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Abstract

The radiative transfer equation is solving considering the textile material equivalent to an absorbing and scattering slab and using a four-
flux approach. Three macroscopic values of radiative parameters are accessible from a spectrophotometer used with an integrating sphere: tt
directional transmittance and the hemispherical reflectance and transmittance. The four-flux model for scattering with a linearly anisotropic
phase function was used to identify the absorption and scattering parameters and the geometrical factor of the textile sample. For the nine
investigated cotton samples, we showed that these parameters are related to the yarn, to structure and to water content. Then, the previous
developed theoretical model for the photopyroelectric method in a noncontact configuration was modified for the case of a scattering sample
using the same four-flux approach. The method was used for water content measurement and thermal parameters characterization of textil
materials. Full description of the correlation analysis and inversion procedure and a synthesis of the results concerning the thermal parameter
are given in a second article [Duvaut et al., Rev. Sci. Instrum. 73 (2002) 1299-1303].
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Résumé

L'équation de transfert radiatif est résolue en considérant le matériau textile comme équivalent a un échantillon homogéne absorbant
et diffusant, et en utilisant un modele 4 flux. Les valeurs macroscopiques de trois paramétres optiques sont mesurées a I'aide d'un
spectrophotomeétre muni d’'une sphere intégrante : la transmittivité directionnelle, hémisphérique, et la réflectivité hémisphérique. Le
modele de diffusion a 4 flux avec une fonction de phase linéairement anisotropique est utilisé pour identifier les parameétres d’absorption
et de diffusion, ainsi que le facteur géométrique de I'échantillon textile. Pour les neuf échantillons de coton testés, nous montrons que
ces parametres dépendent du titre du fil, de la structure du maillage et de la teneur en eau. Ainsi, le modéle théorique préalablemen
développé pour la méthode de photopyroélectricité dans une configuration sans contact, a été modifié pour permettre de traiter le cas de
échantillons diffusants en utilisant une approche similaire quatre flux. La méthode est utilisée pour effectuer des mesures hygroscopiques
et la caractérisation thermique de matériaux textiles. Dans le second article présenté simultanément avec celui-ci, nous effectuons I'analys
des corrélations entre les parameétres et de la procédure d'inversion, et nous présentons une synthése des résultats concernant la mesure
parameétres thermiques de nos différents échantillons textiles.
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Nomenclature

a phase function coefficient in the linearly Ssensor Heat source generated by the absorption into the
anisotropic model SENSON. .\ttt V-2

C volume specificheat.............. Krim=3 T Temperature ... K

c specificheat .................... kgtkt Greek symbols

dair airgapthickness ......................... m o

. thermal effusivity VK-L.m-2.61/2 o thermal diffusivity of layeri”..... ... st

f modulation frequency.................... Hz extinction coefﬂqgnt """" T 4 E‘

Io incident flux Wi—2 Athi thermal conductivity of layeri”. W-m~™K

IT, I~ directional components of the qu>.<........ W2 pi rgflecjuon coeff|(.:|ent o.f the surface™

K absorption coefficient A " directional hemispherical reflectance

L™, L~ isotropic components of the intensity on each Ps specular reflect!v!ty at ”O”"f"" mudenge )
half-space W-2.5r-1 Pp Epecular reflectivity depending of the incident

...................... eam
i i —2.or-1.ym-1

Lx spectral intensity.......... Wi=.srm-um o; complex heat diffusion coefficient of the layer

Le blackbody intensity .............. wi2.srt B mt

l sample thickness........... IREEREREEEEEREE ; m 4 scattering coefficient .. ................. “h

qi volume heaF source of layer™. ...... W-m~ T transmission coefficient of the surfacé “

Do phase function 7/ directional transmittance

Ssample Heat source generated by the absorption into the ¢! directional hemispherical transmittance
sample . ... ... W3 @ net radiative flux .................... W2

1. Introduction [5] where the sample is placed between two metal plates

and pressure is applied during the measurement. Another
Comfort of fabrics is mainly determined by their thermal method in use is the one called “the skin model” [6,7]
insulation and water transport properties. This study enterswhere the thermal resistance is measured by the electrical
into a more general concern of objective evaluation of power needed to keep a fabric at a constant temperature
comfort. Its purpose is the accumulation of experimental (35°C). These methods can classify fabrics according to
data concerning the thermophysical properties of textiles their insulation properties but the values are subject to large
depending on the structure characteristics of the fabric, errors.
hydrophilic or hydrophobic character of constituent fibers,  An important aspect of the interpretation of a photother-
in order to obtain an expert system able to predict propertiesmal signal is the modeling of the interaction of the incident
of virtual fabrics in different conditions of use. radiation with the sample. The theoretical model of the non-
The PhotoPyroElectric (PPE) method in noncontact con- contact PPE method did not take into account scattering, but
figuration was chosen for the thermal parameters propertiesonly absorption and reflection.
measurement due to its already proven efficiency [1]. The  One-dimensional radiative transfer in fibrous media has
method allows the measurement of samples equilibrated atalready been modeled using either multiflux approach or
different water contents imposed by salt solutions [2]. Due quadrature schemes, and radiative properties calculated on
to the capability of the pyroelectric sensors to respond to the basis of these models [8,9]. It has been shown that the
very small temperature variations, very low levels of excita- four-flux approach gives sufficiently accurate results in ex-
tion radiation could be used which prevented unwanted phe-periments where collimated incident beams are used [9,10].
nomena like desorption of water. Other photothermal meth- As for the phase function representation we have chosen
ods have already been used for textile characterization like only functions depending at most on one parameter. Three
radiometry [3,4], needing generally higher excitation power. macroscopic values are accessible with a spectrophotometer
The photothermal response depends on several propertiesised with an integrating sphere: the directional transmittance
of the sample: optical, thermophysical and geometrical. In and the hemispherical reflectance and transmittance. There-
the case of textile materials, “inhomogeneous” by definition, fore, we could normally expect to identify a maximum num-
we normally expect to encounter difficulties when measur- ber of three parameters characterizing the material: the ab-
ing their thermophysical properties. We can normally obtain sorption and the scattering coefficients and one parameter re-
only “average”, “effective” values of the thermal parameters, lated to the anisotropy of scattering. A Levenberg—Marquart
nevertheless the only important in use conditions. algorithm was used for parameter identification. We have
One method used up to now in textile industry for showed that these parameters depend on the yarn, the stitch
thermal parameters measurement is the one called Alambetaharacteristics and the water content.
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Fig. 1. Schematic of light and heat propagation into the textile sample/pyroelelectric sensor assembly.

The four-flux model is also compatible with the PPE 2.1. Equation of radiative transfer using the four-flux
experiment, the only difference being a modified boundary approach
conditions. The heat sources in the sample and sensor have
been calculated, then the PPE amplitude and phase signal In order to calculate the flux at each point of the
have used to identify the thermal parameters of the sample. sample and into the sensor front electrode, the mathematical
A laboratory prototype has been validated for the pur- model developed in Appendix A holds true except for the
pose of measuring the thermal insulation properties. This boundary condition atc = /. The distance between the
prototype have been developed initially for the water con- sample and the sensor being very small compared with the
tent measurement in thin layers of biodegradable packagingstructure’s diameter of overall specimen, we can consider
films based on starch, the measurement of the profile of wa-that a specular reflection is present at the interface between
ter in this material and the study of its migration dynamics the sample and the air gap. Egs. (A.6) and (A.12) become:
[2,11].

IO =1l and I~()=pd* () (1)
LY0)=0 and L~ ()=p,LT() (2)
2. PPE model wherep; is the specular reflectivity at normal incidence and

pp is the specular reflectivity depending on the polarization
] . of the incident beam. The reflectivipy,, given by the Fres-
A schematic of an experimental cell that makes use of a ne| equation, depends on the angle of incidence, therefore
pyroelectric sensor in a noncontact configuration is shown gq. (2) has to be integrated for all the angfes
in Fig. 1. The sensor placed behind the sample is separated

from the sample by a thin air gap. The front electrode of the 2 2 The heat sources and the PPE signal

sensor has a high reflection coefficient. The first step of the

m0de||ing iS the deSCI’iption Of ||ght pl’opagation W|th|n the The heat source generated by the absorption of the
structure. A temperature rise is produced upon absorptionincident radiation into the sample can be calculated at each
and the heat diffuses. The temperature field in the three-point by the divergence of the optical flux at that point. For a
layer structure is calculated. The pyroelectric signal is given one-dimensional geometry, and for the four-flux model, we
by the temperature increase in the sensor, averaged over thebtain:

sensor’s thickness.

The lateral dimensions of the layers involved are large Ssampidx) = —di) = —d1+(x) + - ) - ndL+(x)
enough to decrease the 2D effects. The lateral heat loss is d dx d dx
well described by heat exchange coefficieat in a 1D +7 3)
model. The 1D modelling of a scattering sample using a four dx
flux approach is presented in the Appendix. Once the optical Using the differential equations (A.4), the heat source can be
behaviour of textile samples is mastered, we proceeded withexpressed by the flux terms directly:
the modelling of the thermal response of the pyroelectric . B
sensor placed in the vicinity of the sample, when the sample SsampldX) = KT () +17 )]
is illuminated by a collimated beam. +2nK[LT(x)+ L™ (x)] (4)
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where we can easily verify that the heat source is zero if the 2.3. Numerical simulation of the theoretical signal
sample is not absorbing.

Another contribution to the PPE signal is given by the The purpose of our work is to identify the thermal
absorption by the sensor front electrode of the transmitted parameters of a sample, so we have to measure the other

light: parameters in order to reduce the number of unknown
n parameters. The parameters that we can measure prior to

Ssensor= (1= po) 1™ (D) the PPE experiment are the coefficients related to optical
+n[1_ /pp (6) sing d9]L+(l) (5) absorption and scattering and the sample’s thickness. The
uncertainties on these “assumed to be known” parameters

The two heat sources were introduced into the already introduce deterministic errors into the signal amplitude and
existing model for calculating the PPE signal [2,16]. This phase, equivalent to a measurement error. We compare the
model makes use of the Green function, the sample beingamplitude and phase sensitivities calculated from the model
considered thermally homogeneous. By applying the super-with respect to variations of the “assumed to be known”
position principle, the resulting temperature field will be parameters and the respective experimental errors. From
given by the sum of the two separate temperature fields. this comparison we obtain the precision needed on these

If the excitation light is modulated, the heat sources and parameters, so that their influence on the parameters to
the subsequent temperature fields in each layer are alsddentify should be negligible.

modulated sinusoidally: We proceed with numerical simulations of the theoretical

_ . amplitude and phase in order to estimate the weight of each
S, 1) =Styexp(jor) and (6) parameter (optical, thermal and geometrical) playing a role
T(x,t)=T(x)exp(jwt) in the model.

Knowing the absorption coefficierk, the scattering co-
efficient o, and the phase function, we can estimate the
ten as follows: amplitude and the phase of the PPE signal. In Fig. 2 we
2T, . . present the gmplitude and the phase of the PPE signal

i) _Jo o 4i) @) calculated using the model shown previously and the fol-

dx? o Athi lowing input parameters for the sample: optical absorp-
wherew; and Aqy; are respectively the thermal diffusivity tion coefficientk = 200 m 1, scattering coefficients =
and the thermal conductivity of the layei”: The solutions 5000 nT1, phase function parameter:= 1, thermal con-
have to satisfy the boundary conditions: the continuities of ductivity A, = 0.12 W-m~1.K~1, volume specific heaf =
the temperature and of the heat flux at each interface. 3 x 10° JK~1.m=3; thicknesg = 1 mm, air gap thickness

The convective and radiative transfer at the interfaces dajr = 0.5 mm. The thermal parameters of the sensor are:
with air (x = 0, x = [ + dajr + dsengd are characterized by thermal conductivity 1.2 Wn—1.K-1, volume specific heat
the heat exchange coefficigntFor the other interfaces the  3.28x 10° JK~1.m~2 and thickness 0.2 mm, corresponding
heat transfer is only by conduction. to the values of the PZT ceramic used in the PPE experiment.

Considering only the first heat source (Eq. (4)), the The heat exchange coefficient vallie£ 18 W-m—2.K 1)
solution of Eq. (7) for the sample can be found by the is apparently very large for a confined environment, but it in-
convolution of the heat source and the Green function, that cludes also the effect of lateral heat diffusion due to limited
is the solution obtained for a plane heat source atz into dimensions of the sensor.
the sample: The PPE amplitude was normalized to the sensor ampli-
tude obtained when illuminated alone, without a sample. At

100 40

eXF(O']_I)C — Z|) (8) —— amplitude

— - —phase 4 20

Then, the heat diffusion equation for each layat’ “
(sample=“1", air gap= “2" and sensok= “3”) can be writ-

G(x,7) = Crexp(—o1x) + D1 exploix)

+

2\ 101

where o; = (1 + j)(f/a;)¥? is the complex diffusion N
coefficient of the layer i; the reciprocal of its real part
being the thermal diffusion length. \ \
For the second heat source, generated into the sensor frong \
electrode, the temperature field in each layer is calculated :
using Eq. (7) without volume sourceg; (= 0) and with a
modified boundary condition: i.e., a supplementary heat flux
(Ssenso) is appearing at the interface air gap/sensor. o L , ™
Then, the PPE signal, proportional to the average temper- oo 01 1 10 100
ature over the sensor thickness was calculated, taking also frequency [Fel
?nto account the electronic transfer function of the amplify- Fig. 2. Theoretical simulation for PPE amplitude and phase obtained with
Ing system. the model.
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low frequencies the heat generated in the sample has a dif- The measurement error was at most 5% for the amplitude
fusion length large enough to reach the sensor. As the fre-and 1 deg for the phase. We have calculated the relative
guency increases, the heat wave into the sample is stronglyvariations of the amplitude and the phase of the PPE signal
attenuated, so the signal is given only by the transmitted for some given variations of the “assumed to be known”
light. The signal amplitude at high frequencies is given only parameters: 1%, 5% and 10%. Fig. 3 shows the theoretical
by the heat source into the sensor electrode and is propor+esults for the optical absorption coefficient variation. To
tional to directional-hemispherical transmittance of the sam- avoid its influence on the results, the absorption coefficient
ple. Only the first heat sourc&4ampie EQ. (4)) containsin-  has to be known with a precision better than 5%. This is
formation on the thermal parameters of the sample, so theeffectively our case (see the experimental results) since the
second onedsensor EQ. (5)) should be reduced as much as measurement uncertainty is about 4%.

possible. This is the reason why the front electrode was made Fig. 4 shows the theoretical results for the scattering
highly reflecting (Au). The phase contains also information coefficient variation. The uncertainty of this parameter
on the thermal parameters of the sample since the first heashould be slightly above 5%. We considered that a precision
wave is not only attenuated but also phase shifted. Actually, of about 7% as it is in our case was sufficient. The phase
correlation analysis of the signal amplitude and phase showsfunction parametex has a smaller influence on the signal
that the phase is much more sensitive for thermal parameter(results not shown), a absolute accuracy of 0.2 is thus
evaluation, because the parameters are less correlated [177oughly sufficient.

The information contained in the signal is limited, therefore A very delicate parameter is the sample thickness. Fig. 5

the number of parameters that can be simultaneously identi-shows that the uncertainty of this parameter should be
fied is also restricted. about 3% or less. The thickness of a textile material depends

on the pressure applied during the measurement. We applied
the International Standard [18] that gives the value of the

0.05 thickness at two applied pressures. The optical and then the
1% 5% =——=10%
0
0
: _\
-0.05 5.
31 0.05
-0.1
0.01 0.1 1 10 100 1% 5%  m—10%
frequency [Hz] -0.1 : .
(@) 0.01 0.1 1 10 100

frequency [Hz]

@)

; . \ r
N N

\/ -1.5
1% 5% =——10% \_/ T

0.01 0.1 1 10 100 -2

frequency [Hz] 0.01 0.1 1 10 100
(b) frequency [Hz]

(b)
Fig. 3. Relative variations of amplitude (a) and phase (b) caused by 1%, 5%
and 10% change in optical absorption coefficient of the sample. Fig. 4. Same as Fig. 3 for the scattering coefficient.
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Ajldeg]

5% =——10%
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Table 1
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The characteristics of jersey knitted samples measureddt 20id 65%RH!; and/, are the values of sample thickness obtained by applying a pressure of

1 gem2 and 10 gcm~2, respectively

Reference Yarn Absorbed stitch Mass per
Sample number/stitch length [cm] area (1 g-cm‘z) 1>(10 gcm‘z)
[g-m~2] [mm] [mm]
c21 28/1*2 54 364 1.66 1.39
c22 28/1*2 60 332 1.79 1.50
c23 28/1*2 66 297 1.87 1.58
c41 40/1 297 200 1.13 0.80
c42 40/1 33 176 1.13 0.82
C43 40/1 363 162 1.10 0.82
C51 50/1 261 182 0.98 0.73
C52 50/1 29 171 1.07 0.80
C53 50/1 319 157 1.07 0.81
° while the others were kept constant. The parameters that
could change are the type of knitting, the yarn numbgt
-0.08 the absorbed stitch lengtland the composition. This series
\ of samples was defined and investigated in order to fill in
-0.1 a data base of experimental values for the thermophysical
g \ parameters, for the purpose of creating an expert system.
= 015 The results presented here concern only jersey knitted
cotton samples, having three values of yarn number and
o for each type of yarn number three values of absorbed
’ stitch length (see Table 1). The thickness for each knitted
1% 5% ——10% sample was measured at two pressure valuescind
-0.25 : ‘ : and 10 gcm 2 respectively (International Standard [18]).
001 04 ! 10 100 Samples C21, C22, C23 have 2 yarns per stitch, each of them
frequency [Hz] having a yarn number of 28. The rest of the samples have
@ 1 yarn per stitch.
;
1% 5% =——10% 3.1. Optical parameters
0 —
The directional-hemispherical radiative parameters were
p measured using a two-beam spectrophotometer (Lambda
6 \—/—\/ 9 Perkin—Elmer) equipped with an integrating sphere of
% N / 60 mm diameter. Three macroscopic values are accessible
2 experimentally:z’, 7" and p'”. These values are subject
\ / to errors due to the reduced dimensions of the integrating
3 sphere. Therefore they were corrected by using Spectralon
\/\/ standard scattering samples and certified reflectance stan-
4 , , , dards from Labsphere.
0.01 0.1 1 10 100 Since the maximum number of parameters that can be

frequency [Hz]
(b)

Fig. 5. Same as Fig. 3 for the thickness of the sample.

obtained experimentally is three, we have chosen for phase
function representation only functions depending on one
parameter at most. For each type of phase function defined
in Section 1.3, the optical parameters were identified using
a least-square minimization program based on a Levenberg—

thermal parameters were identified using the two values of Marquart algorithm [14,15]. The best results were obtained

thickness.

3. Experimental results

Nine samples were chosen among some thirty other

with the LAS phase function (A17). The isotropic phase
function is not adapted for the modeling of the radiation

1 Yarn Number= the length in km of 1 kg of yarn. The larger this value,
the finer the yarn.
2 Absorbed Stitch Lengtk: the length in cm of 100 stitches. The smaller

samples that we defined by changing only one parameterthis value the tighter the knitted.
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Fig. 6. Experimental values of the optical thicknéssfor dry and ambient

cotton samples.
1,20

Fig. 7. Same as Fig. 6 for the scattering thickness

propagation into textiles because the numerical fit did not I

converge. The Henyey—Greenstein function depends on one 0,80 {

parameter but gave numerical problems. This is the reason T l

why it was successfully used only in discrete ordinate j I

models where its integration is necessary only on a few l

directions [10]. 040 1 .
Anhydrous samples (4 days in an oven at8Qfollowed % -

—H
—

—
L

by 10 min in a silica gel desiccators at 2D) and samples ody

equilibrated at an ambient humidity (65% RH) were investi-
gated. Five replicates of each knitted samples were measured ¢ oo
at 1.94 um corresponding to the laser wavelength used in the
photothermal experiment.

Actually, in the model presented in Section 1, the optical type of sample
absorption coefficient and the scattering coefficient APPearLi, g Experimental values of the phase function paramefer the dry
always multiplied by the thickness, meaning that the rele- and ambient cotton samples.
vant parameters from global optical point of view are the

dimensionless products: optical thickness (/) and scat-  jycrease of the absorption coefficigttfor a 6% increase of
tering thicknessd - 7). Therefore the three identified val- e water conten’ (value for cotton at 65% RH).
ues obtained from the least-squared minimization program |, Fig. 7 is presented the scattering thicknegsfor
wereK -1, o -1 anda. Then the corresponding optical ab-  the 9 types of samples. At a given humidity, the scattering
sorption and scattering coefficients can be calculated for anythickness is decreasing with the absorbed stitch length. The
value of the sample thickness. The precisions on the opticalscattering coefficient is increasing with the density of the
related coefficients are of 4%, 7% and 0.2 for optical absorp- fapric and decreasing with the water content, in average
tion coefficient, scattering coefficient and geometrical factor ghout 7% for a 6% increase of the water content.
respectively. The positive value of the asymmetry factorconfirm a

Fig. 6 shows the values of the optical thickness for the forward tendency of the phase function (Fig. 8), increasing
two cases: anhydrous samples (open symbols) and samplegith the absorbed stitch length. We observe that the influ-
at ambient relative humidity. The optical thickness for a ence of the water content on this parameter is smaller than
certain yarn number is decreasing with the absorbed stitchthe experimental errors.
length which is normal, since the larger this value, the less
dense the fabric. Actually, for a dry sample, the absorption 3.2. Thermal parameters
coefficient K and optical thicknesx -/ are proportional
to the density and the mass per area respectively. The The PPE prototype and experimental set-up are pre-
absorption coefficient is increasing strongly with the water sented elsewhere [2,11]. Here are given only a few details.
content, since it is measured at a wavelength correspondingA 200 pum thick and 20 mm diameter PZT ceramic pro-
to an absorption band of water. In average there is a 60%vided with high reflectance gold electrodes, was used as a

¢ ambient

-~ N [s2)
< < <
@] (@] (@]

c21
Cc22
Cc23
C51
C52
C53
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pyroelectric sensor. The textile sample is a disk clamped 600000

between two PVC rings generating a constant and repro-
ducible pressure. The relatively small but nevertheless nec-
essary generated tension ensures the flatness of the sample,_Aooooo S
The reproducibility has been confirmed by a series of mea- E % é
surements done on different samples coming from the sameg %
textile specimen (standard deviation of 5% on the amplitude =
and 1deg on the phase).The experimental errors integrate the 200000
eventual differences in the sample positioning and hetero- oLt (dy)
geneities of the sample. The experimental errors on the elec- L2 (dry)
tronic signal are within the errors announced above.
The PPE signal data were measured by a Stanford Re- el
search SR850 lock-in amplifier. The diode laser (Applied o O ©O
Optronics Corp.) was electronically modulated by the inter- type of sample
nal generator of the lock-in. Its average power was about
1 mW. The experiment was computer controlled via an RS
232 interface and a LabView 6.01 program. The experimen-
tal data were processed and inversed by a Mathematica 3.0
program based on a Levenberg—Marquartalgorithm. The un-
known parameters which are identified are the volume spe- 0,40
cific heat, the thermal conductivity and the air gap thickness. o L1 (dry)
The other thermal parameters (thermal diffusivity, thermal L2 (dry)
effusivity and thermal resistance) are calculated. 0,30
The diode laser is fixed on a temperature controlled <
Peltier element. The temperature control unit serves to =
stabilize the output energy of the diode laser and can also be
used for a small range tuning of the wavelength. The diode
laser is connected to an optical fiber and then to a collimator. 010 3 g
The wavelength was.94+ 0.01 um and the average power ’ =
of the incoming collimated beam was about 1 mW with a
spot diameter of about 5 mm. The PPE signal (amplitude and 0,00

otH
i
HoH
agl
iral

C21
Cc22
C23
C51
C52
C53

Fig. 9. The volume specific heat of the dry cotton samples calculated with
two values of the sample’s thickness.

HOH F—ro—i

O

0,20

HHOH
HH

=3
£
<

phase) was measured in the range 0.01-100 Hz, 10 points per ST ¥ 2 3 ¥ 2 35 9 @
decade. O O 0 O O O O O O
The thickness measurement for a textile sample is deli- type of sample

cate task since it has to be done at a certain pressure applied
to the sample. We have chosen to work with the two values
of thickness given by the international standard method [18]
because we wanted our results to be comparable to the ones
obtained in the textile industry. 0,020
The air gap thickness parameter integrate not only the
equivalent air thickness between the sensor and the sample
but also the heterogeneities of the interface air/sample. 0,015
In Fig. 9 is presented the volume specific heat for the —
two values of thickness, for the dry materials. The two = %
curves differ only by a factor depending on the ratio of < 0,010 i
the calculated densities. In other words, the specific heat: ‘g
¢ = C/p is the same for the two identifications within the & % % %
errors of calculated values. 0,005 i &
We observe in Fig. 10 that the thermal conductivity is Fy g £ K %
larger when we consider a larger value of the thickn@s$.( ¥
The “real” thickness is the same.) The thermal resistance  0.000

Fig. 10. Same as Fig. 9 for the thermal conductivity.

oL1(dry) OL2(dry)
* L1(65%) mL2(65%)

—r0—

over the unit areaRy, defined as the ratio between the g 8 8 5 3 & 8 8 8

sample thickness and its thermal conductivity is shown in
Fig. 11 (open symbols for dry materials). We observe that
the thermal resistance is the same within the errors for theFig. 11. The thermal resistance for dry (open symbols) and ambient
two identifications, meaning that we can apparently obtain a humidity (filled symbols) cotton samples.

type of sample
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sample as a whole. These assumptions are however suffi-
i cient since in practice, the comfort of a fabric with respect

to water is given by the “warm-cool feeling” given by the
thermal effusivity and the insulation properties. The latter is

42
m-]
w
o
S
i
H——H
i

FoHOH i

I well characterised by the thermal resistance and its depen-
& % E % % dence on the water content.
F"’200 T $ & § A more detailed discussion on the inversion method,
% o t on the possibility of detecting both optical and thermal
5 parameters of textile samples from only PPE measurement
100 is given on the second article from this back-to-back series
o L1(dry) OL2(dry)
& L1(65%) mL2(65%) [17] .
0
— N [s¢] -~ [oN] ™ ~— N (32
N N N <t <t < 1] 0 0
O O O o O o O o O

Appendix A. Modeling of the radiative properties of
type of sample textile samples
Fig. 12. Same as Fig. 11 for the thermal effusivity. Lo . . i
A material is scattering if it consists of heterogeneous
zones having different refractive index values. We are going
to characterize an equivalent, homogeneous material, having
rom macroscopic point of view the same radiative proper-
ies. The radiative transfer equation in such an equivalent
homogeneous material is given by the general form [12,13]:

larger conductivity when considering a larger value for the

thickness but the result in terms of thermal insulation is the

same. In Fig. 11 are also presented the values of the therma[

resistance for the samples at ambient humidity. The values

are smaller when the fabrics contain water, ag expected.
The calculated thermal effusivity= (Ci)Y/? is also in- dL; (s, £2) 0

sensitive to the value of the thickness (Fig. 12). This could ds ==Ky + o) Li(s. 2) + K LT )]

be explained by the fact that the effusivity is a parameter re- o , , ,

lated ?0 the interface and it should not dependpon the thick- T / pi(s, @', 2)Li(s, 27)d2" (A1)

ness of the sample behind this interface. This observation is A

important in the comfort estimation. The effusivity of a hu- at any point of abscissg in the directions2 characterized

mid material is larger that the one of a dry one, from where by the angle® et ¢, where K; and o; are respectively

the “warm-cool feeling”. The thermal effusivity enters into the absorption and scattering coefficient, andthe phase

the handle estimation of a tissue by the method of Kawabatafunction.

[19] as being the only thermal parameter taken into account

among some other ten mechanical parameters. Four-flux approach

From now on the monochromatic index will be omitted.
4. Conclusion The fundamental hypothesis of the four flux approach
is to divide the intensity inside the material into four
The PPE model in a noncontact configuration was mod- components: two directional collimated components (
ified in order to take into account the scattering effect. ands—) obtained from the incident flux upon reflections and
A four-flux model was developed initially for optical pa-  transmissions on the two interfaces of the sample and two
rameter identification of textile from experimental data ob- isotropic components/(" and L~) on each half-space [9,
tained from a spectrophotometer equipped with an integrat- 10J.
ing sphere. Then, the four-flux model was adapted for the In one-dimensional geometry of abscissawith 917 and
PPE configuration. This allowed for the thermal properties ¢, the angles of * and/~ of directionss2,, ands2,, inside
characterization of textile samples function of structure and the sample, Eq. (A.1) becomes:
water content. For the directions with cas> 0:
The main advantage of our laboratory prototype relies n n
on its reproducible and pressure independent results. ButL ™ £2) =17 (x)8($2 —£2p) + L™ (x) (A.2a)
the method is not a true noncontact one since the distanceFor the directions with cas < O:
between sensor and sample has to be controlled in the sub- _ _
millimetre range. This is the reason why the PPE method £ $2) =17 (x)8($2 = £n) + L™ (x) (A.2b)
will always remain at laboratory device level. The Dirac function is defined by:
Our approach contained some obviously simplified as-
sumptionrg:) the fact that the sample is cons,i)izleredpthermalIy‘s(“(2 — $20) = (CosH — cOSH)d (9 — go) (A-3)
homogeneous and the optical parameters (absorption andy introducing into the transfer equation the values taken
scattering coefficients) are global values characterizing theby L(x, £2) in each of the two half-spaces we obtain four
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partially coupled differential equations. On the particular we obtain four coupled equations. We integrate each of the
directionsy =6, andd = 6,,, the transfer equation contains equation over its validity domain. This operation determine

only the collimated fluxes. At normal incidencé,, (= 0° the appearance of some integrals of the phase function:
and 6,, = 180C°) the transfer equations for the collimated o
beams are: 01 =g / / p(2, 2)de2’ds2
dr+ s0>0 cosy’>0
d(X)+(K+C7)I+(x)=O Cyco >0 cost’'> / /
y (A.4) =53 f / p(2, 2)d2 d2
dI”(x) - cos? <0 cosy’ <0
o T EFTx)=0 R (A.8)
having the following solutions: or =g p(2', 2)de’ds2
T
IT(x)=1I,exd—(K +o0)x] and A5 €090 cosh’ <0
. o
I7(x) = Iy exp[(K + 0)x] = 8.2 / / p(22',2)d2'ds2
The integration constanfs and1,, are calculated using the cos0<0 cost’>0
boundary conditions and depend on the transmission and theT he coefficients; ando, are respectively the forward (cés
reflection coefficients of the two surfaces,(0o) and @, ;) and co®’ having the same sign) and backward scattering
and on the incident fluXy: (cosv and co®’ having opposite signs) coefficients. The
1+(0) = 70l 1= and I-() = oI+ A 6a integrals (_Jnahalf-_space relative at an incident direction give
(0) = rolo + pol " (0) O=pl70 | ) the following coefficients:
If the specular reflections at the two surfaces are neglected o o
as it is the case for fibrous samples: 0T = / p(£2,,2)d2 = ™ / p(£2,, $2)dS2
ITO)=1Iy and I~(I)=0 (A.6b) coss>0 cosf <0
o2 o
we obtaini, = Ip et I,, =0, and the collimated flux{ ~ OR = y / p(82,,£2)d2 = ym / p(2,, 2)d2
is zero, reducing the number of fluxes to three. For the 7 o0 7 o0
directions of positive cas and for 6 # 6,, Eq. (A.2a) (A.9)
becomes:
I Since the non-normalized phase function integrated over the
dL*(x) . . . .
cosy + (K +0)LT(x) entire space is equal tor4 the sum of the partial scattering
dx o coefficients is equal to the global scattering coefficient of the
=KL[T()]+ T2y, 2) material:
= = Al
+ 721w / p(2',2)d$2’ ortor=ortor=oc (A.10)
4 c0s8=0 After integration of the transfer equation, and in the case
o where the emission of the medium can be neglected (cold
t 2.1 DpEm. £2) medium approximation) we are looking for solutions of the
form:
+ 721 (2, 2)ds2’ (A.73)
At P : LT(x)=ate 7 4+ bter* 4 cte P¥ 4 dtefx
cosh <0 _ — oy — o — —px — Bx (A.11)
) ) . L= (x)=a e V" +b e’ +ce +d e
For the directions of negative césand for 6 # 6,,, _ o o
Eq. (A.2b) becomes: where 8 = K + o is the extinction coefficient angk =
B 2/K (K + 20;).
cosd dL” () + (K +0)L™(x) In the case of textiles, the directional flux is equal
dx to zero, meaning that* andd~ are also equal to zero.
= KLO[T(x)] + ifr(x)p(gp, 2) The other constanta™, a—, b, b~ are calculated from the
4 boundary conditions at = 0 andx = /. By neglecting the
+ iLJr(x) / p(2',2)de’ reflections at the interfaces, we obtain:
47 ’
cosh>0 LT0)=L"(1)=0 (A.12)
o
—1" 2m, 2 . . . . .
g )P (&2, $2) Calculus of directional-hemispherical properties
o / /
+EL (x) / P2, $2)ds2 (A.7b) Our objective is the determination of the absorption

cost <0 and scattering coefficients and of the phase function of
By introducing into the transfer equation the values taken by textile samples from experimental data obtained with a
the scattered fluxek(x, £2) in each of the two half-spaces spectrophotometer equipped with an integrating sphere.
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