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Abstract

The amplitude and phase of the PPE signal for a strongly scattering sample were calculated using a four-flux model. The sensitivity of
both PPE amplitude and phase with respect to the thermal properties and water content of the sample were calculated together with the
correlations between the parameters. We show that the water content of a sample can be estimated from the signal amplitude, providec
the availability of ana priori knowledge of the optical parameters’ dependence on the water content. Once the optical characterization is
completed, the phase signal can be used for the thermal properties evaluation. The experimental values of the thermal parameters depend ¢
composition, structure and water content. The difference between the results obtained by the photothermal method and those obtained b
DSC and Alambeta methods is discussed.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

L'amplitude et la phase du signal pyroélectrique ont été calculées dans le cas de matériaux diffusants en utilisant un modéle a quatre flux.
Les sensibilités de I'amplitude et de la phase par rapport aux parameétres thermiques et hygroscopiques de I'échantillon textile ont aussi éte
calculées ainsi que les corrélations entre ces parametres. Nous montrons que la teneur en eau d'un échantillon peut étre estimée a partir
I'amplitude du signal, en s’appuyant sur la connaissance a priori de la dépendance des parametres optiques avec cette teneur en eau. Une f
cette caractérisation optique effectuée, la phase du signal est utilisée pour évaluer les propriétés thermiques de I'échantillon. Les valeurs de
parameétres thermiques, issues des mesures expérimentales, montrent une dépendance avec la composition, la structure et la teneur en eau
échantillons textiles. Nous présentons ensuite une discussion critique concernant la comparaison des résultats obtenus avec notre méthode
avec les méthodes Alambeta et calorimétrie différentielle & balayage.
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Nomenclature

a phase function parameter Sy, water sensitivity factor of the thermal
ASL  absorbed stitch length conductivity
c volume specificheat.............. Krtm=3 S, water sensitivity factor of the specific heat
¢ specificheat.................... kg Kt T YArN COUNt . ..., Te
cay  specific heat of the dry sample . ... :kg~+-K™* N, yarn number
gij e!emen:ho_f Ic(:ovarlance matrix X; sensitivity coefficient for the parametgr
air airgapthickness ................ ... ...... m water content
e thermal effusivity........... Wl/2.K—1.m=2
edry thermal effusivity of the dry Greek symbols
/2. K—1.m—2 .

sample ........ e WH2.K m- Mh thermal conductivity .. .......... wh—1K-1
Kqry  absorption coefficient of the dry sample .. m density kg3
Kn,0 absorption coefficient of water at the measuring P T _3

wavelength............................ T pary  density of dry material. ... kg 3
l1»  estimated sample thickness................ m PH0  density of water..................... kg
i parameter Pij correlation coefficient between the parameters
P MaSS PEr aAr€a........oovveevrnenn... -kg? piandp; N
Rin thermalresistance................. Z-M-W_l o scattering coefficient................... “h
Rihdry thermal resistance of the dry Samp|§.mW*l Odry scattering coefficient of dry material . . . .. Th
Si root-mean-square of parameter x2 chi-square

1. Introduction surement of the water content, which is interesting informa-

tion while measuring thermal parameters.

The purpose of our study was to provide reliable and  When defining the series of sample to investigate, only
meaningful values for thermal parameters of textile samples. one parameter characterizing composition, structure or water
To achieve this objective we used the PPE method in contentwas changed. In this way we attempted to understand
the non-contact configuration. Both the model developed and to quantify the influence of each parameter on the optical
for the PPE method, in the case of a strongly scattering and thermal properties of the textile sample.
sample and the experimental device were validated for  The purpose of our work was not only to collect experi-
thermal characterization of textile samples as describedmental data but also to develop an expert system capable of
in the joint article [1]. Other photothermal methods have predicting properties from the structural data.
already been used for textile characterization like radiometry ~ We can define a multitude of thermal parameters for a
[2,3], needing generally higher excitation power. Another given sample. These parameters are related one to another.
method in use is the one called “the skin model” [4] where We have studied the behaviour of all these parameters on
the thermal resistance is measured by the electrical powerthe structural data and water content, trying to obtain simple
needed to keep a fabric at a constant temperature@g5 relations that can be used for prediction. Depending on the

Photothermal methods depend on both optical and ther-aspect that we want to characterize we choose the most
mal parameters, parameters that can be in principle identi-adapted parameters. For example, the thermal effusivity
fied experimentally. In the particular case of textiles, where and resistance were chosen when samples are compared
the interfaces between the layers involved in the experimen-because they are not depending on the thickness, and specific
tal cell are not well characterized, some other parametersheat and thermal conductivity were chosen when the water
are added to the already long list of unknown parameters.influence was study because they depend linearly on water
The number of parameters that can be simultaneously iden-content.
tified is limited by the correlations that may exist between  The results obtained by using the PPE method were
all these parameters. In order to characterize thermally tex-compared to those obtained by Alambeta [5] and differential
tile samples it is convenient to obtain additional information scanning calorimetry DSC, and the differences discussed.
on the samples optical properties from complementary mea-
surements.

In the particular case where a selective wavelength is 2, Theoretical background
used, the optical parameters provide an additional informa-
tion about the sample. This is the case here since a diode2.1. Direct model
laser emitting at a wavelength corresponding to an absorp-
tion band of water was used in our experiment. Therefore, In the model developed previously we describe the
optical properties provide an indirect, but immediate mea- textile material as an equivalent, homogeneous sample,
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having from macroscopic point of view the same radiative 2.3. Sensitivity coefficients of the amplitude and phase for
properties [1]. The radiative transfer equation for such an the unknown parameters
equivalenthomogeneous material is solved in a 1D geometry
using the four-flux approach. The basic idea behind this  Correlation analysis applied to the PPE signal has shown
methodology is to divide the radiances within the material that in the particular case of highly scattering and very
into four components: two directional components obtained jow conductive samples such as textiles materials, it is
from the incident flux upon reflections and transmissions impossible to identify all the Sample's related parameters.
on the two interfaces of the sample and two isotropic The thermal characterization of a sample is possible only if
components on each half-space [6,7]. The optical fluxes the optical parameters of the samples are knavpmiori to
were calculated at each point of the sample by using the the photothermal measurement.
appropriate boundary conditions [8]. Fig. 1(a), (b) displays the sensitivity coefficients of the
Once the Optical behaviour of textile Samples was mas- amp"tude and phase for the unknown parameters (ther-
tered, we proceeded by modelling the thermal response ofmal conductivity, specific heat and air gap thickness), cal-
the pyroelectric sensor placed in the vicinity of the sample cylated from the theoretical model [1] and using Eq. (1).

illuminated by a collimated beam. The heat source gener-The thermal parameters of the sensor were: thermal con-
ated by the absorption of the incident radiation in the sample ductivity 1.2 Wm~1.K~1, volume specific heat.38 x 10°

can be calculated at each point from the divergence of the 3.« ~1.m=3 and thickness 0.2 mm, corresponding to the val-
optical flux at that point. Then the temperature field in each yes of the PZT ceramic used in the PPE experiment. The
layer was calculated, and the PPE signal related to the opti-gther input parameters werap = 0.2 W-m~1.K 1, volume

cal, thermal and geometrical properties of the sample. specific heat = 2 x 10° J:K~1.m~3, optical absorption co-
efficient K = 210 n1, the scattering coefficient = 3640
m~1, geometrical factor = 0.77, sample thickness= 1

mm, air gap thicknesg,i = 0.5 mm. The lateral heat loss

in the sensor/sample assembly was included in the value of

2.2. Inverse problem

The best fits between experimental and theoretical curves
were determined according to the maximum likelihood esti-
mation technique [9]. The fitting was conducted according to )
a Levenberg—Marquardtalgorithm [10,11]. Noise variance at
each experimental point was used as weighting factor when
calculating they 2 factor. The stop criterion of the fitting pro-
cedure was thg 2 factor smaller than one.

Direct modelling of the experiment leads to a minimum
number of significant parameters. Parameter fitting may
yield meaningless results if some amount of compensation
between the various parameters occurs. A theoretical tech-
nigue of estimation is employed and a reference covariance
matrix (C;;) is calculated using the starting parameters. Then
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the sensitivity coefficient¥; for the parametep; were cal-
culated [12] from:

08S(p1s-+ s Diseees Pjse-s)

o (1)

,Pis---, Pj,...) is the amplitude or phase

Xi=pi-

whereS(p1, ...
of the signal.

Even when the contribution of the unknown parameters
to the signal is considerable, the parameters may be difficult
to identify due to the fact that they are too correlated.
The accuracy of the estimated parametgrs(estimated
error standard deviatios)) and the correlation coefficients
between the different parameters are calculated from the
elements of the covariance matrig;():

(}.
si =+4/Ci; and Pij = —
VCiCjj
It is possible to identify the parameters if all the estimated
error standard deviation are smaller than 100% of the
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Fig. 1. Sensitivity coefficients of amplitude (a) and phase (b) for the

initial parameter value and if the correlation coefficients are unknown parameters: thickness of the air gap (triangles), thermal

not all of them larger than 0.9 [9-12].

conductivity 21 (diamonds) and volume specific he2g (empty squares).
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are very sensitive to the water content. If we suppose a sim-
ple, linear dependence on the water content:

K-l=PyyA+B-W], o-l=PyylC+D-W] (3)

the parameters involved have the following meanifgs re-
lated to the optical absorption coefficient of the dry material
(Kdry) and its densityogry and characterizes the substance,
B depends on the optical absorption coefficient of water
Kh,o at the measuring wavelength (in our case- 1.94
pm) divided to its densityn,o, C characterizes the dry ma-
terial and its scattering coefficient ar?l describes the re-
‘ . duction of the scattering surface due to the fibres that stick
0% 3% 6% 9% 12% 15% together due to water adsorption (experimental value®for
water content W [%] are negative)Pqry is the mass per area of the dry material.
) o ) ) ) While the linear dependence of absorption thickness func-
Fig. 2._Numer|cal simulation of the amplitude ra'tlo versus water content: .0 of \water content is evident at a wavelength characteriz-
assuming that the thermal parameters are varying with the water content. . . .
(solid line) and for constant thermal parameters (dashed line). ing water absorptlon, the linear dependence of the scattering
coefficient is justified only by the experimental data and is
probably valid only in a restricted range of water content.
- In the joint article [1] we observed that the signal
Fhe heat exchange cogfﬂuerht:@ 18 W-m~1.K™), allow- amplitude Jhas constant[se]nsitivities to optical absorptic?n and
ing the use of a one-dimensional model. scattering coefficients at high and low frequencies, but these

We observe that the parameters are strongly Correlatedsensitivities have different signs.

in the signal amplitude. Considering typical values of opti- If we know the dependence of the optical parameters
cal and thermal parameters for cotton we obtain for the am- ., \vater content from complementary measurements it is
plitude the following absolute values of correlation coeffi- possible to determine the water conte#itfrom the ratio
cients:p (dair. 1) = 0.9, p(dair. C1) = 0.98 andp (11, C1) = of the maximal amplitude (at low frequencies) and the
0.96. These parameters are less correlated in the signal phaseplateau" amplitude obtained at high frequencies.
and the correlation coefficients are also depending on the in- Fig. 1 represents the theoretical variation of the amplitude
put parameters. For the phase signal we obtaifair, A1) = ratio obtained from the one-dimensional theoretical model
0.3, p(dair, C1) = 0.7 and p(r1, C1) = 0.5 for dry mater-  described in [1]. The numerical simulation was calculated
ial and 0.5, 0.9 and 0.8 respectively for cotton with a water as a function of water content considerig = 0.21 +
content of W = 15% (.nh = 0.6 Wm~1.K=1, ¢ =3 x 10° 2.28'W andol = 3.64—1.8*W (typical values for one of
JK™t.m=3, K =552 nT!, 0 = 3370 nT!). In conclusion,  the cotton samples). The parameter describing the phase
only the phase was used to evaluate the thermal parameterfunction of the scattering was considered to be independent
and the air gap thickness. of water content.a = 0.77. The other input parameters
were:i = 0.2—0.6 W-m~1.K~1, volume specific heaf =
2 x 10°—3 x 10° JK~1.m~3; sample thickness= 1 mm,
air gap thicknesglair = 0.5 mm. The solid line represents
the theoretical results obtained considering that the thermal
) _ parameters are changing function of water content, and the
For a given type of sample, only the equations that gov- gashed line was obtained considering the thermal parameters
ern the dependence of the optical parameters on the wategonstant. We observe only a small difference between the
content are really necessary, not the absolute values. In Othe&urves, consistent with the fact that the amplitude ratio is
words, the way in which optical parameters influence the sig- not very sensitive to the variation of thermal parameters with
nal amplitude and the fact that the absorption and the scat-the water content. This is due to the fact that the induced
tering coefficients are correlated through their dependenceygriations on the amplitude are almost compensating one
on the water content, offer us the possibility of estimating another due to the anti-correlation of these parameters as we
optical parameters from the PPE amplitude. The PPE am-can see in Fig. 1(a). If we consider also a lack of precision on
plitude provides an indirect, but immediate measurement of the thickness of the air gafjr, the dashed curve is translated
the water content, which is an interesting information when above and bellow the solid line due to the correlation with
measuring thermal parameters in non stationary conditions. volume specific heaf. This correlation will determine an
The optical and scattering thickness (the products be-imprecision on the water contelt estimated this way.
tween the respective optical coefficients and the thickness) Once the optical parameters are known, either from
are dimensionless parameters. At a particular wavelengtha direct measurement with a spectrophotometer or via
corresponding to a water absorption band, these parameterassessment from the ratio of the maximal and the plateau

amplitude ratio

10

2.4. Estimation of the water content from the PPE
amplitude



A. Limare et al. / International Journal of Thermal Sciences 42 (2003) 963-972 967

Table 1
The characteristics of jersey knitted samples measured®a 20d 65% RH. Parametefsand/, are the sample thickness obtained when applying a pressure
of 1 gcm~2 and 10 gcm™2, respectively

Sample Yarn count Diameter  Absorbed stitch length  Mass per afig(1 gcm™2) I, (10 gcm™—2) CM1 CMy leq
reference T (tex) ¢ [mm] ASL[cm] [gm~2] [mm] [mm] (lgem2)  (10gem™2)  [mm]
c21 714 042 54 364 1.66 1.39 0.42 0.50 0.69
Cc22 714 042 60 332 1.79 1.50 0.35 0.42 0.63
c23 714 042 66 297 1.87 1.58 0.30 0.36 0.56
cal 25 028 297 200 1.13 0.80 0.44 0.62 0.49
c42 25 028 33 176 1.13 0.82 0.38 0.53 0.43
c43 25 028 363 162 1.10 0.82 0.36 0.49 0.40
C51 20 022 261 182 0.98 0.73 0.35 0.47 0.34
C52 20 022 29 171 1.07 0.80 0.30 0.40 0.32
C53 20 022 319 157 1.07 0.81 0.28 0.36 0.30
M1 20 021 27 167 0.74 0.58 0.37 0.47 0.28
M2 20 021 30 137 0.77 0.57 0.29 0.40 0.23
M3 20 021 33 125 0.75 0.56 0.27 0.37 0.21
PA1 156 0.2 315 167 0.81 0.7 0.41 0.48 0.34
PA2 156 0.2 35 158 0.86 0.74 0.37 0.43 0.32
PA3 156 0.2 385 146 0.89 0.8 0.33 0.37 0.29
P1 167 015 252 141 0.52 0.32 0.29 0.47 0.15
P2 167 015 28 121 0.45 0.33 0.28 0.39 0.13
P3 167 015 308 109 0.41 0.32 0.28 0.36 0.12
L1 714 0.65 54 264 1.85 1.21 0.66 1.02 1.23
L2 714 0.65 60 227 1.79 1.21 0.59 0.87 1.06
L3 714 0.65 66 208 1.79 1.21 0.54 0.80 0.97
. . 30%
amplitudes, we can proceed with the thermal parameters M
evaluation from the signal phase. 25% |-
9
£ L
= 20%
. c
3. Experimental results £15% | ¢
8
] ) ) 310% I
We defined and prepared a series of samples as various g PA
as possible and which could allow the study of the influence 5% |
of only one parameter. The results presented here concern . PES
jersey knitted sample of cottor§, modal (), polyamide ° 0% 20% 40% 60% 80% 100%
(PA), polyester PES and wool (). There were three values relative humidity RH [%]
of absorbed stitch lengthAGL)?!, for each type of yarn _ o . N
count (]")2 a typical one and the two others characterized Fig. 3. Sorption isotherms for each type of textile composition.

by +10% spread of the typical value (see Table 1). Modal
is a regenerated cellulose with the yarn made of fibres. Five replicates of each type of sample were conditioned
Polyester samples have a yarn composed of 36 filaments andinder different relative humidities imposed by salt solutions:
polyamide samples have a yarn composed of two yarns, eact23%, 53%, 75%, 90% and 98% RH. The samples were
of 38 filaments. Samples C2 have 2 yarns per stitch, each ofpreviously dried in an oven at 8C for at least 4 days. Then
them having a yarn numbei)® of 28. In wool samples  the water content of each sample was obtained by weighting.
two yarns are twisted together, leading to a yarn of an yarn The results for each type of material are shown in Fig. 3. The
number of 28. The rest of the samples have 1 yarn per samples can be classified according to their capacity to retain
stitch. The thickness for each knitted sample was measuredwater as follows: modal, wool, cotton, polyamide, polyester
at two pressures (1.gn—2 and 10 gcm~2) according to the (from the most hydrophilic to the less one).
International Standard [13]. The directional-hemispherical radiative parameters were
measured using a two-beam spectrophotometer (Lambda
- 9 Perkin—Elmer) equipped with integrating sphere. Three
'1 Absorbed.Stitch Lengtl&'the length in cm of 100 stitches. The smaller macroscopic values are accessible experimentaﬂyt’”
this value the tighter the fabric. and p'". The optical absorption and the scattering coeffi-

2 Yarn Count= the mass in grams of 1000 meters of yarn, actually linear . . ip . L
mass. cients were identified using a least-square minimization pro-

3 Yarn Number= the length in km of 1 kg of yarn. The larger this value, ~gram based on a Levenberg—Marquart algorithm [10,11].
the finer the yarn. Using an isotropic function for scattering, the numerical fit
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Fig. 4. Optical (a) and scattering (b) thickness of cotton sampteas a function of water contefit .
Table 2
Optical absorption and scattering related parameters=at.94 um characterizing the effect of water in the sample
Sample reference A B C D a
[m?kg~1] [m2kg~1] [m2kg~!] [m2kg~1]
c21 0.99 15.2 17.5 —-10.0 0.37
Cc22 1.05 14.6 18.8 -111 0.56
Cc23 1.15 14.9 19.9 —-104 0.71
C41 1.34 15.6 21.0 —-10.9 0.62
C42 1.42 14.4 23.1 -113 0.73
C43 1.32 15.0 24.6 -111 0.81
C51 1.35 14.3 21.7 -104 0.56
C52 1.36 15.0 23.0 —-124 0.70
C53 1.37 15.4 24.8 -118 0.77
M1 1.47 14.9 18.9 -25 0.77
M2 1.63 16.0 21.6 -35 0.82
M3 1.64 15.2 23.3 -9.0 0.90
PA1 0.95 16.6 23.2 -12 0.34
PA2 0.95 16.4 24.8 -19 0.38
PA3 0.95 17.2 26.5 -39 0.43
PES1 0.27 - 10.9 — 0.86
PES2 0.32 - 11.3 — 0.76
PES3 0.36 - 11.4 — 0.76
L1 1.53 14.3 12.4 -129 0.95
L2 1.57 13.2 134 —-123 1.04
L3 1.74 15.1 14.1 -141 1.15

did not converge, while with the Henyey—Greenstein func- C5. We observe a linear dependence of these parameters on
tion we encountered numerical problems related to its in- the water content. From these types of curves it is possible
tegration. The best results were obtained with a linearly to determine the coefficients defined in Eq. (3). The results
anisotropic phase function. When calculating the macro- for all the samples are given in Table 2, together with those
scopic radiative parameters, the relevant parameters fromfor the phase function parametemhich is independent of
global optical point of view are the dimensionless products: water content.
optical thicknessKl) and scattering thickness {). There- We observe that depending on composition, the samples
fore the identified values obtained from the least-squared have different dry absorption coefficients. Within a group
minimization program wer&l, o/ anda (the phase func-  of samples having the same yarn count we observe similar
tion parameter). The corresponding optical absorption andvalues forA and C. The influence of the absorbed stitch
scattering coefficients can be then calculated for any valuelength ASL) is contained in the factoP (mass per area)
of the sample thickness. which multiplies the coefficientd andC and for obtaining

An example of how the optical and scattering thickness the absorption thickness and scattering thickness of the dry
depend on water content is given in Fig. 4(a), (b) for cotton material. For samples having the same composition like,
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for instance, cotton (group§2, C4, C5), the A and C The results for the thermal resistance per unit area
coefficients depend on the yarn type. There is a significant (expressed as the ratio of the sample thickness and the
difference between the grouf?2 (two yarns per stitch) and  thermal conductivity) for dry samples are presented in

the groupsC4 andC5 (one yarn per stitch). Fig. 5. The values were calculated using two values of the

Coefficient B should be the same for all the samples sample thickness, those obtained experimentaillgiid/y).
since it depends only on the properties of water. The The values of thermal resistance are the same within the
optical absorption coefficient for water at= 1.94 pm is experimental errors, meaning that the thermal insulation of
about 15000 m?, which divided by the density of water @ sample is constant regardless the arbitrary value of the
gives a value of 15 ﬁ]kg*l for B. Po]yester absorbs a considered thickness. We observe that for a given type of
small quantity of water which means that the linear fitting Sample, the thermal resistance is increasing with A&
should be done in a very small range 8f (0-0.5%). since it the sample is containing more air. The samples of
This is the reason why we do not have any valuepof  the series cottor€2 and wool have the sam&SL values
and D parameters for this material, the optical coefficients @nd comparable sample thickness, but in terms of thermal
(absorption and scattering) being considered as constantinsulation wool samples are better than cotton ones.
CoefficientD characterizes the reduction of the scattering 1 he results for the thermal effusivity for the dry samples
surface due to water presence. Its value is more importantfora'® Presented in Fig. 6. The thermal effusivity is another
materials based on natural fibres (cotton and wool), than theParameter independent of the samples thickness. Intuitively,
artificial (modal) and synthetic (polyamide) ones. For modal the _thermal effusivity, which is a parameter characterizing
the smallD coefficient can be due to its important swelling, th€ interface, should not depend on the thickness of the layer
the samples volume is increasing by a factor of 1.5 at 30% beyond that m?erface. Th's observation is important n th_e
water content. handle ev_aluatlon of a tissue, Wh_ere the thermal effusivity is

The geometrical parameter is increasing showing a more related with the warm—coql feelmg_ [15].' we obserye that
pronounced forward tendency the looser the fabric (IargerSamIOIes made of synthetic materials like p_o_lyam|de and
ASL) and the finer the yarn. po!‘yester”have larger values of thermal effusivity, therefore

. . . a “cooler” contact. The cellulose based samples (made

Five samples from each specimen were equilibrated at
each relative humidity (0%, 23%, 53%, 75%, 90%, 98%), 0,024
than measured using the PPE experimental set-up [14].
A 200 pm thick and 20 mm diameter PZT ceramic pro-
vided with high reflectance gold electrodes, was used as a
pyroelectric sensor. The textile sample is a disk clamped
between two PVC rings. The PPE signal data were mea-
sured by a Stanford Research SR850 lock-in amplifier. The
diode laser (Applied Optronics Corp., maximum power 1 W L
at 1.8-2.2 um) was electronically modulated by the inter- i i il -
nal generator of the lock-in. The experiment was computer s x®
controlled via a RS 232 interface and a LabView 6.01 pro- 0,000
gram. The experimental data were processed and inversed by
a Mathematica 3.0 program based on a Levenberg—Marquart type of sample
algorithm.

The optical parameters measured previously were intro-
duced into the one-dimensional PPE model. The thermal
parameters were identified from the PPE phase in the fre- 450
guency range 0.01-100 Hz with 10 points per decade. The :: 400 |
parameters characterizing the sensor were the same as those £ 35 | {
considered in Section 2.3. The parameters identified from 2 | i {
the phase were validated only if the amplitude also satisfied i i
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Fig. 5. Thermal resistance of dry samples identified from the PPE phase and
for two values of sample thickneds: (diamonds) and, (squares).
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the condition ofy 2 less then one. 3 i

From the PPE phase three parameters are accessible: the € 2% | i § ;
air gap thickness and two thermal parameters, in our case  §
the thermal conductivity and the volume specific heat. Other g
thermal parameters can be calculated from the previoustwo &,
such as: the thermal resistance, the thermal effusivity, the
thermal diffusivity and the mass specific heat. The thermal
parameters identified from the phase signal were retained
only if the amplitude also satisfied the criterion. Fig. 6. Idem as Fig. 5 but for the thermal effusivity.
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Fig. 7. Thermal resistance of cotton samp{&sS3 as a function of water
contentW. The values are calculated from the PPE phase using the two Fig. 9. Idem as Fig. 7 for the specific heat. Circles represent values obtained
estimated values of sample thickness: (diamonds)/, (squares). The by DSC.
empty square represents the value obtained with Alambeta at ambient
humidity (65% RH).
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the comfort the textile becomes less thermally insulating and
it has a cooler touch when its water content increases. The
Alambeta measurement yields a larger value for the thermal
resistance and a lower value for the thermal effusivity
than the values obtained from the PPE method. This result
suggests that there could be a contact resistance at the metal
plate/textile interfaces which is not taken into account into
the model of the Alambeta signal. Due to the fact that the
thermal resistance is over evaluated, the other calculated
thermal parameters are incorrect as, for example, the specific
heat (Fig. 9). The values of the specific heat from the PPE
experiment, calculated using the two values of the thickness
are essentially the same. The values obtained for dry samples
are close to those given in literature: 1230-134g3J'-K 1

[16]. The values obtained from the DSC experiment are
different from those acquired in the PPE measurements.
DSC gives better results for samples containing water due to
of cotton and modal) have intermediate values of thermal g better thermal contact between the sample and the Al pan.
effusivity being between the “cool” touch of synthetic The same remark applies to all the other samples. The results
samples and the “warm” touch of wool samples. For the confirm the fact that although DSC method is extremely
same type of sample, the thermal effusivity is decreasing accurate for compact materials, it is not well adapted for
when the samples become less compact (laigt). fibrous materials.

Alambeta measurements were performed for samples By representing all thermal parameters versus water
equilibrated at ambient humidity (laboratory conditioned at content we observed that two of them are well represented
65%-=+ 5% RH, 20°C) by using a Zweigle T675 instrument. by linear functions: the thermal conductivity and the specific
In the Alambeta measurement, the sample is placed betweerheat. This behaviour of the thermal conductivity implies a
two metal plates and submitted to a constant pressure. DSCparallel model of the heat flow in the wet fabric, while the
measurements were performed on two replicates precondi-behaviour of mass specific heat is normal for a mixture of
tioned at 0%, 75% and 98% using a TA Instruments Modu- two components. The density dependence on water content
lated DSC. is p = pdry(L+ W)/f (W), wherepqry is the density of the

Figs. 7, 8, 9 show the water dependence of several dry sample and (W) is the relative variation of the volume,
thermal parameters for one of the cotton samplé53) a factor depending on the water content.
from PPE, Alambeta and DSC measurements. We knew that Figs. 10 and 11 illustrate how the thermal conductivity
the DSC method is not adapted for fibrous materials, but and the specific heat depend on the water content. Data
we nevertheless wanted to have an idea about the order otoncerning only the typical samples (having the central
magnitude obtained for such samples. value of theASL) are shown.

In Figs. 7 and 8 we observe that when taking up water  Based on the observation that the experimental values
the thermal resistance of the sample is decreasing and thdor thermal resistance, thermal effusivity and specific heat
thermal effusivity is increasing. From the point of view of are the same regardless the considered thickness we are

Fig. 8. Idem as Fig. 7 for the thermal effusivity.
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Table 3
Parameters related to the effect the water content on the thermal properties
Sample reference Pdry Adry S Cdry Se
[kg-m~?] W-m~tK] kgt K]
c21 497 0.111 16 1439 0.95
Cc22 497 0.069 18 1398 0.91
C23 497 0.045 28 1358 0.85
C41 344 0.153 18 1427 0.81
C42 344 0.100 1B 1408 0.94
C43 344 0.076 26 1414 0.91
C51 500 0.082 1% 1424 0.83
C52 500 0.056 18 1430 0.90
C53 500 0.046 26 1443 0.98
M1 546 0.061 104 1565 1.05
M2 546 0.045 1D 1564 1.05
M3 546 0.040 10 1540 1.07
PA1 487 0.105 D9 1693 0.86
PA2 487 0.093 13 1637 1.94
PA3 487 0.086 35 1633 231
P1 945 0.093 - 1752 -
P2 945 0.074 - 1763 -
P3 945 0.061 - 1795 -
L1 193 0.080 8L 1330 1.27
L2 193 0.064 10 1312 1.30
L3 193 0.050 156 1215 1.48
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Fig. 10. Thermal conductivity ratio of textile samples versus the water  Fig 11, Specific heat ratio of textile samples versus the water content.
content. Only data for samples having the central value ofAB& are

shown.

and 6), which is normal since the sample is less compact, in-
going to show only these parameters dependence on thecluding steadily more air. The sensitivity factor for the ther-
water content. The thermal resistance at any water contentmal conductivityS, increases with thASL, the influence of
is obtained from its dry value and the thermal conductivity water being more pronounced in a less conducting sample.

slope versus water contesit: 1/Rih = 1/ Rih dry(1+ Sy W). The specific heat behaviour is not depending on the struc-
The thermal effusivity depends on both water sensitivifies  ture, cary and S. being constant withASL and yarn count,
andsS.: e? = egry(1+ SSWYA+ S W)L+ W)/ f(W). depending only on the composition.

The values of the thermal resistance, thermal effusivity = The thermal conductivity for any considered thickness
and specific heat for all dry samples are listed in Table 3, can be calculated by multiplying the value of thickness by
together with the values of the slopes giving the sensitivi- the inverse of the thermal resistance. The volume specific
ties of the thermal conductivity and specific heat with re- heat is the product of the specific heat and the density
spect to the water content. We observe that for dry samplesobtained from the mass per area divided by the thickness.
thermal resistance increases and thermal effusivity decrease3hen, the thermal diffusivity which is the ratio/C can
with the ASL (as already discussed when presenting Figs. 5 be calculated for any water content and any thickness. An
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important parameter when calculating the density is the is obtained from the inverse of thermal resistance multiplied
geometrical one, i.e.f (W). A significant variation of the by the thickness, and the volume specific heat from the
volume with the water content was observed only for modal: mass specific heat, mass per area, thickness and the volume
1.5 at 98% RH andV = 30%. For all the other samples it variation factor function of water content. The thermal
was constant and equal to unity. diffusivity, which is the ratio of the thermal conductivity and
the volume specific heat is less sensitive to the water content
and the structural parameters.

The PPE results were compared to those obtained by

The PPE method has proven again its potential in the Alambeta method. The later has the advantage of being ex-
optical and thermal characterization of materials. By using tremely easy to use and almost instantaneous, but samples
as excitation source a diode laser centred on an absorptiorfan only be measured at ambient humidity. If only a clas-
band of water, the method provides an indirect measurementsification of the insulation properties is needed, Alambeta
for water content provided the variation of the optical method can be used, but the quantitative results are affected
parameters is known. Then, the complete characterization ofPy an insufficient consideration of heat transfer at interfaces.
the sample could be done in two steps, firstly, the optical For instance, the calculated values for the specific heat are
parameters and the water content are estimated from theover estimated relative to those in literature which on their
amplitude, then the thermal parameters are identified from turn are close to the values obtained by PPE method.
the phase. Therefore, the PPE method is applicable for The method can be easily extended to other semi-
dynamic measurements such as monitoring the water uptakdransparent, scattering, fibrous samples such as nonwoven
or the drying out of a sample and assessing their influencetextile and paper.
on the thermal parameters. We emphasize again the fact
that the method provides information about all the thermal References
parameters of the sample.
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