrangement also introduced
manufactured by HAKKE Co. Ltd (Germany), the ma- some problems related to the difficulty in heating the
chine having a 20 mm in diameter. A flat die (28e  section that connects to the end of the barrel. All the
entry angle) with 5 mm in diameter with 15 mm long measurements (temperature and pressure values) were
was used in this work. taken using a high-speed data acquisition system cou-

pled to a personal computer, this allowing the develop-

) ment of time-stepped two-dimensional temperature.
2.2. Temperature sensing system

The principle of the design of temperature sensor used

in this work was similar to that originally developed by 2.4. Experimental procedure for

Woodet al. [13] and subsequently by Sombatsompop temperature profile measurements

et al.[3, 9]. The sensor consisted of an interconnected he twin screw extruder was left until a desired barrel
series of thermocouples, the thermocouples formindemperature had been reached. The existing die of the
an interconnected mesh and perpendicular wires beingxtruder was removed and replaced by the adapter for
made of dissimilar metals. In this work, Chromel andthe experimental apparatus, this being fitted to the end
Alumel (type K) were used. In principle, the mesh wasof the barrel. The rest of the experimental apparatus

2. Buppaitsg Frame: Holds

1. Sensod Sappoding Fraes
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L. Connecor

4, Temperaters Smeor

Figure 1 Experimental arrangement for temperature profile measurements.
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was then assembled in the order shown in Fig. 1 usini 215
four M12 bolts to clamp the components together. The ]

polymer (PP granules) was loaded into the hopper anc 10 al
when the temperature of the apparatus had reached t\a 205 4 —0
desired values, two minute extrusion was performed s : ---04
that the apparatus was filled with the polymer melt. The§ 2004 = 08

melt was left in the experimental apparatus for thirtyg
minutes to ensure that the melt temperature was stab g
and uniform, this being called as an isothermal condi-*
tion [9]. The screw rotation was started and the record
ings of temperature and pressure data were initiatec
the data being recorded as a function of extrusion tim
(500 seconds). The melt temperature of the polyme
melt was measured by varying screw rotation speed. |
this work, the accuracy of the temperature profile deter-
minations was strongly dependent on the effectivenessigure 2 Temperature profiles of PP melt at a screw rotating speed
and sensitivity of the temperature sensor. The experief 3 rpm.

mental errors were determined by a go-stop experiment

[2, 4]. That was, the sensor was positioned across th~ 215
flow in the barrel and the melt temperature was mea
sured using the high speed data logger as the flow we
initiated for 5 seconds and stopped for 5 seconds. Th
stability or fluctuation of the melt temperature after theg
screw was stopped was used to determine the accura g
of the temperature measurements. The experimental € §
ror was found to be:2.5%. In this work, the apparatus
temperature used was 1@ With the design of the
sensor in this work [3, 9] the temperature values were
obtained simultaneously at various positions across th
barrel diameter, the temperature data being presente
in terms of reduced radial (R) positions. The /R po-
sitions of interest were 0.0 (duct centre), 0.4 and 0.8
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It should be noted the starting of the melt temperature Time (s)

meas.lflrements in this work were under the ISOmerr‘r"alligure 3 Temperature profiles of PP melt at a screw rotating speed of
condition [9]. 20 rpm.

2.5. Flow visualisation analysis 215

In this work, the flow visualisation of the PP melt in
the barrel of the extruder around and at the point where 210 -
the temperature measurement was investigated, all th
experimental apparatus and conditions being as used {© ]
the temperature measurement as detailed earlier. Thg ,, |
intention of this investigation was to understand how £
the polymer melt flowed and behaved in the barrel dur-§ 195
ing the temperature measurement, and try to establis §
a relationship between the temperature and flow fields"™ ]
of the melt, the flow visualisation being used to ex- ;g5
plain changes in melt temperature profiles occurring.
Pigmented polypropylene granules, mixed with unpig- 180 —
mented PP granules, were used to follow the polyme! ° 100 200 300 400 500
melt flow patterns. Previous work [15] has shown that Time (s)

t-he pigment did not aﬁ-eCt the rheolqgical CharaCteriS_Figure 4 Temperature profiles of PP melt at a screw rotating speed of
tics of th_e m_eIt. By cooling the experimental apparatus;, rpm.

and sectioning the polymer rod, removed from the bar-
rel, the flow of the polymer could be viewed and anal-
ysed, the details of the experimental procedure bein
found elsewhere [15].

/R = 0.0

205

90 4

s

Qion time, for different screw rotating speeds (from 3 to
140 rpm). The measuring time used was 500 seconds.
Generally, it was found that the melt temperature in all
3. Results and discussion cases (except for 3 rpm screw rotating speed) decreased
3.1. Effect of screw rotating speed slightly and then rapidly increased to reach a plateau
Figs 2—6 show temperature profiles of PP melts flowingvalue, which was higher than the initial melt tempera-
inthe barrel, at eaaty R position as a function of extru- ture. At screw speed of 3 rpm, the melt temperature did
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215 This was due to shear heating and heat conduction ef-

1 7R = 0.0 fects [6, 16].

In this particular case, the differences in melt tem-
perature across the duct are explained by considering
flow patterns occurring in the barrel of the extruder.
Beyond the scope of this paper, the quantitative deter-
minations of the flow patterns were not intended, the
flow patterns being used only for describing the dif-
ferences in melt temperatures at varioyIR positions.
Figs 7 and 8 show selected flow visualisations of the PP
melt at various points along the barrel length (distances
before and after the sensor position) for two screw rotat-
ing speeds, 30 rpm and 140 rpm respectively, the flow
pattern samples being sections, transverse to the axis
of flow, of the flows taken along the barrel. Observa-

Time (s} tions of the radial flow patterns along the barrel length
Figure 5 Temperature profiles of PP melt at a screw rotating speed Ofall_owed us to foIIovy the flow behaVIOr'_ and to deter-
100 rpm. mine the changes in temperature profiles of the melt
qualitatively. Generally, there were two components to
the flow. The first was the flow near the barrel wall,
] 7R = 0.0 this moving along the circumference of the barrel, this
210 referred to asircumferential flow The other flow, be-

1 v ] ‘ ing referred to agentral flow was related to the melt
that was circulating around (near) the centre of the bar-
rel. In the case of Fig. 7 (30 rpm screw rotating speed)
the central flow was observed to be greater especially
the distances near the screw tip. The central flow then
tended to reduce when approaching the sensor position.
In Fig. 8 (140 rpm screw rotating speed), it is clear that
185 the circumferential flow was greater.

An attempt to relate the above flow patterns to the
changes in melt temperature profiles occurring in the
barrel was made. The following should be noted:

Temperature (°C)
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EL?(;J:Z[:-Temperature profiles of PP melt at a screw rotating speed of 1. Radial melt temperature profiles: From the flow
patternsin Figs 7 and 8, it was thought that the flow hav-
ing a large fraction of the circumferential flow would

not change with time due to the low flowrate of the melt,lead to more uniform in melt temperature across the

leading to small amount of shear heating occurring. Thélow channel than that having a great amount of the cen-
decrease in melt temperature at the initial stage of théral flow. The increase in melt temperature due to the
flow was due to the heat conduction through the sectioshear heating was suppressed by heat conduction occur-
that connected to the end of the barrel. The decrease ning during the flow. As shown earlier, increasing screw
melt temperature at the initial stage of extrusion hagotating speed tended to generate a large amount of the
also been found by Nietsch [12]. It can be seen thatircumferential flow, implying that the flow length of
the width of the temperature minima became narrowethe circumferential flow has increased. This resulted in
as the screw rotating speed was increased. The shagnm increase in melt temperature arouidR positions
increase in melt temperature is caused by a considenf 0.4 and 0.8, thus the differences in melt temperatures
able shear heating during the flow [16]. It was interest-at various /R positions across the flow channel being
ing to observe that the time the melt temperature hatess (more uniform radial melt temperature profiles).
reached the plateau value for each screw speed was dif- 2. Relatively high melt temperature at the centre: At
ferent, the greater the screw speed the faster the plateéawer screw speeds, greater differences in melt temper-
time occurring. Considering the melt temperature at theture across the flow channel were observed, the tem-
plateau region, the cross duct temperature profiles werngerature around the duct centre being relatively high.
not uniform for each screw speed. The melt temperaThis may be associated with the flow occurring. In
ture at the duct centre appeared to be higher than th&ig. 7, the central flow circulated around half of the cir-
of the otherr /R positions. However, the differences cumference of the barrel before flowing down along the
in melt temperature at varioug R positions became centerline of the barrel cross-section. The flow length
less pronounced when increasing screw rotating speedf this material was relatively long, and this led to in-

In terms of overall melt temperature fluctuatidor a  creased shear heating and high temperature around the

given radial positionit can be observed that the higher duct centre. At higher screw rotating speeds, the flow

the screw speed the greater the fluctuation in melt temlength of the central flow reduced and was replaced by
perature, especially at screw rotating speed of 140 rpnincreased flow length of the circumferential flow (hence
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Figure 7 Sections, transverse to the axis of flow, of the flows taken along the barrel at 30 rpm screw rotating speed (a; 15 mm before sensor position,
b; 10 mm before sensor position, ¢; 5 mm before sensor position, d: At sensor position, and e; 5 mm after sensor position, and f; 10 mm after sensor
position).

Figure 8 Sections, transverse to the axis of flow, of the flows taken along the barrel at 140 rpm screw rotating speed (a; 15 mm before sensor position,
b; 10 mm before sensor position, ¢; 5 mm before sensor position, d: At sensor position, and e; 5 mm after sensor position, and f; 10 mm after sensor
position).
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increased shear heating as mentioned earlier)_ AS a COMABLE | Values for the calculations of theoretical maximum temper-

sequence, the temperature distributions at higher screjre rise of PP melt

speeds became more uniform. Parameter
3. Maximum melt temperature rise: Another aspect

Value

Source

to consider was that the melt temperature rise, as coni- Specific heaC, (3g~*-°C™)

pared to the initial melt temperature (2@, duringthe ~ 2-Meltdensityp (10°gm™3) =~ 085  Reference [20]
flows for each screw rotating speed. It was found that" xoygnoeir'fnflowrate’q’ (2077 ms7) a1 Meﬁlsig"vevgr';'
the maximum temperature rise varied with screw rotat-  _ 4 ,gm 53
ing speed. The greater the screw speed the higher then =60 rpm 7.4
maximum temperature rise, this being in good agree- N=80rpm 9.6
ment with the results reported by Sbarski [11]. This N=100 rpm 12.3
may involve the two following reasons. Firstly, increas- , Q': 140 rpm 14.9 .
. : ) . Torque I (N-m) Measured in
ing the screw speed led to higher shear heating and thusy ¢ rpm 12 this work
increased melt temperature rise [5]. Secondly, consid- N =40 rpm 12
ering the flow patterns for both low and high screw N=60rpm 12
speeds, it was thought that the total flow length of the N=280rpm 15
circumferential flow in the case of higher screw speed sf 128 s 12
was greater than that of the circumferential flow with 5 pressure gromp (1P N-m-2) Measured in
lower screw speed due to the larger radius of flow cir- N=20rpm 1.8 this work
culation, higher melt temperature rise being given for N=40rpm 2.7
high screw rotating speed. N =60 rpm 38

N =80 rpm 3.9

N =100 rpm 4.5

It should be noted that after the sensor position the N =140 rpm 5.0

2.80

Reference [19]

polymer flowed along its flow paths without any cir-
cumferential and circulating (central) flows, the flow

patterns being similar to those reported in previousrABLE 11 Comparison of experimental and theoretical maximum

work [17]. temperature rise of PP melt
Maximum temperature rise
) ) . _ (ATmax), (°C)
3.2. Comparison with theoretical Screw rotating
temperature rise speed (rpm) Experimental Theoretical
It was essential that the experimental results of melt,, 135 33.9
temperature rise should be considered by comparingso 14.8 39.7
with those obtained theoretically. The expected tem- 60 15.5 42.6
perature change of flowing polymer melt is determined 80 17.6 54.2
by the sum of heat gain or loss by conduction and th 28 ig'g gi'g

rate of viscous dissipation within the polymer fluid [18].

In the case of a twin screw extruder, the maximum tem-

perature rise A Tmax) due to conversion of mechanical

energy into heat during the flow can be quantitativelymay result from the following reasons. Firstly, the er-

estimated using the following equation [18].

1 2zN.I' AP
ATmax: C—P[Qh+ —i|

600Q  p

whereC, is the specific heaQy is the total rate of heat
added to the extrudep, is the melt densityQ is the
volumetric flow rateN is the screw rotating speef,
is the torque, ana\ P is the pressure drop at the die.
In this work, it was assumed that no he@lx(=0)

rors may arise due to flow components, in which the
equation used did not take account of. From the results
shown earlier, many flow components such as circum-
ferential and central flows were found. Secondly, some
parameters used in the calculatioi®, @nd p) were
given by independent methods from literature [19, 20],
the conditions under which the polymer melt was being
tested may be different. This would result in an error
in the calculations. Finally, the errors may arise due to
someassumptionsnade in the derivation of the above

added into the system (extruder) during the measureequation such as steady state and incompressible fluid
ments. All the parameters used in the above equatiohL8]. The equation used was derived under a steady state
were obtained simultaneously during the temperatur®f & incompressible fluid, whereas these were unlikely
measurements, except for the melt density and specifi® obtain in polymeric systems [4, 8, 21].

heat values which were obtained by literature [19, 20],

the values being listed in Table I. Table Il shows a com-

parison of experimental and theoretical temperaturerisé. Conclusion

of PP melt at various screw rotating speeds. It was foundwo-dimensional temperature profiles of flowing
that the values of melt temperature rise in both casepolypropylene meltwere determined with respectto the
were considerably different, the theoretical temperaeffect of screw rotating speed, in the barrel of a counter-
ture values being much greater than the experimentabtating twin screw extruder, the temperature results
values. The differences in the temperature rise valuebeing explained in connection with the flow patterns
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occurring. The melt temperature profiles and flow pat- 6. H. YOKOI,Y. MURATA,Y. UEDA andH. SAKAI, in Pro-
terns were found to be closely related. The greater the ceedings of The Polymer Processing Society 9th Annual Meeting

screw rotating speed the higher the melt temperature_ (PPS-9). Manchester, April 1993, p. 404.
. At IOW screw rotatln s eed melt tem erature at7 I. BRUKER,C. MIAW,A. HASSONandG. BALCH, SPE
rise. g speed, p ANTEC32 (1986) 975.

the centre appeared to be relatively high, and the meltg y. somsaTsomPoPanda. k. woOD, ibid. 44(1998) 482.
temperature across the flow channel became more unis. N. SOMBATSOMPOP and W. CHAIWATTANPIPAT,
form as the screw speed was increased. The changes Polym. Test19(2000) 713.

in melt temperature profiles were associated with sheay®- ¢- MAIER, Polym. Eng. Sci36 (1996) 1502.

. . 11.1. SBARSKI, E. KOSIOR andS. N. BHATTACHARYA,
heating and heat conduction effects, and the total flow™ .-~ Polym. Proc12 (1997) 341.

length of the meltin the system. The experimental tem-» 1. NiETSCH, P. CASSAGNAU andA. MICHEL, ibid. 12
perature results were found to be different from those (1997) 307.
obtained in theory. 13. A. K. WOOD, Y. H. JUDEHandM. Z. YUE, Patent Appli-
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