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A Periodic Technique for Emissivity Measurements of Insulating Materials at Moderate Temperature

A periodic radiometric technique for total emissivity of insulating materials at moderate temperature is presented. The radiometric technique involves a mutifrequency modulation of the front side temperature of the sample. This method needs two measurements : one on the studied sample, the other one on a modulated thin reference. The infrared output signal of the other side (back side) as well as the front side temperature of the sample are measured. The measured signals are fitted with a temperature modulated conduction model, providing the emissivity without surface temperature measurement. As an experimental validation 25 measurements are carried out on a PVC sample 5 mm thick coated with an aluminium paint. The results are consistent with the results obtained by two other methods : the monofrequency radiometric method and the integrating directional measurements.

ABSTRACT 1. INTRODUCTION

The direct emissivity measurement method is built on the emissivity definition

) T ( L ) T ( L 0 = ε
, where L(T) is the radiance emitted by the sample at temperature T and L 0 (T) stands for the blackbody radiance. Instead of a blackbody, a well known material at the same temperature T can be used [START_REF] Hervé | Mesure de l'émissivité thermique Techniques de l'Ingénieur[END_REF]. This method requires measurement of the emissive power, and, any radiometer facing a sample measures both emitted and reflected flux. For a surface temperature below 600 K the emissive power cannot be measured in isolation unless the ambient reflected flux is strongly reduced by using a complex apparatus [2]. A means of emissivity measurement at moderate temperature has been proposed by S. Matteï and D.

Especel [START_REF] Matteï | Une méthode de mesure de l'émissivité thermique des matériaux opaques à température ambiante[END_REF]. This technique consists in modulating emitted flux by using a modulated temperature sample, the emitted and reflected fluxes can then be separated using a Fourier analysis. This method has been performed at room temperature on Duralumin and Aluminium Paint [START_REF] Matteï | Une méthode de mesure de l'émissivité thermique des matériaux opaques à température ambiante[END_REF], [START_REF] Especel | Total Emissivity Measurements without use of an Absolute Reference Infrared[END_REF]. The statistical precision of the results was found to be better than 0.01.

Moreover, the direct emissivity method requires knowledge of the surface temperature, and, for insulating specimen this temperature is not easy to determine because of the temperature profile within the medium. To circumvent this difficulty, one can paint a part of the studied surface and alternatively view the coated and the plain surfaces. One must then assume that the paint does not modify the surface temperature. Another solution suitable to diffuse surfaces consists in covering the sample with reflecting hemisphere [START_REF] Ono | Evaluation of the Effective Emissivity of Reference Sources for the Radiometric Emissivity Measurements[END_REF].

This paper presents a periodic emissivity measurement technique suitable for insulating materials at moderate temperature.

PERIODIC EMISSIVITY MEASUREMENT

Consider an opaque strip shaped sample (Figure 1.) whose front side temperature is in the form :
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Assuming an infrared detector facing the back side of the sample, the measured flux is the sum of an emitted flux and a reflected one. At temperature modulation frequency f 0 the reflected flux is not modulated, so the f 0 component of the infrared output signal Fourier

Transform can be written :
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with :

) f ( K ~0
the complex frequency response of the infrared detection system, For low temperature amplitudes and provided that front side and back side mean temperature are equal

BS FS T T =
, the equation ( 2) reduces to :
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where

) f ( T ) f ( U ) f ( R ~0 4 FS 0 BS 0 =
is the experimental complex ratio of the measured signals and

) f ( T ) f ( T ) f ( H ~0 FS 0 BS 0 s =
is the sample thermal transfer function, ratio of the back side to front side temperatures [6].

The modulus of ) f ( H ~s
is the temperature attenuation, and the phase of ) f ( H ~s the temperature phase shift between the two sides of the strip. Using a modulated temperature one-dimensional heat conduction model [6], we can obtain the following formula :
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e is the sample thickness. Bi is the Biot number given by Bi h e k = .

, where k is the sample conductivity and h is the heat transfer coefficient on the sample back side. This coefficient is the sum of a convective coefficient convection h and a radiative coefficient radiation h .

q is given by

2 / 1 ) a f 2 j ( q π =
, where a is the sample diffusivity.

A sample is considered as thermally thin if 1 ) f ( H ~0 s = , and thermally thick if 1 ) f ( H ~0 s < .

Thermally thin sample emissivity measurement

In order to obtain the sample emissivity two measurements are necessary, one on the sample, the other one on a modulated reference. If this reference is thermally thin

( 1 ) f ( H ~0 ref = )
, the emissivity sample is given by :

) f ( H ~1 . ) f ( R ~) f ( R . 0 s 0 ref 0 s ref s ε = ε (5) where ) f ( R ~0 is the modulus of ) f ( R ~0 and ) f ( H ~0 s is the modulus of ) f ( H ~0 s .
We consider a sample like thermally thin ( 1 ) f ( H ~0 s = ) if the temperature attenuation correction is smaller than the expected emissivity uncertainty. In this condition, the thermally thin sample emissivity can be reached by :
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Thermally thick sample emissivity measurement

If the equation ( 6) cannot be used, then, two approaches are possible to determine the sample emissivity. The first one (the monofrequency method) consists in leaving out the sample thermal transfer function value ) f ( H ~0 s using a thick reference. The second one (the mutifrequency method) consists in calculating the sample transfer function using a mutifrequency modulation temperature and identifying parameters.

The monofrequency emissivity measurement method

The chosen reference is the sample coated with a known thin reference (Figure 2.).

The emissivity is then given by : We can show that, if the sample emissivity and the reference emissivity are very closed, or, if the Biot number is small then
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, and the sample emissivity can be obtained using equation (6).

Generally, the emissivity relative systematic error, using this method is given by [6] :
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Figure 3. shows the error versus emissivity for several materials (ceramic, Pyrex, PVC) 5 mm thick obtained for 5 . 12 f 0 = mHz and for

radiation convection h h h + =
, where

5 h convection = W.m -2 .K -1 and s radiation . 6 h ε = W.m -2 .K -1 .
We can note that for the ceramic sample this error is less than 0.5 %, but, for PVC and Pyrex sample, this error cannot be neglected. Thus the monofrequency emissivity method is not suitable for all materials. A more general method, involving a mutifrequency temperature modulation has been carried out.

The multifrequency emissivity measurement method

The multifrequency method requires two measurements for several modulation frequency i f (Figure 4.) : one on the sample, the other one on a modulated thin reference ( ~( ) H f ref i = 1 ), leading to two experimental ratios ~( ) R f s i and ~( ) R f ref i . For each frequency f i we obtain :
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The measured signals

) f ( R ) f ( R ~i ref i s are fitted with the theoretical values ) f ( H . ) ( i s ref s ε ε
calculated from a modulated one-dimensional heat conduction model, yielding the sample emissivity s ε . Moreover, this method let us to determine the sample diffusivity a and the Biot number Bi [START_REF] Siroux | Une nouvelle méthode calorimétrique périodique de mesure de l'émissivité des matériaux opaques à température ambiante[END_REF].

EXPERIMENTAL STUDY

Experimental set-up

The experimental set-up (Figure 5.) allows us to carry out multifrequency radiometric measurements at moderate temperature. The apparatus is composed of a sample holder (1), an infrared detector (2) and a data acquisition system [START_REF] Matteï | Une méthode de mesure de l'émissivité thermique des matériaux opaques à température ambiante[END_REF]. Each sample ( 4) is stock on a modulated sample holder fitted with a thermoelectric device (1b) squeezed between two metallic plates (1a and 1c). A thermocouple [START_REF] Vriendt | La transmission de la chaleur -La conduction[END_REF], embedded in the metallic plate which holds the sample, allows us to determine the sample's front side temperature. A cooling water system sinks the heat created by the thermoelectric devices Joule's effect.

The infrared detector is a thermopile with a KRS5 window (spectral range 1 -50 µm).

The field of view of the thermopile is about 120° (Figure 6.). Using this infrared detector, the measured emissivity depends on the conical angular response. The detector is motorised [START_REF] Laurent | Conductivité thermique des solides Techniques de l'Ingénieurs[END_REF] and can be successively placed in front of the different samples.

A PC data based acquisition system (3) controls the excitation voltage of the thermoelectric device and measures both sample temperature T t FS ( ) and infrared detection system output U t BS ( ) .

This apparatus can be placed in a vacuum chamber [START_REF] Tang-Kwor | Réalisation d'un corps noir destiné aux mesures d'émissivité à température ambiante IIIème Colloque Interuniversitaire Franco-Québécois[END_REF] and using a vacuum pump system, the pressure can be controlled. It is then possible to access either emissivity at low temperature or total hemispherical emissivity via Biot number, which only depends on the radiative coefficient [START_REF] Siroux | Une nouvelle méthode calorimétrique périodique de mesure de l'émissivité des matériaux opaques à température ambiante[END_REF].

Specimen

The multifrequency measurements have been carried out on a 5 mm thick PVC slab coated with an aluminium paint (Rust Oleum 7315) whose emissivity can be measured by other methods. The used reference is a black paint Nextel Velvet Coating 811-21 [START_REF] Lohrengel | Wärmeleitfähigkeit, Gesamtemissionsgrade und spektrale Emissionsgrade der Beschichtung Nextel-Velvet-Coating 811-21[END_REF], [START_REF] Hameury | Rapport d'essais du Laboratoire National d'Essais[END_REF] directly coated on the metallic plate (1a) of the sample holder.

Excitation voltage

The frequency range is [0.78 mHz , 12.5 mHz]. The reasons for choosing this frequency range are as follows :

below 0.78 mHz the heat transfer function doesn't change any more, -above 12.5 mHz, the infrared signal becomes too weak to obtain accurate measurements.

The excitation voltage is in the form :
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Where mean V is the mean excitation voltage, and 0 f is equal to 0.78 mHz. i V is chosen in order that the ratio signal/noise is the same over all the spectrum.

Table 1. shows the modulation amplitudes values V i and the corresponding temperature amplitudes values T FS,i versus the modulation frequency i f . It can be seen that front side temperature is around 12 °C peak to peak. In this case we can consider that the thermal conductivity, the thermal diffusivity and the emissivity sample are constant [START_REF] Matteï | Une méthode de mesure de l'émissivité thermique des matériaux opaques à température ambiante[END_REF], [START_REF] Laurent | Conductivité thermique des solides Techniques de l'Ingénieurs[END_REF].

Parameters identification

The three parameters are identified using the minimisation between measured data

) f ( R ) f ( R ~i ref i s and the calculated ones ) f ( H . ) ( i s ref s ε ε
. The chosen estimator take into account the modulus and the phase of data [6]. should also be noted that the modulus of
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is very sensible to the emissivity ratio and so for a large frequency domain.

RESULTS AND DISCUSSION

25 multifrequency measurements have been carried out on the 5 mm thick PVC slab coated with the aluminium paint. for the five frequencies, as well as the statistical accuracies. These accuracies are estimated by measuring the amount of noise in the FFT spectra [6]. 

Emissivity verification using the monofrequency method

Emissivity value obtained by multifrequency method has been compared with value obtained by using monofrequency method. The monofrequency obtained ratio is

003 . 0 721 . 0 ref s ± = ε ε
. We note (Table 3.) that the difference between the two values is around 0.8 %.

Emissivity verification using integrating directional measurements

Integrated directional emissivity measurements have been carried out on aluminium paint and on the reference back paint (Figure 8.). The used apparatus is fitted with a pyroelectric detector (spectral range 1 -50 µm), a chopper, a look-in amplifier, a KRS5 lens and a diaphragm (diameter 1.8 mm). The measurements have been made from = θ 0° to 60°, with a step of 10° (Table 4.).

Integrating the directional emissivity measurements we can determine the ratio :

0 = θ
) and ) ( c n θ is the detector angular response. Using the [START_REF] Maillet | Les erreurs sur la diffusivité thermique mesurée par méthode flash, confrontation théorie-expérience[END_REF] formula for the aluminium paint and for the reference back paint, we obtain . 707 . 0 ref s

= ε ε

This value is in good agreement with the identified one (the difference being 1.4 %).

Diffusivity verification

The identified diffusivity value (Table 3.) is consistent with the value of the literature [START_REF] Maillet | Les erreurs sur la diffusivité thermique mesurée par méthode flash, confrontation théorie-expérience[END_REF], [START_REF] Vriendt | La transmission de la chaleur -La conduction[END_REF]. Moreover, the repeatability error is very small. Thus, the mutifrequency method can also be used to diffusivity determination.

CONCLUSION

The multifrequency method makes it possible to measure emissivity of insulating materials at moderate temperature without surface temperature measurement.

This technique entails the use of an emissivity reference. It has been shown that it is possible to use a modulated blackbody [6]. This blackbody is a diffusive, highly emissive modulated temperature surface associated with an highly reflective hemisphere [START_REF] Tang-Kwor | Réalisation d'un corps noir destiné aux mesures d'émissivité à température ambiante IIIème Colloque Interuniversitaire Franco-Québécois[END_REF].

On the other hand, the measured factor, noted ε is a total emissivity which depends on the detection system field of view. The detection optic could be modified to obtain a directional emissivity.

Furthermore, this technique could be applied at highest or lowest temperature.
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 [START_REF] Maillet | Les erreurs sur la diffusivité thermique mesurée par méthode flash, confrontation théorie-expérience[END_REF]where n ε is the total normal emissivity (obtained for