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Thermoforming process include a heating stage of the thermoplastic specimen by infrared heaters. The knowledge of the temperature distribution on the surface and through the thickness of the preform is important to make good prediction of thickness and properties of the manufactured part. Currently in industry, the fitting of the process parameters is given by experience and it is expensive. Our objective is to provide tools that are able to simulate the heat transfers between the infrared heaters and the specimen in order to reduce the fitting cost and to control the qualities of the end product. We use the optical method called " ray tracing " (RTM) to simulate the radiative transfer. First, we compare the RTM with the shape factor method on a simple example: the heating of a square sheet by one infrared lamp. Then, we show the 3D heating stage of a rectangular specimen. In that case, we use 6 lamps to simulate an infrared oven. The RTM allows to compute a source term in the transient heat balance equation. We can use commercial codes to solve the heat balance equation.

INTRODUCTION

In this study we use two steps to solve the heat balance equation [START_REF] Cai | Développement et applications de modèles d'échanges radiatifs par suivi de rayons[END_REF] of the heating stage of a Poly Ethylene Terephthalate (PET) plate by IR lamps. We compute the radiative source term Q (Eq.2) by using the ray tracing method [START_REF] Cai | Développement et applications de modèles d'échanges radiatifs par suivi de rayons[END_REF], then we put the result in a finite elements software (here Comsol) as an input data. We choose ray tracing method because it is close to physics of IR heating. An other method, called radiosity, is often used in IR heating problem. This method is efficient for problem with opaque materials, but for problem with semi-transparent materials the radiosity method can not provide information inside the material.

ρC p dT dt = -∇ • (k∇ ¯T ) + Q (1)
where ρ, C p , k are respectively the density, the heat capacity and the thermal conductivity of PET, you can see F. Schmidt et al. for numerical values [START_REF] Bellet | Experimental study and numerical simulation of the injection stretch/blow molding process[END_REF]. The radiative term Q, due to the IR lamps, is given by the equation ( 2).

Q = -K(T )M e -K(T )s (2) M = ∞ 0 M λ dλ (3) 
K(T ) = ∞ 0 K λ M λ dλ ∞ 0 M λ dλ (4) 
K λ is the spectral linear absorption coefficient of PET (Fig. 1), K(T ) is the integrated linear absorption coeffi- * Corresponding author: bcosson@enstimac.fr, 0033 563493085 cient that depends on the IR source (Fig. 2), M λ is the spectral exitance of the IR source given by the Plank law. )

Figure 1: K λ [3]

VALIDATION OF RTM

RADIOSITY METHOD

In order to validate our software of ray tracing, we compare its results with an analytical solution (Eq.5), given by radiosity [START_REF] Person | Compilation of radiation shape factors for cylindrical assemblies[END_REF], in a representative case. We choose the configuration of a square sheet heated by one lamp (fig 3) of same length. The lamp is modelized by a cylinder. In both cases, we compute the power by unit of area (W.m -2 ) exchange between the lamp and the sheet. 

Spectral linear absorption coefficient

F d1-2 = P S B -S 2Bπ ⎧ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎩ cos( Y 2 -B+1 A-1 ) + cos -1 ( C-B+1 C+B-1 ) -Y A+1 √ (A-1) 2 +4Y 2 cos -1 ( Y 2 -B+1 √ B(A-1) ) - √ C C+B+1 √ (C+B-1) 2 +4C cos -1 ( C-B+1 √ B(C+B-1 ) +H cos -1 ( 1 √ B ) ⎫ ⎪ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎪ ⎭ (5) S = s/r ; X = x/r ; Y = y/r ; H = h/r (6) A = X 2 +Y 2 +S 2 ; B = X 2 +S 2 ; C = (H -Y ) 2 (7)
The geometrical variables (s, x, y, h) are defined on the figure 4. The equation 5 gives the illumination (W.m -2 ) of differential element of a plan illuminated by a cylinder. The cylinder have an isotropic luminance. The result is given on figure 5 for the conditions described in figure 3. The power P of the lamp is 1000 W. The lamp radiates in all the space. To use the ray tracing method, we have to discretize the radiation of the lamp and define ray properties : departure, direction and arrival. We use the Monte Carlo's method to define the ray departure and direction. We do not use regular discretization because the obtained result is discretization dependent. With the Monte Carlo's method we can control the error (Er F %, Eq.8) between the exact solution (Fig. Er F % = 100

F radiosity d1-2 -F raytracing d1-2 2 dΩ F radiosity d1-2 2 dΩ
(8) For 1.2 million of rays, the error between the solutions given by radiosity (Fig. 5) and ray tracing (Fig. 6) method is smaller than 5%. The calculating time is about 90s with an Intel Centrino CPU (2.6 GHz). The ray tracing method is validated in the case of a plate illuminated by one lamp. In the next section, we compare numerical results to ex- 

COMPARISON WITH EXPERIMENT

In this section we compare the results given by our ray tracing software, coupled with Comsol (FEM), to experimental results given in [START_REF] Champin | Modélisation 3D du chauffage par rayonnement infrarouge et de l'étirage soufflage de corps creux en PET[END_REF] for the heating stage of a rectangular plate by an IR lamp (Fig. 8). In a first step, we compute the radiative source term (Eq.2), by using the ray tracing method, in all the plate (3D). Then, we use the result as an input data in a FEM software (here Comsol) to solve the heat balance equation (Eq.1). The figure 9 shows the source term for y= 0 in W.m -3 . The radiation of the IR lamp is absorbed in few µm in the plate. For the chosen example, the heating stage of the plate is in two steps: in first the face of the plate that is in front of the lamp is heated, during 65 s, then the lamp is turned off and the temperature, in the thickness, is homogenised by conduction, during 25 s. The figure 10 shows the evolution of the temperature in two points of the plate: one in the middle of the face that is in the front of the lamp (front face) and the second is at the opposite (rear face). On the same figure, there are the numerical and the experimental results. At the end of the heating stage (90 s) the difference between simulation and experimentation is lower than 5 %. The numerical results are the dotted line, the blue one is for the front face and the green one is for the rear face. The grey lines are for the experimental results. The boundary conditions used for the simulation are given in the table 1. The computation time for this simulation is about 15 mn (Ray Tracing) for the source term and 3 mn (Comsol) for the temperature with a 2.6 Ghz CPU. The computation time of the source term is proportional to the number of lamps. In industrial oven you can have over 6 lamps and for this configuration the computation time is up to 1.5 hour. This time is acceptable for one simulation, but it can be unacceptable if you want to do an optimisation of the heating stage. In the next section we propose a technique to reduce the computation time for a lot of simulations.

TIME OPTIMISATION

In the simulation of the heating stage of a plate (or preform in a most general case), the calculation of the radiative source term is very time costly. In order to reduce the computing time cost, we propose to use interpolation for the calculation of the radiative source term. To realize this interpolation, we do a fixed number of direct calculation of the source term (Fig. 11). In our example, we can change the x and z position of the lamps. We discretize the plan (x,z) in 25 (5 on x axis and 5 on z axis) lamp positions, and we create a data base of 25 radiative source terms . The calculation time is 5 hours for the 25 positions. Now if you want to know the radiative source term for any x,z position of a lamp, you can use interpolation and the calculation time is reduced to 3 s. We use the interp2 function in Matlab, with a cubic interpolation, to realize the interpolation of the radiative source term. In order to validate this technique, we compare the result of a direct calculation and the result given by interpolation for arbitrary selected positions, in all our tests the error (Er Q %, Eq.9) between both results (Q interp and Q direct ) is under 3 %. So, with this technique the calculation time of the radiative source term comes from 15 mn to 3 s. 

Er Q % = 100 (Q interp -Q direct ) 2 dΩ (Q direct ) 2 dΩ (9)

CONCLUSIONS

In this study we use the ray tracing method to compute the radiative source term used in the heat balance equation. The ray tracing method is validated with two different ways : comparison with analytical solution and comparison with experimental data. In both cases the error is lower than 5 %. The error can be controlled by using the Monte Carlo's method.

We propose a simple technique to reduce the computation time cost of the ray tracing method in the case where we need a lot of iterations, like in optimisation of forming process. By using this technique, we introduce an error smaller than 3% and reduce the computation time from 15 mn to 3 s. Next steps of this study are : the consideration of reflectors, the application to the heating stage of preform for the stretch blow moulding process. 
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 45 Figure 4: Geometrical description of the cylinder-plate

  7.a) and thereby reduce calculating time. We can also control the convergence of the Monte Carlo's solution by looking the evolution of the mean of the illumination of the plate (Fig.7.b).
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 26 Figure 6: Illumination of the square plate (W.m -2 , ray tracing)

Figure 7 :

 7 Figure 7: (a) Error between radiosity and ray tracing methods, (b) Convergence of the ray tracing method
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 2910 Figure 8: Experimental configuration
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 11 Figure 11: Position of the lamps in the plan x,z

Table 1 :

 1 Simulated boundary conditionsperimental results and we propose a technique to reduce the calculating time in the case of 3D computation.
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