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Abstract. This study proposes a modelling strategy to simulate the heating stage during the production of thermoplastic 

composite tapes. Impregnation using a slurry powder technique with carbon fibres and PEKK (PolyEther-Ketone-Ketone) 

requires a heating step, achieved with an infrared (IR) oven, to evaporate the water and melt the polymer powder. These 

phenomenon are highly temperature dependant justifying the need to characterise heat transfer within the infrared oven.  

In the literature, most of the models refer to clear lamps with Lambertian emission. The case of tubular lamps with coating 

on the back-side (i.e. integrated reflectors) then needed to be investigated. The reflector greatly modifies the lamps spatial 

emission, so a single emissivity and temperature assumption is no longer sufficient. Here we propose an adaption of the 

radiosity method to predict spatial emission accounting for a ceramic coated reflector in terms of radiative exchange. 

Inverse analysis was used to characterise the emission of these lamps. An IR camera (FLIR SC325, [7.5-13] µm) was used 

to perform measurements on the back surface of a heated ABS (Acrylonitrile Butadiene Styrene) plate for which radiative 

as well as thermophysical properties are known form previous in-lab research works [1]. Temperature distribution results 

were transferred into the commercial software COMSOL Multiphysics® to estimate model parameters: filament 

temperature and an emissivity distribution function. 

INTRODUCTION 

In recent years there has been a growing interest for the use of composite materials in the aeronautical industry. 

Thermoplastic composites are of particular interest as they can be welded or reshaped and recycling is possible. 

Processes like automated tape laying use thermoplastic composite tape to create larger structure [2][3]. Different 

processes can be used to create these tapes such as fusion impregnation, fiber commingling, film stacking or powder 

impregnation [4]. In the case of wet powder impregnation (slurry powder) the wet impregnated tape undergoes a series 

of heating steps to evaporate the water [5] and melt the polymer powder [6]. These phenomenon are highly temperature 

dependent and to better understand the evolution of the product during these steps it is first necessary to understand 

the heating conditions applied.  

In the slurry powder impregnation process under study, the thermoplastic tape is heated using radiative technology. 

An oven composed of multiple infrared halogen lamps, reflective panels, glass plates, cooling air injection and air 

extraction system is used. Here the lamps have an integrated reflector in the form of a fine coating on the underside 

of the glass tube contrary to clear lamps with Lambertian emission that are more commonly used [7],. This reflector 

modifies the spatial distribution of the lamps emission. Methods such as ray tracing [8] can be used to model this type 
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of emission but is highly time consuming, especially for a high number of emitters. This motivated the need to find a 

simpler model capable of predicting the lamps emission with reasonable computation time. 

This study then proposes a modeling approach based on the radiosity method for the case of lamps with integrated 

reflector. The strategy used consisted in applying a weight factor to the emitted power around the circumference of 

the lamp so as to represent the spatial distribution of the emitted radiation. The values of the different weight factors 

were identified from the comparison of numerical data with experimental data recorded with a specific experimental 

set up by using an inverse analysis method. 

First, the infrared lamps and experimental procedure are presented. Then, a focus on experimental results is carried 

out before developing on the numerical model and identification of the model parameters. 

EXPERIMENTAL PROCEDURE 

Infrared Lamps 

‘Clear’ halogen infrared lamps are composed of a tungsten filament, a tubular quartz case and a small quantity of 

halogen gas. Because of the helical shape of the tungsten filament, the radiative emission of this type of lamp is 

Lambertian and mostly depends on filament temperature. This temperature in turn is determined by the supply voltage 

as the lamp is heated using Joule heating.  In this study halogen IR lamps (Dr. Fischer-2000W, 400V) with an 

integrated reflector are studied (Fig. 1). The integrated reflector is a fine coating on the underside of the quartz tube. 

This coating effects the overall emission of the lamp by redirecting part of the filaments radiation towards the front 

and away from the back. As the filament temperature varies with supply voltage so does the spectral emission of the 

lamp. For nominal filament temperature the wavelength of maximal emission is λmax=1.2 µm with 95% of emission 

in the range [0.6;6] µm. By determining the relationship between supply voltage and filament temperature the 

evolution of this range will also be determined. 

  
(a) (b) 

FIGURE 1,. (a) Infrared halogen lamp with integrated reflector,(b) schematization 

Experimental setup 

The experimental setup used to evaluate the infrared lamp’s filament temperature and spatial distribution function 

is presented in Fig. 2. The infrared heating was achieved by controlling the supply voltage U (V) applied to the tungsten 

filament. The lamp thus heated a flat panel on its front side, and the temperature on the back side of the sheet was 

measured using an IR camera (FLIR SC325, [7.5-13] µm). The lamp was directed with the ‘clear’ side facing upwards 

and the reflector facing downwards as can be seen in Fig. 1, and was positioned centrally to the panel. 



 
 

FIGURE 2. Experimental set-up 

Material 

The material used in the experimental set up was a flat sheet of ABS (Acrylonitrile Butadiene Styrene), an 

amorphous thermoplastic polymer. The main thermal and optical properties of ABS can be found in Table 1. The 

panel used in this study was 680 x 670 x 1.5 mm.  

TABLE 1, Thermal properties of ABS [9] 

Properties ABS 

Specific heat capacity Cp
 1300 W.kg-1.K-1 

Thermal conductivity k 0,19 W.m-1.K-1 

Density ρ 1050 kg.m-3 

Glass transition temperature 105°C 

Integrated emissivity ([0.95-20] µm) ε  0,94 

EXPERIMENTAL RESULTS 

The temperature field on the back face of the ABS sheet was measured for supply voltages ranging from 20% to 

100% of nominal voltage (400V). For each experiment the sheet was heated until a temperature of 50°C was reached, 

the lamp was then turned off and the cooling of the plate was recorded. This temperature was chosen to assure the 

panel maintains a much lower temperature than the glass transition temperature of the material For certain 

measurements, the power of the lamp did not allow the ABS to reach the maximum temperature desired, in this case 

the lamp was shut off when the temperature variation was negligible however it is important to note that a steady state 

was not reached.  

Figure 3 shows the temperature field on the back face of the ABS sheet in the last instants of heating. The point of 

maximum temperature is shifted vertically towards the top of the panel as an effect of the reflector. This point can be 

seen on the example given in Fig 3(a), it serves as the intersection point for perpendicular and parallel profiles that 

will be used for the optimization step. The evolution of the temperature of this point versus time can be observed Fig. 

3(b).  



  
(a) (b) 

FIGURE 3, (a) Temperature field at heating time t=546 for U=160V. Profiles perpendicular and parallel to the lamp intersect at 

the point of maximum temperature, (b) Temperature versus time for the point of maximum temperature. 

NUMERICAL SIMULATION 

Model 

To model the Lambertian emission of a ‘clear’ lamp only the filament needs to be considered [10]. The spiraled 

filament is approximated by an equivalent cylinder, to which a temperature T (K) and integrated emissivity εf (T), is 

applied in order to define the lamp’s radiosity J (W.m-2) according to Eq.1 where σ=5.670367e-8 W.m-2K-4 is the 

Stephan-Boltzmann constant.  
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For a lamp with a coated reflector, this model has to be extended. A model capable of taking into account spatial 

effects in the form of a distributive function on the filaments emissivity was thus proposed. As described with Eq. 2, 

the filament circumference was divided into n zones (6 zones in Fig. 4(b)), emissivity was weighted by a coefficient 

ki. The sum of these coefficients should be equal to the number of zones to conserve transmitted power by the filament 

(Eq. 3). 
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Numerical simulation was carried out using commercial software COMSOL Multiphysics®. Boundary conditions 

were assumed only radiative and convective on the front and back faces of the sheet (Eq.4), thermal insulation was 

applied to the four edge faces.  
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As a first approach, convection in this study was taken to be constant and equal to an average value h=4.5 W.m-2.K-1 

calculated using the data from the cooling phase of the tests. 

In this model 400 hexahedral elements were used to mesh the panel. The Biot number was estimated and was 

found to be inferior to 0.1, surface heat transfer is there for dominant over conduction within the material, simulations 

were carried out with only one mesh in the thickness of the ABS sheet to reduce computation time. Filament 

temperature is assumed constant and homogeneous during the simulation. The filament surface was meshed with 360 

quadrilateral elements.  



  
(a) (b) 

FIGURE 4,  (a) Simulation geometry, (b) Filament model 

Optimization 

Parameter optimization was carried out using the SNOPT solver [11] implemented in COMSOL Multiphysics®. 

The work presented in this section was carried out for a supply voltage U=160V with a Least-Squares objective 

function (Eq. 5). Initial and optimized values of the control variables can be found in Table 2. This optimization was 

carried out considering the coefficients ki positive and inferior or equal to unity, however the condition given by Eq. 

3 was not implemented as a first approach.  
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TABLE 2, Optimized lamp parameters  

Properties k1 k2 k3 k4 k5 k6 Tlampe (K) 

Initial value 1/6 1/6 1/6 1/6 1/6 1/6 1900 

Optimized value 0.63023 0.19598 0.10211 0 0 0.36477 1899.9 

 

The surface temperature distribution at the end of heating time th is shown in Fig, 5 (a), the overall profile is very 

similar to that of the experimental results. Figure 5 (b) shows a comparison between the experimental data and the 

simulated temperature for the perpendicular profile. The agreement is fair between the simulated profile and the 

experimental data with the exception of the maximal peak. The global error on the temperature taken over the whole 

face was found to be 2.8%. 

The reflector redirects a percentage of the filament’s emission towards the front of the lamp but the coating is not 

opaque, as a result the remaining emission is transmitted through the back face of the lamp. The optimized values 

found in this study do not physically represent this situation as k4 and k5 are null. In the model this is compensated by 

the remaining coefficients. 

 The lamp was turned by 90° so that the clear side was fully facing the ABS sheet. Using the optimized coefficients 

from Table 2, an error of 26.4% was found between experimental and numerical data. In further work optimization of 

the parameters will be carried out using Matlab®, data from multiple lamp positions will be used for the optimization 

and the constraint Eq. 3 will be implemented. This should allow to determine more physical coefficients representative 

of the overall emission of the lamp.  



  
(a) (b) 

FIGURE 5, (a) Optimized surface temperature on the back face of heated ABS sheet at th. (b) Comparison between experimental 

data and simulated heating with optimized parameters at th.  

CONCLUSION AND PERSPECTIVES 

This work proved promising for modelling infrared halogen lamps with an integrated reflector via an adapted 

radiosity method. A distributive function was proposed for modelling such a lamps emission and was found to give 

fair results for a given position. However, work still needs to be carried out taking into account the problem constraints 

in order to find values for the weighted coefficients that better represent the physical problem.  

In this work an average convection coefficient was considered, further work should be carried out to better integrate 

convection into the problem.  

Once the optimised distributive function is found, it will be integrated into a model of the IR oven and simulations 

will be carried out to compare experimental heating of an instrumented ABS sheet with the heating simulation.  
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