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Abstract: Initial heating conditions and temperature effdbisat transfer with air and mould, self-
heating, conduction) have important influence dyrthe ISBM process of PET preforms. The
numerical simulation of infrared (IR) heating tadimto account the air convection around a PET
preform is very time-consuming even for 2D modejlithis work proposes a simplified approach
of the coupled heat transfers (conduction, congacsind radiation) in the ISBM process based on
the results of a complete IR heating simulationP&T sheet using ANSYS/Fluent. First, the
simplified approach is validated by comparing tkpeximental temperature distribution of a PET
sheet obtained from an IR camera with the numeresllts of the simplified simulation. Second,
we focus on the more complex problem of the rotp®ET preform heated by IR lamps. This
problem cannot be modeled in 2D and the complet@@®@oach is out of calculation possibilities
actually. In our approach, the IR heating flux coghirom IR lamps is calculated using radiative
laws adapted to the test geometry. Finally, thepkirad approach used on the 2D plane sheet case
to model the air convection is applied to the heamnsfer between the cylindrical preform and
ambient air using a simple model in Comsol wherly ¢time preform is meshed. In this case, the
effect of the rotation of the preform is taken imtocount in the radiation flux by a periodic time
function. The convection effect is modeled throtigh thermal boundary conditions at the preform
surface using the heat transfer coefficients exgoitom the simulations of the IR heating of a PET
sheet with ANSYS/Fluent. The temperature distridmuton the outer surface of the preform is
compared to the thermal imaging for validation.

I ntroduction

The effects of temperature and the initial heatogditions have a fundamental importance
during the ISBM process of PET preforms. The meahrproperties of PET are related to the
microstructural morphology of the material and s¢ly depend on the process temperature as well
as on the strain rates. There is a great indudtifatest to be able to predict the temperature
distribution at the beginning and during the ISBkdgess: it is a scientific problem that has been
addressed by numerous authors during the 15 lass.y®lany experimental researches [1-3] and
numerical ones [4-6], especially during the lastadke, have been carried out to develop
competitive processes and to optimize the IR ramtiatep. Regarding the numerical approach, the
works focus on the IR heating modelling and do cwisiderer the natural convection of air in the
boundary conditions. Regarding the experimentalr@gpgh, the researches have no means to
accurately measure the internal surface temperatioeever, the provided data of the external
surface temperature are very helpful to validagesimulation of the IR heating.

Our previous papers [7,8] were a first contributtonthe thermal aspects of the ISBM process, in
which the procedure for the identification of thertmal properties is managed on PET sheets from
infrared (IR) heating tests. The identified parametwere compared to classical values of the
literature and the identification of the heat cortduty k, appeared to be too small (0.1 VS 0.25



W/m.K). The first section of this work aims at improvitige experimental procedure to correct the
conductivity value.

Using only radiative flux and constant convectiaefficients as boundary conditions of the IR
heating of a rotating preform, it is also showr8hthat the simulation fails to represent accuyate
the temperature distribution on the height of thefgrm since the natural convection of air is not
taken into account. Thus in the second sectiomisfwork, we study the natural convection using
the numerical simulation software Ansys/Fluent. Pitenumerical simulation of the coupled heat
transfers (conduction, convection and radiatiom)tfe PET sheet is managed. The simulation is
very time-consuming even for 2D modelling.

A simplified model of the convective and radiatheat transfers is therefore proposed and solved
into Comsol to facilitate the simulation. A non stant convective heat transfer coefficient is
exported from the Ansys/Fluent simulation and therset as the boundary conditions in the 3D
calculation with Comsol. Furthermore, the modelliofythe IR heating is obtained by simply
introducing an appropriate heat source term indoRET sheet. Thanks to this simplified model for
convection and radiation, the 3D numerical simaolatof the heat equation is very little time
consuming into Comsol. The surface temperatureiloligion of the PET sheets by the thermal
imaging is compared to the numerical results. Bhswn that the simplified numerical approach
upgrades the accuracy of the simulation of the &atpre distribution on the surface of the PET
sheet.

In the fourth and last section, the IR heating famming from IR lamps is studied for the PET
preform, using radiative laws adapted to the gepnwétthe preform. A numerical simulation of the
preform heating, taking into account the rotatiénhe preform in front of the lamps, is performed
involving the simplified procedure for convectiondaradiation. The temperature distribution is
compared to the thermal imaging for validation.

Identification of the thermal properties of the PET sheets

In a previous paper [7], the authors presenteceXiperimental procedure to identify the thermal
parameters of the PET using an IR heating appacsusloped in MSME laboratory. They found
that the heat conductivitywas small comparing with the reference. In thiskyave use the FLIR
B250 infrared camera with the wavelength range—718 um to evaluate the surface temperature
distribution. The PET sheet (Arnite DO0301 from D$Mustries) with the surface dimensions 125
mmx125 mm and 3 mm thickness is used for the exaeri.

We can fix the thermocouple by a scotch tape orcémter point of the rear face. However, for
the center point of the front face, in order to swra accurately the temperature on this point
without being influenced by the radiation from tlaenps, three different modes of setting the
thermocouples are presented and tested:

- Thermocouple on the front face fixed by a Scotgeta
- Thermocouple on the front face fixed by paste plgsotch tape outside;
- Thermocouple in a hole of 0.5 mm depth from thatfface with paste outside.

At steady state, the difference of temperature oredsby the thermocouples fixed with the
scotch tape and the one fixed by the paste wittcBdape is only °C. These two modes of setting
the thermocouples overestimate the temperatureubedhie thermocouples receive some radiation
from the IR lamps. In order to avoid this problesng proposes to measure the temperature by the
third mode: a hole of 0.5mm depth with the pastésida to fix the thermocouple. With this
fixation, at steady state, the difference of terapge between the rear and front face is ab%Dit 6

The simulation is limited to a 1D model (dependimgthickness) for the identification [7,8]. The
temperatures measured by the thermocouples are tosethnage the identification. The heat
transfer equation in the 1D case with the radiagimerce term can be written in the following way:

o, (1)1 -k 2T = -anfy) ®




where:p is the specific mass, is the specific heat capacityjs the material conductivity anq

is the internal radiative heat flux which is tak&lso as one dimensional and is managed by the
Beer—Lambert law:

-

A, = @€ 2 ()
where: g, is the incident radiatiork, is the spectral absorption coefficient of PET amdpresent

the path between the front PET surface and thewcuposition.
The boundary conditions are given in the followvnay:

kOT.z=h,(T-T,) on the face in front of the lamps; (3a)

~kOT.2=h (T-T,) on the rear face. (3b)
whereh; andh; are the total (convective and radiative emisshagt transfer coefficient on the face
in front of the lamps and the one on the rear fageis the surrounding bulk temperature @R

The specific masg and the heat capacity, are considered together as a one param€ler
which is a function of the temperature. Accordiagtte values referenced in [4], it appears phiat

almost independent of the temperature@®@ihcreases while the temperature increases. We peopo
the following function to represent the evolutidrtite parametesCy:

PCp =A0C, arctar(a(T =T, ))+ Cn 4)
where ApC is a constant related to the amplitudetied increase of theC, value when passing
from the glassy state to the rubber stdjeis the more or less glass transition temperapCg,is a

value corresponding to the glassy state of the nahtnd a isa factor that fits the roughness of the
jump of the curve.

The Monte Carlo method is used to identify the peaters that best fit the experimental results.
The thermal properties are referenced in tablehk fbtal heat transfer coefficiertsand h;, the
absorption coefficienk, and the conductivity parametiehave the same order of magnitude than

the one seen in literature (0.25 VS 0VZ6n.K).

Table 1. The value of thermal properties

Parametef pCp (IINT.K) k(W/m.K) h(W/m*.K) | Kk, (/m)
pCo | Tg | ARC, hy hy
Value 1.6810| 87 | 2.316| 0.1 0.26 10 11 3.f0

Figure 1 shows the experimental temperature ewslubin the surface in front of the lamjps
and the one on the rear fa€e(lines). With the identified parameters, the curebsained have a
good representation of the experimental resultssjdo
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Figure 1. The experimental results (dots) and the numerical results (curves) with optimal thermal
properties.



Complete 2D simulation of IR heating and air convection

The IR heating apparatus was modeled in 2D forsa dinalysis of the air convection effect. The
volume of the apparatus is represented by a reetaag) shown in figure 2a. The small rectangle in
the center of figure 2a represents the PET shebiakness 3 mm. The 8 IR lamps have a diameter
of 4 mm. In order to simplify the study in AnsysiEht, they were considered as straight segments
of 4 mm. It can be shown that the radiative fluthise same from a rectangle or a cylinder since the
dimension of the diameter is small in regard ofdistance from the sheet for example. It is the&cas
here: the distance is 120 mm that is 30 times hitiften the lamp diameter.

On these 8 lines, the IR flux is imposed to 7900rV/The other thermal boundary conditions
are adiabatic and the initial temperature of theisaiequal to 293 K. The calculation takes into
account the radiation by solving the radiative $fanequation and the PET is assumed to be a semi-
transparent medium. The radiative flux is calculaby the method of discrete ordinates which
allows transforming the integro-differential radvat transfer equation into an algebraic system of
equations.

Considering the velocity problem, a no-slip coruditis applied at walls and at the interstices
between the lamps (on the whole left, bottom amdiioundaries). On the open boundary (on the
right), which is the opening that allows us to dal the temperature with the thermal camera, we
impose the static pressure (relative’tg,) Ps = 0. The velocity is equal to zero and the air BET
temperatures are equal to 293 K at the initial derd The continuity equation, the Navier-Stokes
equation and the balance energy equation are sdlvechlculate the velocity, pressure and
temperature fields.

It is necessary to build a hybrid mesh, structethe boundary layers and unstructured in other
volumes to limit the total number of elements. O280,000 cells are generated as following:

- Structured fine mesh where boundary layers develtong the lamps, on the both sides of the
PET sheet and along the top wall;

- Structured mesh between the lamps and the slkeeaiube an upward flow of chimney type
develops;

- Unstructured mesh on the region below and onrigii@ of the sheet, in order to limit the
number of computation points.

The time step is 0.005 s and the total time studsedver 400 s. The calculation is time-
consuming using Fluent even for a 2D calculatiome TPU time (Pentium IV 2.99 GHz) for one
simulation is about two weeks.

Figure 2b shows the results of the flow velocityle end of 410 S he hot lamps and the sheet
also heated by the IR flux generate an increagbeohir temperature near them. The temperature
gradient leads to 3 vertical boundary layers alttreglamps and along both sides of the PET sheet.
The flow due to this local increase of temperafahemney effect) causes a strong suction of the air
flow in the bottom of the apparatus. Consequerdlyold air suction from the outside of the
computational domain is observed nearly alonghaldpen vertical boundary, except on its upper
part where the air heated by the lamps and thedPie&t leaves the apparatus. A part of the entering
cold flow directly goes down and leaves again tppasatus. Another part feeds the chimney
between the sheet and the lamps and the boundgey ¢t the right of the sheet. A large
recirculation zone near the top right of the sheeurrounded by this cold flow and the hot flow
coming from the chimney. One can also see thatdneplex flow between the lamps and the PET
sheet: two air recirculation loops arise, one larggar the lamps, the other thinner near the sheet.

Table 2. The temperature and convection heat transfer oiefis at 410 s on the front surface

Bottom region | Middle region Top region
(y=1mm) (y=625mm) | (y=125mm)
T(°C) 52 82 62
h(W/m?.K) 15 8 5




From the results of Fluent, one can deduce thatietin@erature in the sheet is strongly influenced
by the air convection effect: the temperature m blottom region is lower than elsewhere. Table 2
listed the temperature at 410 s in the bottom, teiddd top of front surface of the PET sheet.

One can then calculate the heat transfer coeftitieat Prandtl numbelP, = 0.71 (air) from the
following correlation valid for natural convecti@long a vertical wall heated at constant heat flux

[9]:
%
h="uK _ 040080k [ﬁg—'g (T-T, )j y 7 (5a)
y va

where N, is the Nusselt numbely the coordinate of the vertical waly the gravitational
acceleration, S the coefficient of thermal expansiaomthe thermal diffusivity and’ the kinematic
Viscosity.

The value ofh listed in table 2 can be represented as a lineactibn ofy for sake of
simplification:

Ah
h=h, Y (5b)
WhereAh/L = 84 W/nt.K andhy= 14 W/nf.K.
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Figure 2. (a) Geometry of the problem; (b) Results of Ansys/Fluent at t=410 s, air flow velocity
vectors colored by the velocity magnitude

3D IR heating simulation with simplified approach for air convection

The complete calculation takes a lot of CPU timd ennot adapted to the simulation of the IR
heating of rotating preform in an industrial cortein this section, we propose to manage a 3D
simulation for the PET sheet using a simplified rapgh for the air convection effect. The
convective heat transfer coefficidmare represented in the equation 5b of the prewalcuilations



is introduced in the boundary conditions of theritied problem for the PET sheet alone to mimic
the air convection effect in the 3D calculation.afks to this simplified model for convection,
using the radiative flux modelled in [7], we impgothe simulation accuracy.

Figure 3 shows the comparison between the temperatiithe rear surface at steady state
measured by the thermal camera and the one cornong the simulation. The mean difference

n=36
(Z‘JA‘I’J/‘I’i j/n does not exceed 5%. This allows us to considdr eanfidence the calculations
i=1

for more complicated geometry, such as the prefostating in front of the lamps during the
heating.
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Figure 3. The surface temperature of the rear surface at steady state: (a) simulation results from
Comsaol; (b) experimental results from the thermal camera.

The 3D IR heating simulation for PET preform

We use the same modelling based on the princippeétral energy relation and the evaluation
of the view (or form) factor in [7] to estimate thbsorbed infrared radiation on PET preform. From
the calculation of the intensity of the incidendiegion on the cylindrical or semi-spherical partge
obtains the incident heat flux on the outer surfatéhe preform (figure 4). One can see that the
intensity of the incident radiation reaching theessurface of the PET perform is not uniform. At
the central zone, the incident heat flux is eqoa2500W/n?. In the semi-spherical part, it drops
quickly with the depth because of the geometrye@iches zero at the deepest point).

The incident heat flux is calculated in Cartesiaordinates X, y, 2 and is transferred in
cylindrical coordinatesr( 4, 2) (figure 4) to impose the interpolated flux in tlsemulation.
According to the distribution and the value of theident heat flux shown in figure 4, one chooses
an exponential function for the interpolation imler to guarantee positive values of the flux for al
points of the preform:

Oy, = aexpbe” +cf+dz° +ez+ f ) (6)
where:a = 2.43 Wn?, b = -0.86, ¢ = -0.0056, d = 6.45m? e= -92.61m™, f = 0.61

From figure 4, we compare the intensity of the decit radiation calculated and the one
interpolated. In the cylindrical part, the maximuiifference between theses two fluxes is less than
0.1%: most differences appear on the semi-spheggabn.
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Figure 4. The intensity of the incident radiation on the outer surface of the perform (Visualized
by Matlab): calculated (above) VSinterpolated (below).

In the following, we focus on the modelling of ttemperature distribution in a preform heated
by IR lamps. The preform rotates at a speed ofi8de / minute in front of the IR lamps, generating
a homogeneous heating on the loop direction opteéorm. In the experimental result, 60 points on
the outer surface of the preform are measured dyhbrmal camera to follow the evolution of the
temperature. Figure 5a shows the outside temperafithe preform at quasi steady state.

To take into account the rotation of the preforime tnterpolated intensity of the incident
radiation of equation 6 is implemented in the siioh by software Comsol with =Qt and Q =8
rounds / minute. The figure 5b shows the tempegabur the outer surface of the preform at quasi
steady state obtained by the numerical solutiore fBmperature obtained is a substantially good
representation of the experimental results measbsedhe camera: in the center region, the
difference is about 3%; in the spherical and neatsp the difference are about 8% and 4%. In the
case of a constant convective heat transfer caaftidh (without taking into account the air
convection), the difference of temperature in thleesical part can reach 40%. Taking into account
the air convection is of great importance.
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Figure5. (a) Experimental results of the distribution of temperature on the outer surface of the
preform at quas steady state from thermal camera; (b) numerical results from Comsol; (c)
evolution of the temperature on the center point of the outer surface

Figure 5c shows the evolution of the temperaturéhercenter point of the outer surface obtained
by simulation from Comsol and the one measurechbycamera. The mean difference between the



two results is about 1%. In the simulation resultigs point rotates in front of the IR lamps andtth
leads to oscillations in the evolution of the temapere. These oscillations can reaeB°C from the
mean temperature evolution. This phenomenon doeappear on the experimental curve because
the thermal camera measures the temperature abtidlge same location in space (i.e. the material
point of the preform is not followed by the camera)

Conclusions

Experiments have been improved (since [7,8]) toattarize the thermal properties of the PET at
a temperature near or slightly above the glasssitian temperaturdy. The improvement of the
experimental procedure validates the identifiedussal in regard of the classical ones in the
literature.

With these identified parameters, a complete nuraksimulation involving the air convection
was performed in Ansys/Fluent software for the cabehe PET sheet. This geometry allows
considering a 2D modelling. Even with this simgi#iion, the complete problem is time
consuming. Therefore, a simplified model with the @nvection effect was produced in the
Comsol software to manage a 3D simulation. The ective heat transfer coefficiehtobtained
from the previous results of Ansys/Fluent was impated in this simulation. There is a good
agreement between the experimental and numerikdl@oresults.

The IR heating flux coming from IR lamps was stadiesing radiative laws adapted to the PET
preform geometry. A 3D numerical simulation withetlinterpolated intensity of the incident
radiation was performed involving the convectiveath&ransfer coefficienh to model the air
convection effect. The conclusion is that tempegatdistribution on the outer surface of the
preform at steady state fits well between the nisakmresults and the experimental results
measured by the camera.

In further works, we intend to implement the tengpere distribution of the preform as an initial
condition to simulate accurately the ISBM process.
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