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Abstract

This paper describes a system for the measurement of the internal and external temperature profiles of
PET preforms used in the Injection Stretch Blow Moulding (ISBM) process. Many works in literature
highlighted the importance of these quantities to improve the production quality of PET bottles, but
none addressed the development of a measuring system suitable for this scope. A measuring system
based on two thermopiles for the identification of the internal temperature profile and a thermal camera
for the measurement of the external one has been designed. The adopted sensors were individually
calibrated and the uncertainty budget, accounting for both instrumental uncertainties and the effect of
multiple reflections, was derived. A prototype of the measuring system was tested on an industrial ISBM
machine. The dependence of the preforms temperature profile on the settings of the ISBM machine was
investigated. Results evidenced that the minimum variations of the machine settings induced
temperature differences significantly larger than the measurement uncertainty, thus proving the

effectiveness of the proposed system.

1 Introduction

In recent years, the need of lowering the costs and the environmental impact of plastic bottles production
has brought to a continuous reduction of the quantity of material used to produce each specimen. This
process is not straightforward, as the reduction of the bottles’ thickness increases the risk of production

wastes.

The most employed technology to produce polyethylene terephthalate (PET) bottles (1) is based on two

stages. In the first one, a thick compact polymer preform is produced through a classical injection
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moulding process. In the second stage, called injection stretch blow moulding (ISBM), the preform
follows a complex process. At first it is sent into an infrared (IR) oven where it is heated above the glass
transition temperature of PET. The heated preform is then transferred into a mould, where it is stretched
by a rod and blown with compressed air until it assumes the bottle shape. The quality of the product
(absence of shape defects and top-load strength properties) requires a proper distribution of the material

of the preform over the whole surface of the mould.

The dynamics of the stretch-blow phase is strongly affected by the visco-plastic properties of PET,
which are in turn dependent on the temperature (2). Experiments and numerical simulations have shown
that the optimal performance of the stretch-blow phase is achieved when the temperature of the preform
is neither homogeneous nor monotonic (3) (4) (5). The optimal temperature distribution is achieved by
controlling the amount of energy irradiated by different layers of IR lamps constituting the oven, and by
tuning the time delay between the exit from the oven and the stretch moulding phase. The heating
process of the preform is influenced by too many variables to allow for the usage of fixed power ovens
(5). Moreover, factors such as the environmental temperature or the preform thermo-optical and
geometrical properties or the production rate may change, and the ISBM machine must be able
compensate their effects. Consequently, the setting of the process parameters (as for instance the lamps
power distribution ) requires tuning whenever the type of product changes and sometimes also during
the ordinary operation of an ISBM machine. Nowadays, experienced technicians , with a try and error
process, find the acceptable operating conditions. A more effective approach would implement an
automatic feedback control system allowing to obtain the desired temperature profile on the preform by
regulating power of the oven lamps. This system would minimize the wastes, the machine downtime,
and would allow for additional material saving on the single bottle by operating the ISBM process
always with the optimal temperature profile. The first step to implement the process automation is the
development of a system preforming the temperature profile measurement providing the feedback signal
required for a closed loop control system. This system should be included in the production line and
should allow detecting the temperature on both the internal and external surfaces of the preform. The
last requirement depends on the low thermal conductivity of PET (6) and on the heating process which

allows for non-negligible thermal gradients across the preform thickness.

This work presents the design and validation of a measurement system matching the above requirements
for the ISBM machine temperature profile automatic control. The proposed system is based on infrared
(IR) detectors, extensively used in industrial applications (7) (8) (9) and also . The working temperature
range in ISBM is between 75°C and 130°C, which are respectively the glass transition and crystallization
temperatures limits (10). PET behaves like an opaque body in the wavelength range between 6 and 14
um (6) (11), and consequently IR sensors working in this spectral range allow measuring the surface
temperature. The simultaneous use of two sensors allows evaluating the global difference across the
thickness of the preform: IR cameras were used in previous works to detect the temperature of the

external surface of the preform (6) (11). Nevertheless, the measurement uncertainty has never been



addressed despite it is crucial for the feasibility of a control loop, it will be therefore a significant part
of this work. Moreover, previous works dealt only with the external preform temperature measurement
and were mainly focused on the evaluation of the effect of the temperature on the stretch-blow phase

(12) (13) and the validation of numerical models (5) (11) (14) .

2 Measuring Instruments and method

2.1 Instruments

The non-contact temperature measurements were performed using an infrared camera NEC
TH7102WX (spectral range 8-14 pm) and the thermopiles General Electric ZTP-115 (spectral range
6-14 pm). The thermopiles were selected because of their small size in addition to their metrological
characteristics, fully matching the requirements of our application. The thermal camera type (i.e. micro-
bolometric detector 320x240 pixels (14)) is nowadays the workhorse in IR mapping, besides the specific
instrument was used in previous measurements on plastic materials (15) and fully characterized also
from a dynamic point of view (16).

In our setup, the IR camera is used to map the temperature of the external surface of the preform and
two thermopiles are mounted on a support (Figure 1.a) which slides inside the preform. The motion is
provided by a linear motor controlled by an Arduino DC motor driver board (17). One of the thermopiles
is scanning the lateral surface of the preform, while the other one is axially mounted and allows probing
the preform bottom. Figure 7.b shows the entire setup; the thermal camera was located in the position

from which this picture was taken.

Figure 1. Setup design: a) thermopiles support. b) Overall setup.

The prototype measures the temperature of a preform taken out from the ISBM machine, but the system
has been conceived to be eventually mounted directly on line. The PET preform selected as reference

for the system validation is the one for the transparent (pigment free) 0.5 litre bottle. Its geometrical



features are presented in Figure 2. Since the emissivity of PET is influenced by various factors such as
the degree of crystallinity (18), (10) the production procedure and the geometry of the preform, the
actual material composition, therefore it is important to measure its emissivity. The emissivity of
preforms of various shapes and colours have been preliminarily measured, in order to assess the

possibility of using a fixed value of emissivity for each lot or even for any PET preform.
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Figure 2. Preform geometry

2.2 Preform emissivity characterization

The IR camera was used to measure the preforms emissivity. The actual preform temperature was

measured by a Platinum resistance thermometer, as shown in the scheme of Figure 3.
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Figure 3. Setup for the estimation of the emissivity of PET preform: a) scheme of the experimental

system. b) Picture of the setup.

The output of the infrared camera (T,,,;), corresponds to that of a Black Body (BB) having the same

radiosity of the source. Starting from Stephan-Boltzmann equation (20), the relationship that correlates



the incoming radiance (wy.;) with the indicated temperature (7o.,) and the temperature of the object (7,)
is:

Whet = O_Tc;}ut = 050T04 +o(1- SO)TI? (1

Where ¢,, T, are respectively the emissivity and temperature of the investigated object. p =1 — ¢, is
the reflectivity of the observed body assuming that its transmissivity is negligible (11); T}, is the
background temperature and o is the Stephan-Boltzmann constant. Despite the adopted instruments are
working in the 8 +14 pm or 6 +14 um bands, the Stefan-Boltzmann equation can still be used because
the fraction of power in these bands is constant (within a 1% error) for emitters in the temperature range
from 20 to 100 °C. This means that the band limitation can be included in the window transmittance,
that can still be considered constant with respect to the source temperature; besides, this assumption has
been verified experimentally with the thermopiles calibration as will be seen in the following Eq. 1 can
therefore be rearranged to compute the object emissivity:

O e @)
o = it

In our tests, the preforms were heated to about 70°C, T, and T}, were measured with Pt100 RTDs

mounted respectively on the preform and the panels surrounding the specimen (see Figure 3). The
emissivity of the external surface was measured on four samples of each preform lot to assess the

property spread.

2.3 Thermopile calibration.

In the thermopile, the sensing element is the hot junction of a series of thermocouples, whose cold
junction temperature is that of the detector case. The latter is typically measured by an internal
thermistor. In steady conditions, the incoming power, W, is directly proportional to the temperature
difference between the thermopile junctions, that in turns is directly proportional to the output voltage
V' (21). Eventually one can write:

V =8 Whee = SoAsFT, (eoT + (1 — e,) Ty — Ts) (3)

T; is the sensor temperature, S is the sensor sensitivity and A, is the sensor area. F is the view factor
between the sensing area and the source, 1. the sensor window transmittance and &, the source emissivity
(unitary when calibrating with a black body), T» the background temperature 7, the source temperature.
Eq. 3 can be re-arranged to highlight a global calibration constant, connecting the output voltage with
the difference of the fourth power of temperatures during calibration with a black body source.

In our tests, the temperature of the blackbody was measured with a Pt100 RTD and the thermopile output
voltage was recorded. The calibration constant was evaluated through a least square linear fitting (22)
of the input-output data. The calibration constant C was made non-dimensional (Eq. 4) by including the

known sensors parameters i.e. the nominal sensitivity S and the area A,. Equation (3) becomes:



AV = C SA,o (T —TH) 4

Since the measurement of the preform surface temperature requires a relative motion between the
thermopile and the preform, the sensor dynamic behaviour was relevant too. The dynamic calibration
was performed using the step input response: a shutter was interposed between a source at fixed
temperature and the detector. Since the thermopile behaves like a first order instrument (20), the step

input response was used to determine its time constant. According to the model the expected response

to the step input is in the form: V)=V, —(V, - Vl)e_t/f (5)

2.4 Uncertainty

The instrumental uncertainty of the infrared camera was evaluated in a previous work through
repeatability tests (16). The repeatability was evaluated from the analysis of 300 frames of a black body.
The determined standard deviation on each pixel of the frame, u(T,,,;) follows a saddle distribution
(minimax) over each frame and is 0.2°C for the pixels near the edges of the array. The bias error was
negligible in the range 0-100 °C in comparison to the repeatability. The uncertainty of temperature
measurements nevertheless, has to account also for the uncertainty of the object’s emissivity. Using the

ISO-GUM (23) approach, the uncertainty of the object temperature u(T,) is given by:

oT, * (o, * (o, ’
u(T,) = Ttu(’rout) + Eu(so) + Eu(’rb)

(6)

u(e,) is the uncertainty of the preform emissivity. The same procedure was applied also to the

thermopiles measurements; Eq. 3 can be written as:

41 74 4 4
T, = S—[ 4T —(1—so)Tb]
0]

(7

CASc

The uncertainty of the object temperature associated with the thermopiles u(T, ,) can be evaluated as:

oT, ° (o, * (o, * (o, * (o, ’
u(Typ) = a—gou(eo) + Wu(V) + %u(C) + ﬁu(Ts) + ﬁu(Tb)

The uncertainty on the calibration constant u(C) was estimated from the LS linear fitting. The standard

deviation of measurements performed in repeatability condition was used to quantify the uncertainty of
the output voltage u (1), being this quantity larger than the uncertainty of the acquisition board (declared

by the manufacturer).



Finally, the temperature of the sensor Ty was measured with the thermistor of the thermopile. In this
case, the measurement uncertainty u(T) included the contribution of the reading circuit.

Concerning the background temperature, the situation is quite different for the camera and thermopile
measurements. The camera measures the outer temperature in an environment mostly at ambient
temperature; the sensitivity coefficient to background temperature in Eq. (8) contains the (1-&,) T; term,
that is small in comparison with the others because of the high emissivity, close to 0.9 and of a 7 much
lower than T,.. The thermopile conversely, measures the inner temperature and the background is
mostly due to the neighbouring surfaces of the preform; moreover, the background temperature changes
with the measurement point (given that the sensor slides inside the preform, whose temperature profile
is not constant). T, is actually a compact way of writing the average contribution of the various parts of

the background, and in general it can be written as:

©)

Where N is the number of isothermal portion of the background, R;; is the radiative exchange factor of
the detector (REF) with the j-th portion of the background whose temperature is 7;. In our case, two
main background components at a temperature significantly different than the preform ones, have been
identified, i.e. the ambient and the detector. The latter becomes significant with the small enclosure area
generated inside the preform, so because of the reflections the detector has a REF with itself, this is the
so-called narcissus effect. The sensors holding structure was eventually fully coated with a vacuum
deposited aluminium tape having emissivity lower than 5% at the purpose of making its temperature
non-significant. The REFs values have been computed using a Monte Carlo raytracing program,
modelling the preform and thermopiles holder geometry and considering the position of the latter on a
grid of 10 mm depths, to inspect different conditions during the temperature profile measurement.
Figure 4 shows how the narcissus and the ambient contribute to the background at various distances of
the sensor axis from the preform border at a distance equal to zero (when the detector is just entering in
the preform) about 50% of the REF is with the environment, so the temperature measurement is not

significant.
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Figure 4 Radiative Exchange Factors (REF) of backgrounds components for thermopile measuring
the lateral temperature profile at various distances from the preform border
At distances between 10 mm (i.e. where the measurements have been actually used) and 30 mm the
effect is decreasing from 2.5 % to 0.1%. The contribution due to the reflections from other parts of the
cavity is almost constant close to 10% . T} uncertainty has been therefore evaluated considering equation
(9), as combined uncertainty deriving from the REF variability at the various measuring positions and

the temperatures uncertainties.

3 Measurements on the ISBM machine

The system described in the previous section was tested on an industrial ISBM machine manufactured
by SMlIgroup (24). The temperature profile of preforms leaving the infrared oven was measured with
different machine configurations. The investigated parameters were selected among those that influence
the heating process and can be controlled by the operator; these parameters were the intensity of the IR
lamps and the production rate that determines the speed within the oven.

Both parameters were initially set to the average values for standard production condition and were
afterwards modified by applying the minimal change that, according to the operator’s experience, should
induce a detectable effect on the bottles’ quality. Table 1 shows the list of conditions characterizing the
various tests. The lamps intensity was reduced by 5% with respect to the nominal value, referred to as
“standard”; the decrease of the same amount was applied to the different layers of the IR lamps of the
oven (see Figure 5.b). The line speed was reduced by 10% with respect to the standard condition to
simulate a small change of the production rate. As can be seen in Table 1, the power of IR lamps of
layer A was always kept at the standard value (i.e. maximum) as, according to the operator experience,

the region near the ring was already close to the minimum in the test conditions.

Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 Condition 6




Power of Standard Standard Standard Standard Standard Standard
lamps
layer A
Power of Standard -5% Standard Standard -5% Standard

lamps
layers B

and C
Power of Standard Standard -5% Standard Standard -5%

lamps
layers D

and E
Production | Standard Standard Standard -10% -10% -10%

velocity

Table 1. List of tests performed on the ISBM machine. To relate the lamp layers name with their

positions in the oven, see Figure 5.b.

Figure 5. a) Heating module of the ISBM machine employed in this work. b) Disposition of the

infrared oven lamp layers.

The test methodology was chosen in order to replicate the usual procedure of machine parameters
tuning. After the selection of the parameters, the machine was run for five minutes without loading
preforms to let the system stabilize. Three repetitions were performed in each configuration; the machine
was turned off for about 10 minutes between the repetitions. The infrared camera was set to record five
frames per second; its spatial resolution was about 0.6 mm per pixel. The time evolution of the
temperature obtained from the camera was analysed to determine the cooling rate of the preform.

The temperatures measured by the thermal camera were statistically analysed on the region shown in
Figure 6; the area was 76 x 5 pixels in size. The maximum variation observed within the same row was

0.25°C. The temperature profile along the vertical line is similar to the one obtained by the thermopile.



Figure 6. Example of image taken from the IR camera: on the left the investigated region is shown.

On the right the same region is presented on sketch of the preform.

4 Measurements results

4.1 Preforms emissivity

The measured emissivity of the external surface of the reference preform samples are shown in Table 2,

together with the standard uncertainty.

External Surface
Preform | Emissivity | Standard
number Uncertainty
1 0.872 0.008
2 0.861 0.008
3 0.870 0.008
4 0.889 0.008

Table 2. Emissivity of the external surfaces of the tested preforms and related measurement

uncertainty.

The average emissivity of the external surface is 0.873 with a standard deviation of 0.012. This value is
larger than the measurement repeatability (0.008), so differences between the emissivity of preforms

belonging to the same lot is inferred.



Four different types of preforms, with different colours, underwent this procedure; for each colour, four
samples were analysed. The overall average emissivity of the external surface is 0.878, very close to the
value identified for the transparent type. The overall measurements standard deviation is 0.031, more

than twice the one observed on the single lot, evidencing differences between the different types.
4.2 Thermopiles characterization

The results of the static and dynamic calibration of the thermopiles are shown in Figure 7 a and b, which
correspond to the models of Eq. 3 and 5. The good agreement (linearity SD below 1% of full scale) in
both cases confirms that these models are representative of the actual behaviour of the thermopiles. The

calibration process led to the calibration constant € = 0.4977 + 0.0007 and time constant 7.8 = 0.2 ms.
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Figure 7. Calibration of the thermopile: upper plot: comparison of the LS fitting curve (Eq. 4) and the
experimental data. Lower plot: estimation of the time constant (comparison between the LS linear

fitting curve of the first order model and the experimental data).



4.3 Uncertainty budget

Figure 8 shows the dependence of the temperature measurement uncertainty on the temperature itself,
for both the IR camera (Eq. 6) and the thermopiles (Eq. 8). The uncertainties of the parameters used for

the computations are summarized in Table 3.

= = =|nternal Measurement

External Measurement

2.5

Ucertainty [°C]
ey

20 30 40 50 60 70 80 90 100 110
Source temeperature [°C]

Figure 8. IR camera and thermopile expanded uncertainty LC 95%, as function of the investigated
object temperature (Eq. 6 and Eq. 8).

Quantity Standard Evaluation method
Uncertainty
u(ey) 0.012 [-] Sample standard
deviation.
u(AV) 0.029 mV Noise standard
deviation.
u(C) 0.0007 [-] Standard deviation

of the parameter,

from LS estimation

u(Ty) 0.4°C (maximum ISO GUM
value in the Type B evaluation
range 20-40°C)
u(Ty) 1 °C (for eq.6) Background temp.
2.6 °C (for eq.8) standard deviation
u(Tow) 0.2°C Standard deviation

from Thermal

Imager calibration.




Table 3. Uncertainties used in Eq. (6) and (8) to evaluate the uncertainty related to the object

temperature.

For the external temperature measurement, the main source of uncertainty is the emissivity therefore the
uncertainty is almost proportional to the temperature as it would be if the emissivity would be the only
uncertainty source. For the internal temperature measurement, the voltage uncertainty of thermopiles is
prevailing at low temperatures, but the effect decreases as the temperature of the source increases: as a
result, the total uncertainty decreases at higher temperatures. The uncertainties of the two measurements
are comparable in the temperature range of interest, but the external measurement is dominated by the
emissivity contribution while in the internal one it is reduced because of the cavity effect.

The breakdown of the uncertainty budget allows understanding whether it is necessary to identify the
emissivity of each preform before the non-contact measurement or not. At 100°C the uncertainty using
the average emissivity of the preform type is about 2 °C; in the ideal case of the perfect knowledge of
the preform emissivity (u(gy) = 0), this value would decrease to 0.56°C. With the use of an average
emissivity for all the type of preforms, the uncertainty at 100°C would be 2.6°C for the thermopiles and
4.8°C for the camera. Using an average emissivity value would lead to a bias error on the temperature
measurements while the system is processing the same lot of material. The control system using this
measurement to tune the lamps power in order to maintain the reference temperature profile would

generate an equivalent bias error of a few degrees; this is considered still acceptable for a correct process.
4.4 Preform temperature distribution

Figure 9 shows the measured temperatures of the external surface of the preform for conditions 1, 2, 3
and 4. The plot shows the temperature profiles (average of the three tests repetitions) in order to highlight
the effects of the machine parameters. The data dispersion between the tests repetitions is highlighted
by the dashed lines. The temperature repeatability in nominally identical tests does not allow recognizing
the effect of the change in the power of the layer D-E of the IR lamps. Conversely, the change in the

power of layers B-C is well evidenced.
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Figure 9. Temperature profiles for conditions 1, 2, 3 and 4, dotted lines evidence the repeatability

standard deviation.

Figure 10 compares the average of internal and external temperature profiles. As the setup was designed
to investigate the zone near the neck of the preform, which is the region where the differences between

the external and internal temperatures are higher, only the 10 mm closest to the ring are reported.
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Figure 10. Comparison of the averaged temperatures profile of the inner and outer surfaces for

conditions 1, 2, 3 and 4, solid lines represent the external profiles, dotted lines the internal.

Figure 11 shows the evolution of the temperatures with time for the heating condition 1. The temperature
was measured at four positions at increasing distance from the preform ring, highlighted in the scheme
in figure 10. This allows evidencing the variation of the preforms thermal profile and determining the

temperature drop from the IR oven exit to the measurement start.
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Figure 11. Temperature time evolution for four points of the preform: a) Position of the considered

points. b) Temperature history of the four points.



5 Discussion

The effectiveness of the proposed measurement system was evaluated by assessing the setup capability
to detect the effect of minimal variations of machine settings. The discrimination threshold required to
the system has been identified at first, then, the metrological performances of the measurement system

have been compared with it.

5.1 ISBM Heating Process

The measurements presented in the previous section show that the temperature profiles are very similar
to those considered ideal at the purpose of achieving a correct material distribution during the ISBM
(3). The region close to the preform ring (neck region) is well below the glass transition temperature
(75°C); then the temperature rapidly increases reaching temperatures between 115°C and 120°C at a
distance of 10 mm below the neck. Ideally, the PET below the ring should behave like a viscous material
and should exhibit low resistance to deformation: the zone above the neck should not be deformed at all
to keep the correct shape of the bottle cap. PET property changes along the preform length are obtained
through a temperature gradient in this region. Starting from the hottest part, after a short plateau of about
10 mm, the temperature slowly decreases and in the last 30 mm the temperature is approximately 10°C

lower than the maximum value.

In our tests, the parameter mostly affecting the temperature is the reduction of the production rate. The
decrease of production rate by 10% (i.e. a longer staying inside the IR oven) increased the temperature
profile of about 9°C along all the preform. The reduction of the lamps intensities induces a minimal
temperature reduction with respect to the standard condition. In particular, conditions 1 and 3 are very
close, with a difference of about 1°C in the zone between 20 and 40 mm. In configuration 2, this
deviation increases to 2-3°C, in agreement with the lamps arrangement. The results for conditions 5 and
6 (not reported in this work) are very close to condition 4, confirming the predominant effect of the
production rate. The temperatures measured in our tests sometimes rose above 125°C; of these preforms

exhibited crystallization after some minutes of cooling in air.

The temperature differences of the internal surface measured in different machine configurations are
coherent with those observed on the external surface. The effect of the decreased production rate was
smaller than that noticed on the external surface, given that the maximum temperature difference
decreased from 10 °C of condition 1 to 6°C in condition 4. The comparison of temperatures on the
internal and external surfaces of the preform shows that the inner temperature is always higher than the
outer one in the region close to the ring of the preform, while after 6 mm the temperature gradient is

reversed.

The proposed measurement system allowed detecting the cooling rate of the heated preforms; the

cooling rate of four different areas is approximately the same. Consequently, the preform temperature



distribution does not become uniform during the travel between the oven and the moulding module. In
all the tests, the estimated preform cooling rate in still air is close to 0.4 °C/s. The repeatability of the
procedure was assessed by the sample standard deviation for the first four conditions; results are

summarized in Table 4.

Maximum Average
Condition Standard Standard
deviation [°C] deviation [°C]
1 0.9 0.4
2 2.2 1.9
3 0.8 0.6
4 2.5 2.2

Table 4. Sample standard deviation for the first 4 tested conditions of table 1. The reported values are

related to the maximum and spatial average in the range between 20 and 40 mm.

The manual extraction procedure took a variable time estimated between 2 and 4 seconds, which could
induce a temperature change between 1 and 2 °C. Consequently, the standard deviation related to
conditions 2 and 4 reasonably depends on this cause of uncertainty. Moreover, as the employed machine
setting identification number follows the run time order, the results suggest that there is no time

dependence of the measurements standard deviation.
5.2 Measurement System

The uncertainty budget shows that the proposed system is not suitable to detect temperature differences
smaller than 1°C. This implies that the machine settings 1 and 3 cannot be clearly discriminated, given
that the temperature differences are comparable with the measurement uncertainty. The difference
between settings 1 and 3 was a 5% reduction of the power of lamps D and E. As the position of these
lamps (Figure 5) is below the preform, only a small fraction of their radiation is absorbed by the PET.
The modification of the lamp power therefore entails a limited effect on the preform temperature. This
effect is strictly related to the preform adopted, as longer preforms would be facing also the lamps of
layers D and E. All the other machine configurations led to temperature differences larger than the

measurement uncertainty.

As previously evidenced, the main contribution to the measurement uncertainty derives from uncertainty
of the preform emissivity. Consequently, to obtain more accurate temperature measurements it is
mandatory characterizing each lot of preforms. The maximum emissivity variation observed in a single
lot was 0.04; this value suggests that the power of the lamps should be tuned observing at least 3 — 4
samples to obtain an uncertainty lower than 1°C; in this way, it would be possible to clearly distinguish

the effects of 5% variation of the lamps power.



Since the measured cooling rate is limited (less than 0.5 °C/s), the use of a moving thermopile can be a
good alternative to the IR camera to measure also the temperature distribution of the external surface.
In our tests, performed with a non-optimized linear motor, the time duration of a measurement (descent
— ascent) was less than 2 s. The cooling during the measurement was therefore comparable to the
measurement uncertainty, and the average between descent and ascent (with the same duration) allows
a self-compensation of the combined effect of cooling and sensor motion. In any case, the measurement
time can be reduced by increasing the speed of the motor or by using an array of detectors; given their

time constant, the adoption of fast motors would not lead to noticeable dynamic errors.

6 Conclusions

In this work, we have described a method for the measurement of the internal and external temperature
of preforms for ISBM. The method is based on infrared detectors and can be easily implemented on-
board ISBM machines during the production phase. The system validation performed on an industrial
ISBM machine indicates that the system allows detecting the changes of the temperature profile
corresponding to the least significant change in the machine settings. The uncertainty budget proved
that the proposed approach allows distinguishing temperature differences of a few degrees (standard
uncertainty 1.4°C if the emissivity of the preform lot is measured). This value is satisfying, given that
the finer machine tuning performed by the operator usually leads to temperature variations of 2 — 3 °C.
The use of a unique emissivity value for all preforms would lead to a standard uncertainty of 4 °C: since
the use of a wrong emissivity would lead to a systematic error on the temperatures of the same lot, it
would be possible to use the proposed system for temperature control within the same lot. The low
cooling rate allowed for the use of a moving sensor with a scan time of about 1 s without significantly

increasing the measurement uncertainty.
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