Sylvia Andrieu 
  
Fabrice Schmidt 
  
Yannick Le Maoult 
  
Experimental and numerical infrared heating of thermoplastic sheet during thermoforming process

Thermoforming includes a heating stage of thermoplastic sheets by infrared lamps. The temperature distribution on the surface and through the thickness of the sheet conditions the distribution thicknesses of the thermoformed part. Our objective is to understand the heat transfers between the infrared heaters and the thermoplastic sheets. For that we developed an infrared heating device which makes it possible to carry out temperature measurements of a sheet during the heating with an infrared oven. An AGEMA 880 LW infrared camera allows measuring the back surface (non-directly exposed to the radiation) temperature distribution of the sheet. An indication of temperature discrepancy through the thickness is given by a RAYTEK Thermalert TX pyrometer. Two infrared ovens (halogen and ceramics lamps) were studied characteristics of infrared ranges (short and long wavelengths respectively) on a polymer representative of the thermoforming market (white PS 3mm-thickness sheets). These experimental measurements allow validating the numerical models. A method of radiative transfer based on ray tracing is used to calculate the irradiance with lamp reflectors. The Rosseland approximation is used to take into account the optical properties of the polymers that were measured using infrared spectrometry. The transient heat balance equation (including 3D radiative diffusion) is solved.

Introduction

Thermoforming is an industrial process that involves a heating step before forming [START_REF] Gruenwald | Thermoforming, a plastics processing guide[END_REF]. During this stage, the thermoplastic sheet is warmed up to forming temperature. The range of forming temperatures varies from polymer to polymer [START_REF] Throne | Technology of thermoforming[END_REF]. Basically, the range is large with amorphous polymers like polystyrene and narrow with crystalline polymers like polypropylene. The thermoforming machines are generally equipped with ceramic heaters that function in the long-wavelength infrared (? max ~ 3 µm). In our study, we use also halogen lamps that are short-wavelength infrared (? max ~ 1.2 µm). The aim of our study is to understand the radiative transfers between infrared heaters and thermoplastic sheets. We want to measure sheet temperature in order to obtain a better temperature distribution over the sheet surface and through the thickness. We want to study thin-gage and heavy-gage thermoplastic sheet. So it is important to obtain an indication of the temperature gradient throughout the sheet. A numerical method of radiative transfer based on ray tracing has been developed to compute the view factors between the oven and a thermoplastic sheet. The Rosseland approximation is used to take into account the optical properties of the polymers which were measured by infrared spectrometry. The transient heat balance equation is solved using PLASTIRAD software based on a control volume method. Comparisons between experimental and numerical results allow validation of numerical model.

In this paper, we will present the experimental infrared heating device, the characterization of the infrared ovens, the thermal and optical characterizations of the polymer, the heating measurements and the results of the numerical simulations.

Experimental infrared heating set-up

The infrared heating set-up (fig. 1) has been developed in order to study the interaction between the infrared radiation and polymers during the heating conditioning step of the thermoforming process. Thermoforming machines do not allow measurement of the sheet temperature during the heating except in specific location using a pyrometer. The infrared device described below makes these measurements possible. In addition, this device could be used as an optimisation tool of temperature distribution: each lamp is power-regulated.

The infrared heating device consists of an aluminium structure (1) that supports an infrared oven (2) power-regulated by an electrical power box [START_REF] Spruiell | [END_REF]. A metallic frame (4) clamps the thermoplastic sheet [START_REF] Cai | phD of Ecole des Mines de Paris[END_REF]. The aluminium structure has been designed in order to change the distance between the sheet and the oven. For the experiment, in this paper, the distance is fixed to 15 cm. A polished aluminium mirror ( 6) is adjusted at 45° under the sheet to measure the sheet temperature on the surface that is not directly exposed to the infrared radiation ("back surface") using an infrared camera (7) (880 LW AGEMA). A pyrometer [START_REF] Lentes | [END_REF] has been placed to measure the local sheet temperature on the "front surface". Local back and front temperature measurements allow to measure temperature gradients through the thermoplastic sheet thickness. 

Characterization of infrared ovens

A halogen oven is constituted of twelve 500W-halogen lamps (13169Z CLEAR Philips 500W-230V). A ceramic oven is constituted of ten 600W-ceramic lamps (Elstein HTS/1 600W-230V). The interval between halogen lamps is 80 mm; it has been optimised using numerical simulations performed with the PLASTIRAD software. As sketched in figure 2, the lamps positions in front of the 350 mm x 350 mm thermoplastic sheet are given. In addition, the location of the oven hole (in order to measure locally the temperature using a pyrometer) is noticed. The oven irradiance cartography has been measured using a XY bench. This experimental set-up permits to measure the irradiance of a heat source using a thermopile MEDTHERM 64 that functions from 0.6 up to 15 µm. The measures are performed at 15 cm of the oven. In the following irradiance cartography (W/m 2 ), 1681 points have been measured in 800 mm x 800 mm surface around the oven. The values of irradiances are very similar in both cases. Our goal is to model the interaction between the infrared radiation and the halogen lamps. For that purpose, we have to measure the thermal and optical properties of the polymer.

Thermal and optical properties of PS sheets a. Thermal properties

In order to obtain reproducible results, we have to extrude thermoplastic sheets. The extrusion machine used is an OMV D120. The prescribed flow rate to extrude is 150 kg/h because of the small quantities of polymer. The HIPS used is a mix between EMPERA 251 and EMPERA 622 with 2% of white pigments in weight. The specific mass is 1040 kg/m 3 and the thermal conductivity is 0.18 W/m/K. We used 3mm-thickness thermoplastic sheets. The forming temperature range is between 127°C and 182°C.

The heat capacity C p is an important parameter for solving the heat balance equation. For that, DSC measurements have been performed using a classic 10°C/mn heating speed. The heat capacity versus temperature is plotted in the figure below: We can notice that the glass transition temperature is close to 100°C. The glass transition is characteristic of an important increase of the heat capacity Cp. The numerical simulations have to take into account C P variation for the accuracy of the model.

b. Optical properties

An infrared spectrometer Perkin-Elmer (FT-IR) that functions in the 1.3-25 µm wavelengths range has been used to measure optical properties. Two modes have been employed the transmission and specular reflection methods [START_REF] Spruiell | [END_REF]. The measurements have been performed at ambient temperature. The mean reflection coefficient r(T) is calculated using the data versus wavelength.
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L 0 λ is the spectral intensity of a black body. The mean reflection coefficient is low about 3% in the 1.3-25 µm wavelengths range. According to the Wien law displacement, we have to proceed to measurements in lower wavelengths. We used a near infrared spectrometer functioning in the 0.4 to 1.1 µm wavelengths range to complete the previous measures. In this wavelengths range mean reflection coefficient is about 80%. In the range from 1.1 to 1.3 µm, we consider a linear interpolation. According to this, the HIPS mean absorption coefficient is 27% for the halogen lamp and 3% for the ceramic lamp.

The transmission method gives the spectral transmission coefficient T λ at ambient temperature. The mean transmission coefficient T is calculated using previous method. The value obtained (0.1 %) is characteristic of an optical thick polymer.

The thermoplastic sheets have been cut using a microtome (HM 355 MICROM). The thickness sample is between 10 and 100 µm. The relation between the spectral transmission coefficient T λ and the transmissivity τ λ could be simplified to:
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If we assume the transmissivity follows the Beer-Lambert law, then:
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And then we obtain:
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For each wavelength, the data are well-fit by a straight line and the spectral absorption coefficient could be deduced simply using the slope of each straight line. Using this methodology, the absorption coefficient κ λ becomes independent of the thickness sample.

The polymer spectral emissivity is obtained using the energy balance as follow:
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At wavelength thermal equilibrium, the emissivity is equal to the absorptivity

λ α λ ε =
. In the 8-12 µm range corresponding to the infrared camera and pyrometer the emissivity of the polymer is ε=0.96. This value is used to calibrate the infrared camera during experimental measurements [START_REF]Techniques de l'ingénieur, R 2740[END_REF].

Infrared heating

The two infrared ovens have been used to heat 3mm-thickness PS sheets. When the temperature measured by pyrometer (front surface) is 160°C, the heating is stopped. Using ceramics lamps it is impossible to reach the forming temperature due to the rapid increase of the front surface temperature. But forming state is possible using halogen lamps.

The difference between the two kinds of heaters is due to the reflectivity variation. The reflectivity value is greater for the wavelengths range characteristics of halogen lamps (27%) in comparison with ceramic lamps (3%) Figure 5-Experimental temperature mesurements . These measurements will permit to validate the numerical model described in following section.

Numerical simulations a. Ray tracing method

We developed a ray tracing method to take into account the effect of lamp reflectors. This method is very accurate to model the radiation [START_REF] Cai | phD of Ecole des Mines de Paris[END_REF]. In this section, we present the irradiance computed using ray tracing method in the case of halogen oven.

The lamp power [START_REF]La transmission de la chaleur[END_REF] is calculated using the classical Stefan-Boltzmann law
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where w ε is the average emissivity, T W the temperature and S W the surface of the tungsten wire, σ is the Stefan-Boltzmann constant. We obtain 473W for a lamp of electrical power of 500W. The difference is due to loss by so-called "Joule effect". The cylindrical surface of the lamp is meshed. The number of nodes per lamp is 4800. 3481 rays are emitted from each node like lambertian source. A diffuse reflection (3481 ray per node) has been taken into account for the plane reflector with a reflection coefficient of 80% given by the supplier. The mean and the maximum irradiance computed by ray tracing method are close to experimental data. But the relative error is maximum for surface edges because the oven edges are not taken into account.

b. Rosseland approximation

The Rosseland approximation [START_REF] Modest | Radiative heat transfert[END_REF][START_REF] Lentes | [END_REF] is used to take into account the optical properties inside the polymer. This method avoids long calculations time like those obtained using ray tracing method. This approximation permits to solve heat balance equation in a conduction approach for an optically thick medium. The radiative conductivity (or Rosseland conductivity) is:

3 ) ( 3 16 T T Ross K Ross k σ = (6)
The Rosseland absorption coefficient is obtained versus temperature by integration over the frequency ( The Rosseland coefficient and the conductivity are computed using the absorption coefficient obtained by infrared spectral measurements. For the PS, the Rosseland conductivity range is between 0.0006 up to 0.0018 for 20°C to 170°C. This conductivity is low in comparison to the thermal conductivity (0.18 W/m/K). This is characteristic of an optically thick polymer. The Rosseland approximation is included into the PLASTIRAD software [9,10] based on a control volume method to solve the 3D heat balance equation.
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c. Control volume method

The source terme computed by ray tracing is used as a boundary condition. A convection coefficient of 8W/m 2 /K is applied at the sheet surfaces. We used the heat capacity measured by DSC. The reflection coefficient used is 27% according to the spectral measurements in the near and average infrared. The maximum difference between experimental and numerical result is about 10°C. But we obtain an accurate forming point (same pyrometer and camera temperature measurements). The experimental data give 131°C for 174 s and the numerical simulations 132°C for 177 s.

Conclusion

The experimental infrared heating set-up has been developed in order to study and model the heating during the thermoforming process. Surface temperature measurements have been successfully performed using an infrared camera and a pyrometer.

A ray tracing method has been developed to compute the irradiance of an infrared oven. This method allows taking into account the lamp reflectors. The agreement is fair between the computation and the irradiance measurements performed by mean of a XY bench and a thermopile. The Rosseland approximation is valid because of the optically thick property of the white HIPS. This approximation has been included in PLASTIRAD. This sofware, based on a control volume method, compute the temperature for 3D geometry. The forming point is in agreement with data measurements performed by the experimental infrared heating set-up.

A sensibility analysis demonstrates that the reflectivity parameter is preponderant. Measurements in the 1 to 2 µm wavelengths range that is poor technically will be very interesting.

The thermal procedure developed in this work will be used in a global step of optimisation and notably in the case of heating under constraint.
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 1 Figure 1-Infrared heating set-up

  mm x 350 mm surface around the oven corresponding to the sheet dimensions, the cartography irradiance for the two ovens is given in the
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 4 Figure 4-PS heat capacity
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 6 Figure 6 -Comparison experimental / numerical data
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	Oven	Ceramic	Halogen
	Electrical power	6000	6000
	Power receive by the	1221 (20.3%)	1246 (20.8%)
	35cm*35cm surface (W)		
	Mean irradiance (W/m 2 )	9421	9612
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 1 Mean irradiances
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 2 Computed intensity versus experimental data

	The mean, minimum and maximum irradiance computed in a 350 mm x 350 mm
	thermoplastic sheet are summarized in the table below:
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