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Measurements of the thermal effusivity of transparent liquids by means of a
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A new photopyroelectric methodology for thermal effusivity measurements in transparent liquids is presented. This methodology involves
the photopyroelectric technique in the standard front-surface configuration. A signal normalization procedure, which avoids the conventional
requirement for transfer function determination is implemented. The thermal effusivity of three liquids was measured by means of this device
and very good agreement was found with the corresponding values reported in the literature.
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Se presenta una nueva metoddtofptopiroeéctrica para la medién de la efusividadérmica deilquidos transparentes. Esta metoddog
involucra la &cnica fotopirodictrica en la configuragh eséndar. Se implementa un procedimiento de normaliracbn el que se evita
el requerimento de conocer la fubni de transferencia. Dicho procedimiento se uiilpara medir la efusividacetmica de tresiguidos
transparentes encoatrdose excelente acuerdo con los valores reportados en la literatura.

Descriptores: Técnicas fotopiroéctricas; efusividadermica; Iquidos transparentes.

PACS: 07.20.Ym; 66.70.+f.

1. Introduction roelectric sensor) in the thermally thick regime. The overall
methodology is based on the asymptotic behavior of the nor-
The thermal effusivity, defined as = (kpc)*/? in units ~ malized pyroelectric signal, as a function of the modulation
of Ws!/2K~'m~2, is an important thermophysical property, frequency, when the modulated beam impinges on the py-
which characterizes the thermal impedance of matterjts ~ roelectric surface by crossing the liquid sample. A constant
ability to exchange thermal energy with the surroundings [1]value for this normalized signal, which depends on the ther-
Its importance lies not only on the aforementioned thermamal effusivity of the liquid in question, is obtained for each
exchange characteristics, but also on its utility in makingcase. This constant is measured from signals at high modula-
complete thermal characterization of materials through comtion frequencies and its average value is used for evaluating
binations with other thermophysical properties. the sample thermal effusivity. The procedure is illustrated
Photothermal techniques have proved to be useful eXlothrough measurements of the thermal effusivities for three

imental methodologies for carrying out thermal characterizallduid samples: distilled water, ethylene glycol, and olive oil.
tions in the liquid and the solid state [2-10]. Several pho_ExchIent agreement was obtained with the values reported in
tothermal methodologies, involving photoacoustic [6, 7] and € literature.

photopyroelectric [8, 10] detection, have been reported for

measuring thermal effusivity for liquids. The photoacous-2, Theory

tic methodologies reported for the direct measurement of this

thermal property [6,7], one of these [6] suitable only for ther- By considering the one dimensional heat diffusion problem
mal effusivity measurements in transparent liquids, involve®f Fig. 1, where light, with intensity, and angular modula-
the ligth absorber in the thermally thin regime. The reportedion frequency. = 27 f, is impinging on the upper surface of
photopyroelectric technique for the direct measurement ofmedium 2, which absorbs light on its surface with optical ab-
the thermal effusivity for liquids [10], on the other hand, in- sorption coefficient, the corresponding coupled differential
volves the inverse configuration assuming the thermally thirequations for the one-dimensional heat diffusion are
behavior of the pyroelectric sensor and, even more, requiresazT 18T
the use of a reference sample for the matter of calibration of — — ——— =10, 0<u,
the sensor. In this paper the utility of the standard photopy- Oz

[e%1 ot -

roelectric configuration [10] (front photopyroelectric config- 927, 1 0T% Blyd(z) it

uration) for performing high precision measurements of ther-"5,2" = (" "5; — = 2z, [1+e*], —-L<z<0,
mal effusivity in transparent liquids, is shown. As opposite to )

the fore described reported photothermal techniques the onéﬂ _ i% _
reported in this paper makes use of the ligth absorber (py- 92* a3z Ot

0, —oo<zx<-—-L, Q)
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Considering that medium 2 is a pyroelectric transducer,
with induced voltage proportional to its thickness-averaged
temperature rise, [13] it is evident that the voltage signal can
be written as

m 3 V) = SRR )1 = e

[1— 237 72L]

g [1+ 12723672020
FIGURE 1. Schem.atic representation _of the one-dimension_al heat The functionG(f), called the transfer function, repre-
diffusion model with surface absorption on the pyroelectric ele- gants the frequency response of the sensor and the electronics.
ment. By considering two different materials for medium 1 (ga (

or a transparent liquids§ in Fig. 1) the following two equa-
tions are obtained:

eiwt 4
] (4)

with boundary conditions

_ G(f)Blod o
11(0) = 72(0), V() = W(l +9gp) (1 — e777t)
p
T3(—L) = T5(—-L),
dT dT: L= )
—k1 d71|r20 = - 2d72|a::0, [1+ Png’Ypme_QopL] 7
X X
s G(f)Blod Y
—k2ﬁ| =L = —k3ﬁ| =1L Vo () = W(l +vsp) (1 —e »E)
dr '°=~ de =7 Prp
and the physical requirement of finite solutionsias: 0o X L= 9me™ "] (6)
i | [1 + ’VsprmeizgpL]b '
lim Ti(z) =0, Taking the ratio of these two equations we obtain
r—+00
vy (1 +vgp) [1 + ’YserpmeiQUpL]
lim Ts(x) =0 R(f)= = o~ —z- ()
wirjloo 3(1') ) ( ) V;;S (1_"_781)) [1+'ng')/pme QUPL]

Itis clear that this normalization procedure eliminates the
transfer function and some other parameters, which could
complicate the analysis. Equation (6) involves only the ther-

where T; i=1,2,3 is the temperature distribution inside
mediumi; o is the complex thermal diffusion coefficient
for medium 2, which is defined as, - (1+ z)(ﬂf/.OZQ)Z:’. mal response of the materials under examination.
andas, ko and L are the corresponding thermal diffusivity, . . :

- : : ; : When the pyroelectric element is thermally thick at large
thermal conductivity and thickness, respectively. Solving this : T

: o enough modulation frequencies, it is clear tRateaches the
system of equations it is easy to show that the temperature .

ST . 7 asymptotic value
distribution inside medium 2 is given by
(I+7gp) _ 14es/ep

Rrg = = 8

To(, 1) = ToBd(1 + 712) e (1 +7sp) 1+eg/ep ®)
7 4ky0y Taking into account that gas thermal effusivitieg, and the
[eazr _ 7236—2”2%—””] » effusivity of the pyroelectric sensoe,,, usually satisfy the

w . 2 . .
0T yiavage2720]  © (2)  relatione, < e,, it follows from Eq. (8) that
. . . o Rrg =1+ 9)
In this equationsd is the absorbance of the infinitesi- €p

mal surface layer of material 2, where the total absorptiofwheree; is the thermal effusivity of the liquid under study.
of light takes placey;2 and»3 are thermal coupling coeffi- From Eq. (9) the liquid’s thermal effusivity can be found,

cients [5,11,12], defined by;; = (1 —ei/e;)/(1 +ei/ej),  once the asymptotic valugy is known, from the relation
with ¢; been the thermal effusivity of mediurn From

Eq. (2) the spatially averaged temperatufg'V (f), inside es = ep(Rre — 1). (10)
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The constank ¢ can be obtained for a given transparent ITHACO model 1201) and then sent to the lock-in amplifier
liquid, by taking the signal ratid from the pyroelectric sen- (Stanford Research Systems, model SR830) for further am-
sor in the thermally thick regime in two different situations: plification and demodulation. The diode laser (Mitsubishi,
one with the bare sensor, and the other with the liquid samplenodel ML1016R), equipped with a collimator lens system,

in place. was left unfocussed to illuminate a circular area of the PVDF
surface, 5 mm in diameter. Three liquid samples were used
3. Experimental for this study (Table I). For a given liquid sample the volt-

age signal of the bare pyroelectric film was first recorded as
The photopyroelectric experimental set-up is shown in Fig. 2& function of the modulation frequency from 2 to 150 Hz,
The intensity-modulated laser light crossing the liquid samin steps of 1 Hz. Then the liquid was poured in the sam-
ple (with A= 660 nm, power 3.0 mW and electronically Ple chamber/container in such a way as to approximately be
chopped by the internal oscillator of the lock-in amplifier), three mm thick above the upper surface of the PVDF sen-
was incident on the metallized surface of a polyvinylidenesor. The photopyroelectric signal of the sensor, with the lig-
fluoride (PVDF) pyroelectric sensor (150w thick and 1-cm  uid sample in place, was again recorded as a function of the
in diameter). The bottom surface of the PVDF film was at-modulation frequency. The complete procedure was repeated
tached to a metal (copper) electrode with conductive epoxyfor each liquid sample, taking care to completely clean with
The voltage signal generated in the sensor was pre-amplifigiater and dry the PVDF surface in the interim. For the case

TaBLE |. Thermal effusivities of some liquids measured by the photopyroelectric techrigy@id some literature valuesx).

Liquid sample Rra es(Ws'/2/cm?K) er(Ws'/2/cm?K)
Distilled Water (Commercial) 3.847460.0289 0.15930.0016 0.1579 [Ref. 15 and 16]
Ethylene Glycol (Analytical Reagent) 2.4610.0113 0.081#0.0006 0.0813 [Ref. 17]
Olive Oil (Commercial) 2.086F%0.0072 0.060&0.0004 0.0621 [Ref. 10]

of the non-soluble water liquid, like olive oil, the sample
container and the sensor surface were carefully cleaned with
CClyusing cotton-wool sticks. All the measurements were
s made at room temperature (Z22).
LIGHT

4. Results and discussion.

Following the collection of the two experimental data sets for
d the bare PVDF sensor and with the liquid sample in place, the
signal amplitude ratios for each modulation frequency were
calculated for the analysis, as suggested by Eq. (7). The re-
sults are shown in Fig. 3. It is clear from this figure that
the asymptotic behavior, predicted by the theory [Eq. (8)]
is obtained for all cases for modulation frequencies rang-
ing from 100 to 150 Hz. The corresponditys values,

TRANSPARENT [;
touie  f
SAMPLE

E;ﬂr needed for the thermal effusivity evaluations of the liquid,
EP':'LEF;EER through Eqg. (10), were obtained as the arithmetic average of
\/ LOCK IN LASER the 50 sample set from 100 to 150 Hz. The horizontal lines in
RMELIFIER FOWER.SUFFLY the same figure are the corresponding plots of these constant
T s T R values. Using the known thermal effusivi.ty. for PVDI_: [13],
INFUT  OUTFUT INFUT  quTPOT €,=0.05594 W$§/2/cnPK, the thermal effusivity of the liquid
0 i) 0 sample can be easily evaluated from Eqg. (10). The experi-
I mental error of the thermal effusivity measurements was es-
CEFERENCE timated by using the usual formula for error propagation [14]

in the forme, = e,ARpq, where ARp¢ is the standard
deviation of theRrc measurements. The results are summa-
rized in columns 2 and 3 of Table | and the corresponding lit-
FIGURE 2. Schematic cross section of the standard photopyroelec-€rature values are summarized in column 4 of the same table.
tric configuration for liquidsd) container wallsf) dielectric sub- ~ From the data in column 3, the high precision of the present
strate. methodology becomes evident: the thermal effusivities have
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FIGURE 3. Results of the normalized photopyroelectric amplitudes for the liquid samples used for this work vs. modulation frequency. The
correspondance between symbols and materials is as follows: (circle) Distilled water, (square) Ethylene Glycol, (triangle) Olive oil. The
horizontal lines represents the corresponding asymptotic valies, for the normalized pyroelectric signal for each liquid substance.

been evaluated up to four significant figures and precision imwave methodologies, such as the thermal-wave resonant cav-
proves for the samples of high viscosity, which is reasonabléy [4, 5], as a means for complete thermal characterization
because the magnitude of small convective variations furthefor liquids of industrial importances.g. vegetable oils.
decreases in these liquids. Moreover, the close agreement Finally, a major advantage of the present methodology
between the literature values and the measurements madeadmer other reported photothermal techniques consists of the
this work is remarkable, especially for distilled water andpossibility to carry out fast estimates of the thermal effusivity
ethylene glycol. The high measurement precision of therof liquids, by measuring the photopyroelectric signals with
mal effusivity by means of the present frequency-scannednd without the liquid sample at a conveniently chosen mod-
photopyroelectric technique suggests the future explorationlation frequency in the asymptotic range of Eq. (7), and
of the related higher-precision photopyroelectric thermal-calculating theR; value.
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