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ABSTRACT. The photopyroelectric calorimetry, in the front configuration, was applied in order to measure the thermal effusivity of  some foodstuffs. The front configuration with thermally thick sensor and sample, and optically opaque sensor, was used for analysing the thermal properties of some fats. The information was obtained via a frequency scan of the phase of the pyroelectric signal. The main advantages of this configuration on the other two front schemes proposed before are: (i) one has not to use very thin foils or expensive semitransparent sensors; (ii) the information is contained in the phase of the signal (and not in the amplitude - as usual) which is not dependent on the power fluctuations of the radiation source.

Introduction


In the photopyroelectric (PPE) technique, the temperature variation of a sample exposed to a modulated radiation is measured with a pyroelectric sensor. In the last few years the method has been applied for investigating various optical and thermal properties of the materials. There were practically two detection configurations proposed for PPE calorimetry - the standard (back) and inverse (front) one, respectively [1, 2] – and all the four static (specific heat) and dynamic (thermal diffusivity, conductivity and effusivity) thermal parameters can be measured by combining different particular cases [3]. 


Concerning the front configuration, until now, there were proposed two detection schemes: the front configuration with thermally thin and optically opaque sensor, and with thermally thick and optically semitransparent sensor [4, 5]. In both cases, the sample must be thermally thick, and the information (the value of the thermal effusivity) is contained in the amplitude of the PPE signal. We want to stress on the fact that the main advantage of the front configuration (compared with the standard one) is the elimination of all optical problems (especially transparency) connected with the sample. This is why the configuration is very recommended when measuring the thermal properties of "non-classical" samples, as foodstuffs.


Unfortunately, sometimes it is not easy to handle very thin PVDF foils or expensive semitransparent sensors. On the other hand, it is well known that the amplitude of the PPE signal is very dependent on the power fluctuations of the laser and on the quality of the incident surface.


In this paper we applied a PPE front configuration scheme with thermally thick and optically opaque sensor for measuring the thermal effusivity of some (semi)liquid foodstuffs using the information coming from the phase of the PPE signal.

THEORY


Mandelis and Zver [6] and Chirtoc and Mihailescu [7] demonstrated that the general formula of the complex PPE signal is analytically exact, but it contains too many parameters, and it is often difficult to handle it when analysing results of ordinary experiments. Consequently, a lot of work has been devoted to simplifying this formula in order to obtain expressions in which the amplitude and/or the phase of the signal depends on one or, in a simple manner, on two thermal parameters [3].


For the purposes of this paper, we consider the simple situation when the detection cell is composed by a sensor situated on a (semi)liquid sample, and the medium in front of the sensor (where the radiation is coming from) is air.

If the detector works in a current mode, and the substrate is thermally thick, one gets the following expression for the PPE signal [8]: 

V(f) = V0(bap + 1) –1(exp((pLp) + Rspexp(-(pLp) – (1+Rsp)) (exp((pLp) - RapRspexp(-(pLp)) –1    (1)

where V0 is a factor depending on the pyroelectric coefficient of the sensor, the flux of the incident radiation, the thickness  (Lp) and the volume specific heat of the sensor.

( = (1+j) / ( ;  ( = ( (/(f ) 1/2                                                             (2)

where j = ( -1) 1/2, ( is the thermal diffusion length, f is the modulation chopping frequency , and ( is the thermal diffusivity, related to the other thermal parameters, the volume specific heat C, thermal conductivity k, and thermal effusivity e, by:

k = C(;      e = ( Ck) 1/2                                                                       (3)

Rij = (bij –1)(bij + 1)                                                                             (4)

Rij represents the reflection coefficient of the thermal waves between two media, where bij = ei/ej.

The symbols a, p, and s refer to the front medium (air), pyroelectric sensor and sample, respectively. 


If we consider the pyroelectric sensor thermally thick too, than we can approximate in Eq. 1 exp (-2(pLp)(0, and we get:

V(f) = V0(bap + 1) –1 (1 - (1+Rsp) (exp(-(pLp))                                    (5)

The phase of the signal defined by Eq.(5) is:

tan ( = (((1+Rsp) (exp(-Lp/(p))sin(Lp/(p))( 1 - (1+Rsp) (exp(-(pLp) cos(Lp/(p)) –1     (6)
where from,

Rsp = tg (()/[sin(Lp / (p )exp(-Lp / (p ) + tg(Θ) cos(Lp / (p ) exp(-Lp / (p )] - 1          (7)

An inspection of Eq.(7) leads to the conclusion that, one can obtain, in this configuration, the room temperature value of the thermal effusivity of the sample, performing only a frequency scan for the phase of the PPE signal. 

EXPERIMENT

The experimental set-up was a classical one, and it was largely described elsewhere  [3]. We will give here only some details.

 The radiation source was a  Spectra-Physics  Argon Laser (type 177602, λ = 5.40 μm), and the radiation was modulated by an (Intra Action AOM40 model) acousto-optical modulator. A 7260 EG&G lock-in amplifier was used for data processing, and a PC for data acquisitions. During the measurements the signal to noise ratio was better than 1000. The frequency step was 0.5 Hz. The pyroelectric sensor was a 520(m thick LiTaO3 single crystal in good thermal contact with a 5 mm thick sample.

The measurements were normalised to the data obtained with the empty sensor (both sample and front medium are air), in order to eliminate the influence of the electronics.

RESULTS
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A typical plot of  Rsp as a function of frequency, for a margarine is presented in Fig.1.  

Fig. 1. The frequency behaviour of the reflection coefficient of the thermal waves at the interface sensor/sample for a margarine sample.


In table 1, the values of the thermal effusivity obtained for some Brazilian fats are listed. 

TABLE 1.

The room temperature values of the thermal effusivity for 

some Brazlian oils and margarines.

     SAMPLE
MEASURED THERMAL

EFFUSIVITY

(Ws1/2/m2K)
LITERATURE

DATA

(Ws1/2/m2K)

     WATER
1593
1600

     BORAGE OIL
985


REFINED BORAGE OIL
986


MAZOLA MARGARINE
526


    MILA MARGARINE
583
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Fig. 2 contains the frequency behaviour of the normalized amplitude and phase for a butter sample. The measurements were performed on the same sample in identical experimental conditions, at about 1 hour time interval. The purpose of this figure is to compare the reproducibility of the results obtained by the amplitude and phase of the PPE signal. 

Fig. 2. The frequency dependence of  the amplitude and the phase of the PPE signal 

for the same sample of butter at 1 hour time interval.

CONCLUDING REMARKS


The front (inverse) PPE configuration , with opaque sensor and thermally thick sensor and sample, was used to measure the thermal effusivity of some fats.


There are three main advantages of this configuration, compared with the previously reported inverse configurations (with thermally thin and optically opaque sensor, and thermally thick and semitransparent sensor):


(i) a rigid opaque and thick sensor is easier to be handle than a thin PVDF foil, and it is cheaper than a semitransparent sensor;


(ii) the information (the value of the thermal effusivity) is contained in the phase of the PPE signal and not in the amplitude as usually happens in the inverse configurations, so, the accuracy and reproducibility of the measurement is much better, as revealed by Fig. 2,


(iii) all the components of the detection cell are thermally thick, leading to a very easy selection of the chopping frequency range.


Additionally, as mentioned before, the liquid foodstuffs are very suitable samples for this type of investigations.
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