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Abstract

The radiative transfer equation is solving considering the textile material equivalent to an absorbing and scattering slab and us
flux approach. Three macroscopic values of radiative parameters are accessible from a spectrophotometer used with an integrating
directional transmittance and the hemispherical reflectance and transmittance. The four-flux model for scattering with a linearly a
phase function was used to identify the absorption and scattering parameters and the geometrical factor of the textile sample. F
investigated cotton samples, we showed that these parameters are related to the yarn, to structure and to water content. Then, th
developed theoretical model for the photopyroelectric method in a noncontact configuration was modified for the case of a scatteri
using the same four-flux approach. The method was used for water content measurement and thermal parameters characterizat
materials. Full description of the correlation analysis and inversion procedure and a synthesis of the results concerning the thermal
are given in a second article [Duvaut et al., Rev. Sci. Instrum. 73 (2002) 1299–1303].
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

L’équation de transfert radiatif est résolue en considérant le matériau textile comme équivalent à un échantillon homogène
et diffusant, et en utilisant un modèle 4 flux. Les valeurs macroscopiques de trois paramètres optiques sont mesurées à
spectrophotomètre muni d’une sphère intégrante : la transmittivité directionnelle, hémisphérique, et la réflectivité hémisphé
modèle de diffusion à 4 flux avec une fonction de phase linéairement anisotropique est utilisé pour identifier les paramètres d’a
et de diffusion, ainsi que le facteur géométrique de l’échantillon textile. Pour les neuf échantillons de coton testés, nous mon
ces paramètres dépendent du titre du fil, de la structure du maillage et de la teneur en eau. Ainsi, le modèle théorique pré
développé pour la méthode de photopyroélectricité dans une configuration sans contact, a été modifié pour permettre de traite
échantillons diffusants en utilisant une approche similaire quatre flux. La méthode est utilisée pour effectuer des mesures hygro
et la caractérisation thermique de matériaux textiles. Dans le second article présenté simultanément avec celui-ci, nous effectuon
des corrélations entre les paramètres et de la procédure d’inversion, et nous présentons une synthèse des résultats concernant
paramètres thermiques de nos différents échantillons textiles.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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Nomenclature

a phase function coefficient in the linearly
anisotropic model

C volume specific heat. . . . . . . . . . . . . . J·K−1·m−3

c specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

dair air gap thickness . . . . . . . . . . . . . . . . . . . . . . . . . m
e thermal effusivity . . . . . . . . . . . W·K−1·m−2·s1/2

f modulation frequency . . . . . . . . . . . . . . . . . . . . Hz
I0 incident flux . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

I+, I− directional components of the flux . . . . W·m−2

K absorption coefficient . . . . . . . . . . . . . . . . . . . m−1

L+,L− isotropic components of the intensity on each
half-space. . . . . . . . . . . . . . . . . . . . . . W·m−2·sr−1

Lλ spectral intensity . . . . . . . . . . W·m−2·sr−1·µm−1

L◦ blackbody intensity . . . . . . . . . . . . . W·m−2·sr−1

l sample thickness . . . . . . . . . . . . . . . . . . . . . . . . . m
qi volume heat source of layer “i” . . . . . . . W·m−3

pλ phase function
Ssample Heat source generated by the absorption into the

sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−3

Ssensor Heat source generated by the absorption into th
sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

Greek symbols

αi thermal diffusivity of layer “i” . . . . . . . . m2·s−1

β extinction coefficient . . . . . . . . . . . . . . . . . . . m−1

λthi thermal conductivity of layer “i” . W·m−1·K−1

ρi reflection coefficient of the surface “i”

ρ′∩ directional hemispherical reflectance
ρs specular reflectivity at normal incidence
ρp specular reflectivity depending of the incident

beam
σi complex heat diffusion coefficient of the layer

“ i” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

σ scattering coefficient . . . . . . . . . . . . . . . . . . . m−1

τi transmission coefficient of the surface “i”
τ ′ directional transmittance
τ ′∩ directional hemispherical transmittance
Φ net radiative flux . . . . . . . . . . . . . . . . . . . . W·m−2
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1. Introduction

Comfort of fabrics is mainly determined by their therm
insulation and water transport properties. This study en
into a more general concern of objective evaluation
comfort. Its purpose is the accumulation of experime
data concerning the thermophysical properties of tex
depending on the structure characteristics of the fab
hydrophilic or hydrophobic character of constituent fibe
in order to obtain an expert system able to predict prope
of virtual fabrics in different conditions of use.

The PhotoPyroElectric (PPE) method in noncontact c
figuration was chosen for the thermal parameters prope
measurement due to its already proven efficiency [1].
method allows the measurement of samples equilibrate
different water contents imposed by salt solutions [2]. D
to the capability of the pyroelectric sensors to respond
very small temperature variations, very low levels of exc
tion radiation could be used which prevented unwanted p
nomena like desorption of water. Other photothermal m
ods have already been used for textile characterization
radiometry [3,4], needing generally higher excitation pow

The photothermal response depends on several prop
of the sample: optical, thermophysical and geometrica
the case of textile materials, “inhomogeneous” by definiti
we normally expect to encounter difficulties when meas
ing their thermophysical properties. We can normally obt
only “average”, “effective” values of the thermal paramete
nevertheless the only important in use conditions.

One method used up to now in textile industry
thermal parameters measurement is the one called Alam
t

s

a

[5] where the sample is placed between two metal pl
and pressure is applied during the measurement. Ano
method in use is the one called “the skin model” [6
where the thermal resistance is measured by the elec
power needed to keep a fabric at a constant tempera
(35◦C). These methods can classify fabrics according
their insulation properties but the values are subject to la
errors.

An important aspect of the interpretation of a phototh
mal signal is the modeling of the interaction of the incid
radiation with the sample. The theoretical model of the n
contact PPE method did not take into account scattering
only absorption and reflection.

One-dimensional radiative transfer in fibrous media
already been modeled using either multiflux approach
quadrature schemes, and radiative properties calculate
the basis of these models [8,9]. It has been shown tha
four-flux approach gives sufficiently accurate results in
periments where collimated incident beams are used [9
As for the phase function representation we have cho
only functions depending at most on one parameter. T
macroscopic values are accessible with a spectrophotom
used with an integrating sphere: the directional transmitta
and the hemispherical reflectance and transmittance. T
fore, we could normally expect to identify a maximum nu
ber of three parameters characterizing the material: the
sorption and the scattering coefficients and one paramet
lated to the anisotropy of scattering. A Levenberg–Marq
algorithm was used for parameter identification. We h
showed that these parameters depend on the yarn, the
characteristics and the water content.
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Fig. 1. Schematic of light and heat propagation into the textile sample/pyroelelectric sensor assembly.
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The four-flux model is also compatible with the PP
experiment, the only difference being a modified bound
conditions. The heat sources in the sample and sensor
been calculated, then the PPE amplitude and phase s
have used to identify the thermal parameters of the sam

A laboratory prototype has been validated for the p
pose of measuring the thermal insulation properties. T
prototype have been developed initially for the water c
tent measurement in thin layers of biodegradable packa
films based on starch, the measurement of the profile of
ter in this material and the study of its migration dynam
[2,11].

2. PPE model

A schematic of an experimental cell that makes use
pyroelectric sensor in a noncontact configuration is sho
in Fig. 1. The sensor placed behind the sample is sepa
from the sample by a thin air gap. The front electrode of
sensor has a high reflection coefficient. The first step of
modelling is the description of light propagation within t
structure. A temperature rise is produced upon absorp
and the heat diffuses. The temperature field in the th
layer structure is calculated. The pyroelectric signal is gi
by the temperature increase in the sensor, averaged ov
sensor’s thickness.

The lateral dimensions of the layers involved are la
enough to decrease the 2D effects. The lateral heat lo
well described by heat exchange coefficient “h” in a 1D
model. The 1D modelling of a scattering sample using a f
flux approach is presented in the Appendix. Once the op
behaviour of textile samples is mastered, we proceeded
the modelling of the thermal response of the pyroelec
sensor placed in the vicinity of the sample, when the sam
is illuminated by a collimated beam.
e
l

d

e

2.1. Equation of radiative transfer using the four-flux
approach

In order to calculate the flux at each point of t
sample and into the sensor front electrode, the mathema
model developed in Appendix A holds true except for
boundary condition atx = l. The distance between th
sample and the sensor being very small compared with
structure’s diameter of overall specimen, we can cons
that a specular reflection is present at the interface betw
the sample and the air gap. Eqs. (A.6) and (A.12) becom

I+(0) = τ0I0 and I−(l) = ρsI
+(l) (1)

L+(0) = 0 and L−(l) = ρpL+(l) (2)

whereρs is the specular reflectivity at normal incidence a
ρp is the specular reflectivity depending on the polarizat
of the incident beam. The reflectivityρp , given by the Fres
nel equation, depends on the angle of incidence, there
Eq. (2) has to be integrated for all the anglesθ .

2.2. The heat sources and the PPE signal

The heat source generated by the absorption of
incident radiation into the sample can be calculated at e
point by the divergence of the optical flux at that point. Fo
one-dimensional geometry, and for the four-flux model,
obtain:

Ssample(x) = −dΦ

dx
= −dI+(x)

dx
+ dI−(x)

dx
− π

dL+(x)

dx

+ π
dL−(x)

dx
(3)

Using the differential equations (A.4), the heat source ca
expressed by the flux terms directly:

Ssample(x) = K
[
I+(x) + I−(x)

]
+ 2πK

[
L+(x) + L−(x)

]
(4)
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where we can easily verify that the heat source is zero if
sample is not absorbing.

Another contribution to the PPE signal is given by t
absorption by the sensor front electrode of the transm
light:

Ssensor= (1− ρs)I
+(l)

+ π
[
1−

∫
ρp(θ) sinθ dθ

]
L+(l) (5)

The two heat sources were introduced into the alre
existing model for calculating the PPE signal [2,16]. T
model makes use of the Green function, the sample b
considered thermally homogeneous. By applying the su
position principle, the resulting temperature field will
given by the sum of the two separate temperature fields

If the excitation light is modulated, the heat sources
the subsequent temperature fields in each layer are
modulated sinusoidally:

S(x, t) = S(x) exp(jωt) and

T (x, t) = T (x) exp(jωt)
(6)

Then, the heat diffusion equation for each layeri”
(sample= “1”, air gap= “2” and sensor= “3”) can be writ-
ten as follows:

d2Ti (x)

dx2
− jω

αi

· Ti(x) = −qi(x)

λthi

(7)

whereαi and λthi are respectively the thermal diffusivit
and the thermal conductivity of the layer “i”. The solutions
have to satisfy the boundary conditions: the continuities
the temperature and of the heat flux at each interface.

The convective and radiative transfer at the interfa
with air (x = 0, x = l + dair + dsens) are characterized b
the heat exchange coefficienth. For the other interfaces th
heat transfer is only by conduction.

Considering only the first heat source (Eq. (4)),
solution of Eq. (7) for the sample can be found by
convolution of the heat source and the Green function,
is the solution obtained for a plane heat source atx = z into
the sample:

G(x, z) = C1 exp(−σ1x) + D1 exp(σ1x)

+ 1

2λ1σ1
exp

(
σ1|x − z|) (8)

where σi = (1 + j)(πf/αi )
1/2 is the complex diffusion

coefficient of the layer “i”; the reciprocal of its real par
being the thermal diffusion length.

For the second heat source, generated into the sensor
electrode, the temperature field in each layer is calcul
using Eq. (7) without volume sources (qi = 0) and with a
modified boundary condition: i.e., a supplementary heat
(Ssensor) is appearing at the interface air gap/sensor.

Then, the PPE signal, proportional to the average tem
ature over the sensor thickness was calculated, taking
into account the electronic transfer function of the ampl
ing system.
t

2.3. Numerical simulation of the theoretical signal

The purpose of our work is to identify the therm
parameters of a sample, so we have to measure the
parameters in order to reduce the number of unkn
parameters. The parameters that we can measure pr
the PPE experiment are the coefficients related to op
absorption and scattering and the sample’s thickness.
uncertainties on these “assumed to be known” parame
introduce deterministic errors into the signal amplitude
phase, equivalent to a measurement error. We compar
amplitude and phase sensitivities calculated from the m
with respect to variations of the “assumed to be know
parameters and the respective experimental errors. F
this comparison we obtain the precision needed on th
parameters, so that their influence on the parameter
identify should be negligible.

We proceed with numerical simulations of the theoret
amplitude and phase in order to estimate the weight of e
parameter (optical, thermal and geometrical) playing a
in the model.

Knowing the absorption coefficientK, the scattering co
efficient σ , and the phase function, we can estimate
amplitude and the phase of the PPE signal. In Fig. 2
present the amplitude and the phase of the PPE s
calculated using the model shown previously and the
lowing input parameters for the sample: optical abso
tion coefficientK = 200 m−1, scattering coefficient:σ =
5000 m−1, phase function parameter:a = 1, thermal con-
ductivity λth = 0.12 W·m−1·K−1, volume specific heatC =
3 × 105 J·K−1·m−3; thicknessl = 1 mm, air gap thicknes
dair = 0.5 mm. The thermal parameters of the sensor
thermal conductivity 1.2 W·m−1·K−1, volume specific hea
3.28×106 J·K−1·m−3 and thickness 0.2 mm, correspondi
to the values of the PZT ceramic used in the PPE experim

The heat exchange coefficient value (h = 18 W·m−2·K−1)
is apparently very large for a confined environment, but it
cludes also the effect of lateral heat diffusion due to limi
dimensions of the sensor.

The PPE amplitude was normalized to the sensor am
tude obtained when illuminated alone, without a sample

Fig. 2. Theoretical simulation for PPE amplitude and phase obtained
the model.
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low frequencies the heat generated in the sample has a
fusion length large enough to reach the sensor. As the
quency increases, the heat wave into the sample is stro
attenuated, so the signal is given only by the transmi
light. The signal amplitude at high frequencies is given o
by the heat source into the sensor electrode and is pro
tional to directional-hemispherical transmittance of the s
ple. Only the first heat source (Ssample, Eq. (4)) contains in-
formation on the thermal parameters of the sample, so
second one (Ssensor, Eq. (5)) should be reduced as much
possible. This is the reason why the front electrode was m
highly reflecting (Au). The phase contains also informat
on the thermal parameters of the sample since the first
wave is not only attenuated but also phase shifted. Actu
correlation analysis of the signal amplitude and phase sh
that the phase is much more sensitive for thermal param
evaluation, because the parameters are less correlated
The information contained in the signal is limited, theref
the number of parameters that can be simultaneously id
fied is also restricted.

(a)

(b)

Fig. 3. Relative variations of amplitude (a) and phase (b) caused by 1%
and 10% change in optical absorption coefficient of the sample.
-

-

t

r
].

The measurement error was at most 5% for the ampli
and 1 deg for the phase. We have calculated the rela
variations of the amplitude and the phase of the PPE si
for some given variations of the “assumed to be know
parameters: 1%, 5% and 10%. Fig. 3 shows the theore
results for the optical absorption coefficient variation.
avoid its influence on the results, the absorption coeffic
has to be known with a precision better than 5%. This
effectively our case (see the experimental results) since
measurement uncertainty is about 4%.

Fig. 4 shows the theoretical results for the scatter
coefficient variation. The uncertainty of this parame
should be slightly above 5%. We considered that a preci
of about 7% as it is in our case was sufficient. The ph
function parametera has a smaller influence on the sign
(results not shown), a absolute accuracy of 0.2 is t
roughly sufficient.

A very delicate parameter is the sample thickness. Fi
shows that the uncertainty of this parameter should
about 3% or less. The thickness of a textile material depe
on the pressure applied during the measurement. We ap
the International Standard [18] that gives the value of
thickness at two applied pressures. The optical and then

(a)

(b)

Fig. 4. Same as Fig. 3 for the scattering coefficient.
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Table 1
The characteristics of jersey knitted samples measured at 20◦C and 65%RH.l1 andl2 are the values of sample thickness obtained by applying a pressu
1 g·cm−2 and 10 g·cm−2, respectively

Reference Yarn Absorbed stitch Mass per
Sample number/stitch length [cm] area l1(1 g·cm−2) l2(10 g·cm−2)

[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 29.7 200 1.13 0.80
C42 40/1 33 176 1.13 0.82
C43 40/1 36.3 162 1.10 0.82
C51 50/1 26.1 182 0.98 0.73
C52 50/1 29 171 1.07 0.80
C53 50/1 31.9 157 1.07 0.81
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(b)

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

thermal parameters were identified using the two value
thickness.

3. Experimental results

Nine samples were chosen among some thirty o
samples that we defined by changing only one param
while the others were kept constant. The parameters
could change are the type of knitting, the yarn numberNe ,1

the absorbed stitch length2 and the composition. This serie
of samples was defined and investigated in order to fil
a data base of experimental values for the thermophy
parameters, for the purpose of creating an expert system

The results presented here concern only jersey kn
cotton samples, having three values of yarn number
for each type of yarn number three values of absor
stitch length (see Table 1). The thickness for each kni
sample was measured at two pressure values 1 g·cm−2

and 10 g·cm−2 respectively (International Standard [18
Samples C21, C22, C23 have 2 yarns per stitch, each of
having a yarn number of 28/1. The rest of the samples ha
1 yarn per stitch.

3.1. Optical parameters

The directional-hemispherical radiative parameters w
measured using a two-beam spectrophotometer (Lam
9 Perkin–Elmer) equipped with an integrating sphere
60 mm diameter. Three macroscopic values are acces
experimentally:τ ′, τ ′∩ and ρ′∩. These values are subje
to errors due to the reduced dimensions of the integra
sphere. Therefore they were corrected by using Spectr
standard scattering samples and certified reflectance
dards from Labsphere.

Since the maximum number of parameters that can
obtained experimentally is three, we have chosen for ph
function representation only functions depending on
parameter at most. For each type of phase function defi
in Section 1.3, the optical parameters were identified u
a least-square minimization program based on a Levenb
Marquart algorithm [14,15]. The best results were obtai
with the LAS phase function (A17). The isotropic pha
function is not adapted for the modeling of the radiat

1 Yarn Number= the length in km of 1 kg of yarn. The larger this valu
the finer the yarn.

2 Absorbed Stitch Length= the length in cm of 100 stitches. The smal
this value the tighter the knitted.
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Fig. 6. Experimental values of the optical thicknessKl for dry and ambient
cotton samples.

propagation into textiles because the numerical fit did
converge. The Henyey–Greenstein function depends on
parameter but gave numerical problems. This is the rea
why it was successfully used only in discrete ordin
models where its integration is necessary only on a
directions [10].

Anhydrous samples (4 days in an oven at 80◦C, followed
by 10 min in a silica gel desiccators at 20◦C) and samples
equilibrated at an ambient humidity (65% RH) were inve
gated. Five replicates of each knitted samples were meas
at 1.94 µm corresponding to the laser wavelength used i
photothermal experiment.

Actually, in the model presented in Section 1, the opt
absorption coefficient and the scattering coefficient app
always multiplied by the thickness, meaning that the re
vant parameters from global optical point of view are
dimensionless products: optical thickness (K · l) and scat-
tering thickness (σ · l). Therefore the three identified va
ues obtained from the least-squared minimization prog
wereK · l, σ · l anda. Then the corresponding optical a
sorption and scattering coefficients can be calculated for
value of the sample thickness. The precisions on the op
related coefficients are of 4%, 7% and 0.2 for optical abs
tion coefficient, scattering coefficient and geometrical fac
respectively.

Fig. 6 shows the values of the optical thickness for
two cases: anhydrous samples (open symbols) and sam
at ambient relative humidity. The optical thickness fo
certain yarn number is decreasing with the absorbed s
length which is normal, since the larger this value, the
dense the fabric. Actually, for a dry sample, the absorp
coefficientK and optical thicknessK · l are proportiona
to the density and the mass per area respectively.
absorption coefficient is increasing strongly with the wa
content, since it is measured at a wavelength correspon
to an absorption band of water. In average there is a
d

s

Fig. 7. Same as Fig. 6 for the scattering thicknessσ l.

Fig. 8. Experimental values of the phase function parametera for the dry
and ambient cotton samples.

increase of the absorption coefficientK for a 6% increase o
the water contentW (value for cotton at 65% RH).

In Fig. 7 is presented the scattering thicknessσ l for
the 9 types of samples. At a given humidity, the scatte
thickness is decreasing with the absorbed stitch length.
scattering coefficient is increasing with the density of
fabric and decreasing with the water content, in aver
about 7% for a 6% increase of the water content.

The positive value of the asymmetry factora confirm a
forward tendency of the phase function (Fig. 8), increas
with the absorbed stitch length. We observe that the in
ence of the water content on this parameter is smaller
the experimental errors.

3.2. Thermal parameters

The PPE prototype and experimental set-up are
sented elsewhere [2,11]. Here are given only a few det
A 200 µm thick and 20 mm diameter PZT ceramic p
vided with high reflectance gold electrodes, was used
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pyroelectric sensor. The textile sample is a disk clam
between two PVC rings generating a constant and re
ducible pressure. The relatively small but nevertheless
essary generated tension ensures the flatness of the sa
The reproducibility has been confirmed by a series of m
surements done on different samples coming from the s
textile specimen (standard deviation of 5% on the amplit
and 1deg on the phase).The experimental errors integra
eventual differences in the sample positioning and het
geneities of the sample. The experimental errors on the e
tronic signal are within the errors announced above.

The PPE signal data were measured by a Stanford
search SR850 lock-in amplifier. The diode laser (Appl
Optronics Corp.) was electronically modulated by the in
nal generator of the lock-in. Its average power was ab
1 mW. The experiment was computer controlled via an
232 interface and a LabView 6.01 program. The experim
tal data were processed and inversed by a Mathematic
program based on a Levenberg–Marquartalgorithm. The
known parameters which are identified are the volume
cific heat, the thermal conductivity and the air gap thickne
The other thermal parameters (thermal diffusivity, therm
effusivity and thermal resistance) are calculated.

The diode laser is fixed on a temperature contro
Peltier element. The temperature control unit serves
stabilize the output energy of the diode laser and can als
used for a small range tuning of the wavelength. The di
laser is connected to an optical fiber and then to a collima
The wavelength was 1.94± 0.01 µm and the average pow
of the incoming collimated beam was about 1 mW with
spot diameter of about 5 mm. The PPE signal (amplitude
phase) was measured in the range 0.01–100 Hz, 10 poin
decade.

The thickness measurement for a textile sample is d
cate task since it has to be done at a certain pressure ap
to the sample. We have chosen to work with the two va
of thickness given by the international standard method
because we wanted our results to be comparable to the
obtained in the textile industry.

The air gap thickness parameter integrate not only
equivalent air thickness between the sensor and the sa
but also the heterogeneities of the interface air/sample.

In Fig. 9 is presented the volume specific heat for
two values of thickness, for the dry materials. The t
curves differ only by a factor depending on the ratio
the calculated densities. In other words, the specific h
c = C/ρ is the same for the two identifications within th
errors of calculated values.

We observe in Fig. 10 that the thermal conductivity
larger when we consider a larger value of the thickness. (N.B.
The “real” thickness is the same.) The thermal resista
over the unit areaRth defined as the ratio between t
sample thickness and its thermal conductivity is shown
Fig. 11 (open symbols for dry materials). We observe
the thermal resistance is the same within the errors for
two identifications, meaning that we can apparently obta
e.

e

-

r

d

s

e

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

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

Fig. 11. The thermal resistance for dry (open symbols) and amb
humidity (filled symbols) cotton samples.
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Fig. 12. Same as Fig. 11 for the thermal effusivity.

larger conductivity when considering a larger value for
thickness but the result in terms of thermal insulation is
same. In Fig. 11 are also presented the values of the the
resistance for the samples at ambient humidity. The va
are smaller when the fabrics contain water, as expected

The calculated thermal effusivitye = (Cλth)1/2 is also in-
sensitive to the value of the thickness (Fig. 12). This co
be explained by the fact that the effusivity is a paramete
lated to the interface and it should not depend on the th
ness of the sample behind this interface. This observatio
important in the comfort estimation. The effusivity of a h
mid material is larger that the one of a dry one, from wh
the “warm-cool feeling”. The thermal effusivity enters in
the handle estimation of a tissue by the method of Kawa
[19] as being the only thermal parameter taken into acco
among some other ten mechanical parameters.

4. Conclusion

The PPE model in a noncontact configuration was m
ified in order to take into account the scattering effe
A four-flux model was developed initially for optical pa
rameter identification of textile from experimental data o
tained from a spectrophotometer equipped with an integ
ing sphere. Then, the four-flux model was adapted for
PPE configuration. This allowed for the thermal proper
characterization of textile samples function of structure
water content.

The main advantage of our laboratory prototype re
on its reproducible and pressure independent results.
the method is not a true noncontact one since the dist
between sensor and sample has to be controlled in the
millimetre range. This is the reason why the PPE met
will always remain at laboratory device level.

Our approach contained some obviously simplified
sumptions: the fact that the sample is considered therm
homogeneous and the optical parameters (absorption
scattering coefficients) are global values characterizing
l

t

-

d

sample as a whole. These assumptions are however
cient since in practice, the comfort of a fabric with resp
to water is given by the “warm-cool feeling” given by th
thermal effusivity and the insulation properties. The latte
well characterised by the thermal resistance and its de
dence on the water content.

A more detailed discussion on the inversion meth
on the possibility of detecting both optical and therm
parameters of textile samples from only PPE measurem
is given on the second article from this back-to-back se
[17].

Appendix A. Modeling of the radiative properties of
textile samples

A material is scattering if it consists of heterogene
zones having different refractive index values. We are go
to characterize an equivalent, homogeneous material, ha
from macroscopic point of view the same radiative prop
ties. The radiative transfer equation in such an equiva
homogeneous material is given by the general form [12,

dLλ(s,Ω)

ds
= −(Kλ + σλ)Lλ(s,Ω) + KλL0

λ

[
T (s)

]

+ σλ

4π

∫
4π

pλ

(
s,Ω ′,Ω

)
Lλ

(
s,Ω ′)dΩ ′ (A.1)

at any point of abscissas, in the directionΩ characterized
by the anglesθ et ϕ, whereKλ and σλ are respectively
the absorption and scattering coefficient, andpλ the phase
function.

Four-flux approach

From now on the monochromatic index will be omitte
The fundamental hypothesis of the four flux approa
is to divide the intensity inside the material into fo
components: two directional collimated components (I+
andI−) obtained from the incident flux upon reflections a
transmissions on the two interfaces of the sample and
isotropic components (L+ andL−) on each half-space [9
10].

In one-dimensional geometry of abscissax, with θp and
θm the angles ofI+ andI− of directionsΩp andΩm inside
the sample, Eq. (A.1) becomes:

For the directions with cosθ > 0:

L(x,Ω) = I+(x)δ(Ω − Ωp) + L+(x) (A.2a)

For the directions with cosθ < 0:

L(x,Ω) = I−(x)δ(Ω − Ωm) + L−(x) (A.2b)

The Dirac function is defined by:

δ(Ω − Ω0) ≡ δ(cosθ − cosθ0)δ(ϕ − ϕ0) (A.3)

By introducing into the transfer equation the values ta
by L(x,Ω) in each of the two half-spaces we obtain fo
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partially coupled differential equations. On the particu
directionsθ = θp andθ = θm, the transfer equation contain
only the collimated fluxes. At normal incidence, (θp = 0◦
and θm = 180◦) the transfer equations for the collimat
beams are:

dI+(x)

dx
+ (K + σ)I+(x) = 0

dI−(x)

dx
+ (K + σ)I−(x) = 0

(A.4)

having the following solutions:

I+(x) = Ip exp
[−(K + σ)x

]
and

I−(x) = Im exp
[
(K + σ)x

] (A.5)

The integration constantsIp andIm are calculated using th
boundary conditions and depend on the transmission an
reflection coefficients of the two surfaces (τ0, ρ0) and (τl, ρl)

and on the incident fluxI0:

I+(0) = τ0I0 + ρ0I−(0) and I−(l) = ρ1I+(l) (A.6a)

If the specular reflections at the two surfaces are negle
as it is the case for fibrous samples:

I+(0) = I0 and I−(l) = 0 (A.6b)

we obtainIp = I0 et Im = 0, and the collimated fluxI−
is zero, reducing the number of fluxes to three. For
directions of positive cosθ and for θ �= θp, Eq. (A.2a)
becomes:

cosθ
dL+(x)

dx
+ (K + σ)L+(x)

= KL0[T (x)
] + σ

4π
I+(x)p(Ωp,Ω)

+ σ

4π
L+(x)

∫
cosθ>0

p(Ω ′,Ω)dΩ ′

+ σ

4π
I−(x)p(Ωm,Ω)

+ σ

4π
L−(x)

∫
cosθ<0

p(Ω ′,Ω)dΩ ′ (A.7a)

For the directions of negative cosθ and for θ �= θm,
Eq. (A.2b) becomes:

cosθ
dL−(x)

dx
+ (K + σ)L−(x)

= KL0[T (x)
] + σ

4π
I+(x)p(Ωp,Ω)

+ σ

4π
L+(x)

∫
cosθ>0

p(Ω ′,Ω)dΩ ′

+ σ

4π
I−(x)p(Ωm,Ω)

+ σ

4π
L−(x)

∫
cosθ<0

p(Ω ′,Ω)dΩ ′ (A.7b)

By introducing into the transfer equation the values taken
the scattered fluxesL(x,Ω) in each of the two half-space
we obtain four coupled equations. We integrate each of
equation over its validity domain. This operation determ
the appearance of some integrals of the phase function:

σt = σ

8π2

∫
cosθ>0

∫
cosθ ′>0

p(Ω ′,Ω) dΩ ′ dΩ

= σ

8π2

∫
cosθ<0

∫
cosθ ′<0

p(Ω ′,Ω) dΩ ′ dΩ

σr = σ

8π2

∫
cosθ>0

∫
cosθ ′<0

p(Ω ′,Ω) dΩ ′ dΩ

= σ

8π2

∫
cosθ<0

∫
cosθ ′>0

p(Ω ′,Ω) dΩ ′ dΩ

(A.8)

The coefficientsσt andσr are respectively the forward (cosθ

and cosθ ′ having the same sign) and backward scatte
(cosθ and cosθ ′ having opposite signs) coefficients. T
integrals on a half-space relative at an incident direction
the following coefficients:

σT = σ

4π

∫
cosθ>0

p(Ωp,Ω) dΩ = σ

4π

∫
cosθ<0

p(Ωm,Ω) dΩ

σR = σ

4π

∫
cosθ<0

p(Ωp,Ω) dΩ = σ

4π

∫
cosθ>0

p(Ωm,Ω) dΩ

(A.9)

Since the non-normalized phase function integrated ove
entire space is equal to 4π , the sum of the partial scatterin
coefficients is equal to the global scattering coefficient of
material:

σt + σr = σT + σR = σ (A.10)

After integration of the transfer equation, and in the c
where the emission of the medium can be neglected (
medium approximation) we are looking for solutions of t
form:

L+(x) = a+e−γ x + b+eγ x + c+e−βx + d+eβx

L−(x) = a−e−γ x + b−eγ x + c−e−βx + d−eβx
(A.11)

where β = K + σ is the extinction coefficient andγ =
2
√

K(K + 2σr).
In the case of textiles, the directional fluxI− is equal

to zero, meaning thatd+ and d− are also equal to zero
The other constants:a+, a−, b+, b− are calculated from th
boundary conditions atx = 0 andx = l. By neglecting the
reflections at the interfaces, we obtain:

L+(0) = L−(l) = 0 (A.12)

Calculus of directional–hemispherical properties

Our objective is the determination of the absorpt
and scattering coefficients and of the phase function
textile samples from experimental data obtained with
spectrophotometer equipped with an integrating sph
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Therefore, we have to relate the directional–hemisphe
properties to the absorption–scattering coefficients.

For normal incidence, the directional transmittance
given by:

τ ′ = I+(l)

I0
= I0e−βl

I0
= e−βl (A.13)

The hemispherical transmittanceτ ′∩ is obtained from:

τ ′∩ = πL+(l)

I0
= π(a+e−γ l + b+eγ l + c+e−βl)

I0
(A.14)

The hemispherical reflectanceρ′∩ is given by:

ρ′∩ = πL−(0)

I0
= π(a− + b− + c−)

I0
(A.15)

Phase function representation

Three macroscopic values of radiative parameters are
cessible with a spectrophotometer provided with an integ
ing sphere: the directional transmittance and the hemisp
ical reflectance and transmittance. Therefore, the maxim
number of parameters that can be obtained experimen
is three. For this reason we have chosen for phase fun
representation, only functions depending on one param
at most.

For the case of isotropic scattering:p(θ0) = 1, the
scattering coefficients defined by Eqs. (A.8) and (A.9):

σt = σr = σT = σR = σ

2
(A.16)

If the scattering is supposed linearly anisotropic,
phase function is:

p(θ0) = 1+ a cosθ0 (A.17)

This type of function allows the representation of sligh
anisotropic scattering. The scattering coefficients are:

σt = σ

2

(
1+ a

4

)
and σr = σ

2

(
1− a

4

)

σT = σ

2

(
1+ a

2

)
and σR = σ

2

(
1− a

2

) (A.18)

The Henyey–Greenstein function is adapted for m
elling scattering processes strongly forward oriented:

p(θ0) = 1− g2

(1+ g2 − 2g cosθ0)3/2 (A.19)

This function depends on one parameter but it can
integrated only numerically. This is the reason why it w
successfully used only in discrete ordinate models wher
integration is necessary only on a few directions [10].
-

-

r
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