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Identi� cation of Polyurethane Foam Radiative
Properties—In� uence of Transmittance

Measurements Number

D. Baillis¤ and J. F. Sacadura†

Institut National des Sciences Appliquées de Lyon, 69621 Villeurbanne, France

Spectral radiative properties (absorption coef� cient, scattering coef� cient, and phase function) of open-cell
polyurethanefoamare identi� ed usinga combinationofhemisphericalandbidirectionalspectral transmittanceand
re� ectance measurements in the infrared wavelengthregion 2–15 ¹m. The in� uence of the numberof transmittance
measurements on identi� cation results is analyzed. The Gauss linearization technique is used in the identi� cation
method, and discrete ordinates method is applied to solve the radiative transfer equation.

Nomenclature
g = spectral Henyey–Greenstein phase function parameter
I = intensity of radiation
I0 = intensity of the collimated incident beam
ly = sample thickness
P¸ = spectral phase function
T = transmittance or re� ectance
¯ = volumetric extinction coef� cient
¯R = Rosseland mean extinction coef� cient
¯¤ = weighted extinction coef� cient
µ = angle between the incident and scattered direction
· = volumetric absorption coef� cient
¹ = cosine of the polar angle de� ned from the normal

direction of the sample (for the normal direction ¹ D 1)
¾ = volumetric scattering coef� cient
! = volumetric scattering albedo coef� cient

Subscripts

e = experimental
t = theoretical
¸ = monochromatic wavelength

I. Introduction

I NSULATING foam consists of a porous semitransparent
medium,which absorbs,emits, and scatters radiation.Heat trans-

fer in such media occurs by conduction through the solid material
and throughthe gas � lling the pores and by thermal radiation,which
propagates through the structure. Even if analytical or numerical
techniquesare available to solve the coupled heat-transfer problem
in semitransparentmedia, some dif� culty remains to determine the
radiative properties of these porous materials. In this work a spe-
cial emphasis is put on the identi� cation of radiative properties of
open cell polyurethane(PU) rigid foam. The radiative properties of
foam that are required for solving the radiative transfer equationare
the spectral volumetric scattering and absorption coef� cients and
the spectral volumetric phase function. There are two main groups
of methods to determine the radiative properties of porous media:
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1) predictionmodels such as the well-known Mie theory and 2) ex-
perimentalmethodsusingparameteridenti� cationtechniques.From
a review of literature, the following comments can be made about
the methodologies used:

1) Few works have been devoted to the foam radiative properties
prediction model. The foam structure is complex, and the unit cell
appears to closely resemble a pentagonaldodecahedron.Glicksman
and Torpey1 and Glicksman et al.2 considered the foam as a set of
randomly oriented blackbody struts of constant thickness with an
assumed ef� ciency factor of one. They neglected scattering phe-
nomena by the struts. Kuhn et al.3 used in� nitely long cylinders
to describe the struts. The triangular cross sections were converted
into circular ones with the same geometrical mean cross section.
Then they used Mie scattering calculations to predict the radiative
properties.Baillis et al.4 have determined radiative properties from
morphologicaldata, such as porosity, particle sizes, and from solid
hemispherical re� ectivity. Struts with varying thickness and strut
joints were considered. The particles were assumed to have a ran-
dom orientationand were consideredthick enough to be considered
as opaque. These authors have taken into account scattering phe-
nomena by applying to these particles a combination of geometric
optics laws and diffraction theory.

2) In previous research about determination of radiative prop-
erties of porous media using inverse analysis techniques, two
types of transmittance and re� ectance measurements are usually
used: directional–hemisphericalor directional–directional.Many of
works have been devoted to the identi� cation of radiativeproperties
using directional–hemispherical measurements assuming isotropic
scattering. Among the more recent, the works of Skocypec et al.5

and Hale andBohn6 on reticulatedceramicsand thoseofKuhn et al.3

on polystyrene and polyurethane foam can be cited. In Hendricks
and Howell7 spectral radiativepropertieswere recoveredfrom spec-
tralhemisphericalre� ectanceand transmittancemeasurements.Two
dual-parameterphase functions were investigatedfor the materials:
one based on the physical structure of reticulated porous ceram-
ics and the other based on a modi� ed Henyey–Greenstein phase
function. There were then a total of four variables to determine
in the inverse radiative analysis: absorption coef� cient, scattering
coef� cient, and two phase function parameters. This required mul-
tiple (four as minimum) independentmeasurements.Multiple sam-
ple thicknesses have been considered to provide enough informa-
tion to retrieve the four variables simultaneously. Nicolau et al.8

using directional–directional measurements have identi� ed radia-
tive properties (extinction coef� cient, scattering albedo, and phase
function parameters) of � ber insulating materials. They proposed
a new phase function, which is a combination of two Henyey–

Greenstein functions coupled with an isotropic component. Moura
et al.9 considered different angles of incidence onto the sample for
directional–hemispherical measurements. The phase function used
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is the same as in Nicolau et al.8 Numerical simulations have shown
that the case of normally incident collimated beam onto the sam-
ple with bidirectional transmittance and re� ectance measurements
is more appropriate than the case of collimated beam with different
angles of incidence onto the sample with hemispherical transmit-
tance and re� ectance measurements.

The two methods, directional–hemispherical or directional–
directionalmeasurements,with a normallyincidentcollimatedbeam
onto the sample present advantages and disadvantages. Indeed,
directional–hemisphericalmeasurements are easily and quickly ac-
quired, but just the extinction and scattering coef� cients can be
identi� ed for one sample thickness, assuming the phase function
to be known. However, a number of researchers and engineers
are interested in the determination of materials phase function.
Directional–directional measurements, on the other hand, contain
more informationpermitting identi� cationof phase function if there
are suf� ciently measurement directions. But for most of measure-
ment directions, except near the normal, the energy measured can
be small, and the experimental data can be very noisy. In this
paper a combination of directional–directional transmittance and
directional–hemispherical transmittances and re� ectances is used
to identify radiative properties and, more particularly, the phase
function.

First, the technique of parameter identi� cation is presented. The
discreteordinatesmethod is used to solvethe radiativetransferequa-
tion. The two types of devices that permit measurement of either
directional–hemispherical or directional–directional transmittance
and re� ectance are described. Then radiative properties including
phase function obtained from this approach for PU foam are pre-
sented.The in� uence of the number of transmittancemeasurements
on the identi� ed results is analyzed. In addition, a study of sen-
sitivity of radiative parameters to directional–directional transmit-
tanceanddirectional–hemisphericalre� ectanceand transmittanceis
presented.

II. Parameter Identi� cation
A. Method

The parameter identi� cation method used in this work is based
upon 1) experimental data of transmittances and re� ectances Tei

obtained for several measurement directions i , for a given set of
samples; and 2) theoretical transmittances and re� ectances Tti cal-
culated for the same directions as the ones of the experimental data
and for the same sample thickness.

For each wavelength the goal is to determine the radiative pa-
rameters (!, ¯ , g), which minimize the sum of squared relative
differences F between the measured and calculated transmittances
and re� ectances over the N measurements:

F.!; ¯; g/ D
NX

i D 1

µ
Tti.!; ¯; g/ ¡ Tei

Tei

¶2

(1)

The methodused in this work is the Gauss linearizationmethod,10

which minimises F by setting to zero the derivatives of F with
respect to each of the unknown parameters.

In the case of hemispherical measurements, the number of mea-
surements is N D 2: one for transmittance and one for re� ectance.
In the case of the combination of hemispherical and directional
measurements, N is (2 C Nbd/, where Nbd is the total number of
bidirectionalmeasurement directions.

B. Parameter Sensitivity Coef� cient

The analysis of sensitivity coef� cients is a powerful tool for un-
derstanding the physical behavior of the problem.11 The sensitivity
coef� cients show the variation of the transmittance or re� ectance
with respect to the a variation of the parameters. Their comparison
is not very easy when the parameters do not have the same units,
which is often the case. Then, for comparison, it is preferable to
study the normalizeddimensionlesssensitivitycoef� cients, de� ned
in Eq. (2) as

X .i; p j / D
@Ti p j

@p j Ti

(2)

Fig. 1 Schematic of the experimental device using an FTIR spectrom-
eter to measure bidirectional transmittance and re� ectance.

where Ti .i D 1; N / represents hemispherical or directional trans-
mittance or re� ectance and p j . j D 1; 3/ represents the radiative
parameters (p1 D !, p2 D ¯ , p3 D g/.

C. Experimental Setup

In both cases of directional or hemispherical measurements, the
sample is submitted to a collimated normal incidence beam. The
radiation emitted by the source is modulated. A potassium bromide
beamsplitter and a liquid-nitrogen-cooled MCT (mercury cadmium
telluride) detector are used.

Bidirectional Transmittance and Re� ectance Measurements

The experimental directional–directional spectral transmittances
data are obtainedfrom an experimentaldevice using a Fourier trans-
form infrared (FTIR) spectrometer (FTS 60A Bio-Rad, Inc.). The
schematic of the setup is shown in Fig. 1. The source of radia-
tion, characterized by a blackbody emission spectrum at 1300±C,
is a ceramic tube. The divergence half-angle of incident beam is
µ0 D 1:27 deg. The detectionsystem is composedof a sphericalmir-
ror collecting the beam and concentrating it on the MCT detector
(2.2–15.3 ¹m). It is mounted on a rotating arm allowing the mea-
surement of the radiation transmitted or re� ected by the sample at
several angles. The diameter of the beam incident on the sample is
around 50 mm while the sample holder diameter is smaller, that is,
30 mm. Both the spectrometer and the detection system are purged
with dry air. The transmittances or re� ectances T .¹/ for normal
incidence are de� ned by the expression in Eq. (3):

T .¹/ D I .¹/=I0d!0 (3)

where I0 the intensityof the collimatedbeamnormally incidentonto
the sample within a solid angle d!0 .

Remark: The transmittance or re� ectance de� ned by Eq. (3)
are different from the classical transmittance or re� ectance mea-
sured by the spectrometer,which are the fraction M of the incident
energy transmittedor re� ected by the sample. The relation between
the transmittance or re� ectance T de� ned by the Eq. (3) and M is
T D M=¹d!0. By de� nition, M is smaller than 1, but as ¹d!0 is
also smaller than 1, T can be larger than 1.

Hemispherical Transmittance and Re� ectance Measurements

Hemispherical transmittance and re� ectance measurements are
performedwith a 76-mm-diam,gold-coatedintegratingsphere from
Labsphere and a Bruker FTIR spectrometer IFS 66v. The light
source is a SiC globar. The sphere is mounted outside the spec-
trometer. The beam diameter is 1.3 cm, which is the same as the
sample holder diameter.

The hemisphericaltransmittancesand re� ectancesare de� ned by
Eqs. (4a) and (4b).

Transmittance:

T D 2¼

R 1

0
I .¹/¹d¹

I0d!0

(4a)
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Re� ectance:

T D ¡2¼

R 0

¡1
I .¹/¹d¹

I0d!0

(4b)

D. Theoretical Model

Heat transfer in the experimental device sample is calculated
numerically. The boundary conditions and the assumptions are 1)
one-dimensional radiative transfer in the semitransparent medium
(Thickness of samples used is less than 528 ¹m, and so the ratio
of the sample holder diameter to the sample thickness is larger than
24.); 2) azimuthal isotropy; and 3) the self-emission term is not
taken into account here because of the radiation modulation and
phase sensitive detection.

With these conditions the radiative transfer equation (RTE) for
the sample can be written in the following form [Eq. (5)]:

¹
@ I¸

@y
C ¯¸ I¸ D ¾¸

2

Z 1

¡1

I¸.y; ¹0/P¸.¹0; ¹/ d¹0 (5)

where ¹0 the cosine of polar angle of incident direction.
The Henyey–Greenstein phase function P¸.µ/ D .1 ¡ g2

¸/=.1 C
g2

¸ ¡ 2g¸ cos µ/1:5 is investigated in this work. According to the
value of the parameter g¸ , this function permits a representation
of the phase function for the medium. More particularly, for g¸

nearly equal to one, the Henyey–Greenstein phase function permits
a representationof the highly forward phase function, which is the
case for � brous and foam medium.

The boundary conditions are given by Eq. (6):

I¸.0; ¹/ D
»

I0¸ if ¹0 · ¹ · 1

0 elsewhere

I¸.ly; ¹/ D 0 for ¹ < 0 (6)

The discrete ordinates method with a quadrature over 24 di-
rections is applied to solve the integro-differential radiative equa-
tion (5). This method is very precise. The quadratureused is a com-
bination of two Gaussian quadratures,and it allows a concentration
of ordinates in the neighborhood of the incident direction suitable
for forward scattering materials. The spherical space is discretized
into 12 directionsfor the positiverange of ¹ and 12 other symmetric
directionsfor the negative¹. More details about this quadraturecan
be found in Nicolau et al.8 and Nicolau.12 By writing the radiative
transfer equation [Eq. (5)] for each direction ¹ of the quadrature
and by replacing the integral term by a sum over the 24 directions
of the quadrature, a system of partial differential equations is ob-
tained. This system is solved analytically by separating collimated
radiation and scattered radiation.

III. Rosseland Mean Extinction Coef� cient
and Radiative Conductivity De� nition

For thickness suf� ciently large foam insulation can be consid-
ered as optically thick. In this case the radiative � ux can be approx-
imated by the Rosseland equation introducing a radiative conduc-
tivity kr :2;3;13;14

kr D 16n2 N¾ 23

3¯R

(7)

where N¾ is the Stefan–Boltzmann constant, n is the effective index
of refraction,and 2 is the temperature,and ¯R is de� ned by Eq. (8):

1

¯R
D

Z 1

0

1

¯¤
¸

@eb¸

@eb
d¸ (8)

where eb is the blackbody radiative emissive power.
The Rosseland approximation is valid when the medium absorbs

and scatters isotropically.To take into account the foam anisotropic

scattering, a weighted spectral extinction coef� cient ¯¤
¸ is used

[Eq. (9)]13;14:

¯¤
¸ D ·¸ C ¾ ¤

¸ with ¾ ¤
¸ D ¾¸.1 ¡ hcosµ i¸/

hcos µi¸ D 0:5

Z 1

¡1

P¸.µ / cos µd.cosµ / (9)

The integral in Eq. (9) is calculated from the quadrature over the
24 directions used to solve the RTE.

IV. Application to a Polyurethane Foam Sample
The data of PU foam samples studied are described. Then the

in� uenceof the number of transmittancemeasurementson the iden-
ti� cation results using combination of bidirectional transmittances
and hemispherical measurements is analyzed. Radiative properties
obtained from this approach are shown, and sensitivity coef� cients
are analyzed.

A. Data

Three specimens of different thicknesses of the same rigid
open cells PU foam are studied: sample 1 (ly D 310 ¹m), sample
2 (ly D 427 ¹m), sample 3 (ly D 528 ¹m). Particle dimensions (as
de� ned by Baillis et al.4/ obtained from a microscopical analysis
are strut thickness minimum 12.5 ¹m and maximum 17.5 ¹m. The
foam density is 44 kg/m3 . The cell dimensions are 110 ¹m for
longitudinal size in normal direction of the sample and 78 ¹m for
transversal size. The sample diameter/cell diameter ratio is larger
than 115, and so variation in results caused by the face nonhomo-
geneity are avoided.The sample thickness-to-cell-size ratio is larger
than 2.8. It will be veri� ed that nonhomogeneity in� uence weakly
results.These three sample thicknessesseem to us to be a good com-
promise. Indeed, for larger sample thickness, energy transmitted is
too weak and too noisy. For thinner samples the number of cells in
the thickness is smaller.

Energy measured in the backward directions and in some for-
ward directions is very small and noisy. Hence, only the directional
transmittances near the normal direction for which there is enough
energy and hemisphericalmeasurementsare used for identi� cation.
As a result, eight measurements (N D 8) are considered for each
wavelength: 1) six directional transmittance measurements, Nos.
1; 2; : : : ; 6, in the directions nearest to the normal corresponding
to ¹ D 1, 0:99948, 0:99832, 0:99631, 0:99359, and 0:99036, re-
spectively; and 2) two hemispherical measurements, Nos. 7 and
8, for hemispherical transmittance and hemispherical re� ectance,
respectively. Two-hundred-eighty-sixspectral transmittance or re-
� ectance data points have been selected in the wavelength range
(2.2 ¹m · ¸ · 15:3 ¹m).

Fig. 2 Rosseland mean extinction coef� cient calculated from identi� -
cation results as function of the number of directions of experimental
bidirectional transmittance for the three different sample thicknesses.
Case a: bidirectional transmittance and hemispherical transmittance
and re� ectance are used for identi� cation. Case b: bidirectional trans-
mittance and only hemispherical transmittance are used. These cases
are identi� ed by suf� x a and b for sample numbers.
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B. In� uence of the Number of Transmittance Data Used
on the Identi� cation Results

If the model is correct and if there are no measurement errors, the
identi� ed values tend to converge to the same value as the numberof
directions of transmittance measurement used in the identi� cation
techniqueincreases. In Fig. 2 Rosselandmean extinctioncoef� cient
¯R at 500 K obtained from identi� ed values [Eq. (8)] for the three
foam samples is shown as a function of the number of directions
of experimental bidirectional transmittance used in the identi� ca-

Extinction coef� cient ¯

Albedo coef� cient !

Henyey–Greenstein coef� cient g
Fig. 3 Relative deviation between the identi� ed parameters obtained
from case a for six directions of bidirectional transmittance (case a6)
and other cases a and b for three or six directions of bidirectional
transmittance used in the identi� cation (cases a3, b3, b6). Sample 2 of
427 ¹m.

tion. Two cases with differentmeasurementsare considered:case a,
bidirectionaltransmittanceand hemisphericaltransmittanceand re-
� ectance;caseb, bidirectionaltransmittanceand only hemispherical
re� ectance. For each case (a or b), from a number of directions of
bidirectionaltransmittancelarger than two thepercentagedifference
in values of Rosselandmean extinctioncoef� cient is less than 6.7%.
The difference between results obtained from case a or b with the
same bidirectionalmeasurementsis less than 3.5%. As a result, only
two directions of bidirectional transmittance and hemispherical re-
� ectance seem to be necessary to identify radiative properties and
to calculate Rosseland mean extinction coef� cient. These results
con� rm the good behavior of the model.

Moreover, the identi� ed radiativepropertiescorrespondingto the
cases a and b with three and six measurementsof bidirectionaltrans-
mittance are also compared.The case a3, a6 means case a with three
and six measurements of bidirectional transmittance, respectively.
In the same way case b3, b6 means case b with three and six mea-
surements of bidirectional transmittance, respectively.The relative
deviationbetween the identi� ed results obtained from the case a for
six measurements of bidirectional transmittance (case a6) and the
other cases is shown for the sample 2 of 427 ¹m in Fig. 3. The rel-
ative deviation in the extinction coef� cient is less than 5% and less
than 1% for wavelengthslarger than 3.6 ¹m. The relativedeviations
in the albedo coef� cient and Henyey–Greenstein coef� cient g are
small except for only two wavelengths (9.2 ¹m, 9.5 ¹m) for cases

Extinction coef� cient

Scattering albedo

Henyey–Greenstein coef� cient

Fig. 4 Radiative properties (average values and relative mean square
deviation) calculated over the three different sample thicknesses ob-
tained for case a6 (six bidirectional transmittance and hemispherical
measurements) as function of wavelength.
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a3 and b3. These deviations are accounted for by measurement er-
rors for the direction six for these two wavelengths for this sample.
This can be caused by the weak transmittances for directions other
than ¹ D 1 in the range of wavelengths (8–10 ¹m). As there are
286 measurement wavelengths, the deviations are generally small
as is con� rmed by the Rosseland mean extinction coef� cient anal-
ysis. The good agreement observed between the two cases (a, b)
tends to show that errors caused by the two types of measurement
(bidirectionaltransmittanceand hemisphericaltransmittance) in� u-
ence little identi� ed radiative properties.Though the different cases
give nearly the same results, the case a6, with more measurements,
seems to be preferable because for the other cases there is no con-
vergence for some wavelengths smaller than 5 ¹m. As a result, the
comparison of the identi� ed results obtained for the different cases
(case a or b with different numbers of bidirectional transmittances)
have permitted veri� cation of the good behavior of the model and
also a con� rmation of the fact that experimental errors in� uence
identi� cation results very little.

C. Radiative Properties—Average Values
and Mean Square Deviation

For each specimen k .k D 1; 3) of different thickness (ly)k D 1;3 D
(310, 427, 528 ¹m), the radiativecoef� cients are identi� ed from six
bidirectional transmittances and hemispherical transmittances and
re� ectances,by using the parameter identi� cationmethoddescribed
in Sec. II. Then from these results .¯¸/k D 1;3, .!¸/k D 1;3 , .g¸/k D 1;3,
obtained for the three thicknesses, the average value of each param-
eter over the three specimens of different thicknesses is calculated.
The three specimenscoming from the same PU foam, these average
values, correspond to radiativeproperties¯¸;!¸ , g¸ , of the PU foam
studied. The relative mean square deviation 1p j is also calculated.

a) Bidirectional transmittance for direction 1 ( ¹ = 1)

b) Bidirectional transmittance for direction 6 (¹ = 0.99036)

c) Hemispherical transmittance

d) Hemispherical re� ectance

Fig. 5 Theoretical andexperimental results of transmittanceor re� ectance (Te, Tt)andnormalizedsensitivity coef� cients (X)as function ofwavelength
for sample thickness 310 ¹m.

p j D 1
3

3X

k D 1

p jk ; p1 D !¸; p2 D ¯¸; p3 D g¸ (10)

1p j D 1
p j

vuut1
2

3X

k D 1

.p jk ¡ p j /2 (11)

Radiative coef� cients and relative mean square deviation are
shown in Fig. 4. The extinctioncoef� cients remain between 13,000
and 17,000 m¡1 . The albedo varies between0.6 and 1. The Henyey–

Greenstein phase function parameter varies between 0.75 and 0.9.
The relative mean square deviation calculatedover the three differ-
ent thicknesses is smaller than 5% except for very few wavelengths
for which it still remains smaller than 12%. These few peaks are
caused by experimental measurement errors, transmittances other
than for direction ¹ D 1 being weak in the range of wavelengths
6–10 and 12–14 ¹m (Figs. 5 and 6). More particularly,peaks at 9.2
and 9.5 ¹m, which are observed again, are as a result of the mea-
surement error for the sample 2, for the direction six as discussed
before. The generally small relative mean square deviation over the
threedifferent thicknessescon� rms the validityof resultsand shows
that the in� uence of the nonhomogeneous distribution of material
remains weak. The mean square deviation is not calculated around
2.7 ¹m, because identi� cation has converged only for one sample
thickness for this wavelength.

D. Sensitivity Coef� cient–Comparison Between Experimental
and Theoretical Transmittances and Re� ectances

From the average identi� ed radiative properties introduced in
the radiative transfer model described in Sec. II.D., theoretical
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a) Bidirectional transmittance for direction 1 (¹ = 1)

b) Bidirectional transmittance for direction 2 (¹ = 0.99948)

c) Hemispherical transmittance

d) Hemispherical re� ectance

Fig. 6 Theoretical and experimental results of transmittance or re� ectance (Te, Tt) and normalized sensitivity coef� cients (X) as function of wave-
length for sample thickness 528 ¹m.

transmittances and re� ectances and sensitivity coef� cients are cal-
culated for the three different thicknesses. To limit the number of
graphs, results are only shown for the thinnest and thickest sample
thickness of 310 and 528 ¹m (Figs. 5 and 6). A good agreement
can be observed between experimental and theoretical results. This
is not an independentcheck because theoretical results are obtained
from the identi� cation method using the same experimental results.
Bidirectional transmittances can reach values larger than 100% as
a result of the de� nition Eq. (3).

For the threedifferent thicknessesthe plots have the same general
shape, and the following observations can be made. For normal di-
rection the ¯ sensitivity is the larger. It can be deduced that direction
1 plays an important role in determining ¯ (Figs. 5a and 6a). For
directions two to six, sensitivity coef� cient and transmittances are
nearly the same; also only results for directionstwo or six are shown
(Figs. 5b and 6b). For these directions, compared to direction 1, ¯
sensitivity decreases, and the sensitivity of ! and g increases. The
g sensitivity is the larger. For hemispherical transmittance ! sensi-
tivity coef� cient is the larger (Figs. 5c and 6c). For hemispherical
re� ectance the ¯ sensitivity is nearly zero, and g and ! sensitivity
coef� cients are large (Figs. 5d and 6d).

Moreover, as the thickness increases sensitivity coef� cients in-
crease slightly, and as expected transmittancesdecrease (especially
for direction 1), and re� ectance increases.

V. Conclusions
In this work radiative properties (¯¸, !¸ , g¸/ of open cells PU

foam are determined using a combination of hemispherical trans-
mittances and re� ectances and bidirectional measurements in the
wavelength range 2–15 ¹m. As there is insuf� cient energy in the

other directions, only six bidirectional transmittances near the nor-
mal direction can be taken into account. The following conclusions
can be drawn from these measurements and identi� cation:

1) Analysis of the in� uence of the number of transmittancemea-
surements on the identi� cation results permits the veri� cation of
the good behavior of the model and the quanti� cation of some
experimental errors for some measurement directions and some
wavelengths. For the number of bidirectional transmittance direc-
tions larger than two, results converge nearly to the same value of
Rosseland mean extinction coef� cient ¯R . The relative deviation
in radiative properties obtained for three directions and six direc-
tions, with or without hemispherical transmittance, remains small
except for very few wavelengths. For these wavelengths measure-
ment errors are caused by the weak and noisy transmittances for
some directions. In spite of this, globally these deviations remain
small. The good agreement observed between the two cases, one
with hemispherical transmittance and the other without it, tends to
show that errors caused by the two different types of measurement
(bidirectional transmittance and hemispherical transmittance), or
caused by measurement errors for some directions,have little in� u-
ence on identi� cation results. Though the different casesgive nearly
the same results, the case a6 having more measurements seems to
be preferable because for the other cases there is no convergence
for some wavelengths smaller than 5 ¹m.

2) Radiative propertiesaverageover the three sample thicknesses
and mean square deviations of these properties are calculated from
identi� cations. The case (a6) with six bidirectional transmittances
and hemispherical measurements is considered. The small relative
mean square deviations over the three different thicknesses con-
� rm the validity of results. The in� uence of the nonhomogeneous
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distributions of materials appears to be weak. It can be observed
that an Henyey–Greenstein phase function parameter g of around
0.8 seems representative for the PU foam samples.

3) Sensitivity coef� cients show that the combination of hemi-
spherical measurements and bidirectional transmittances provides
complementary information useful in the identi� cation process.
Bidirectional transmittancein direction1 plays a major role in iden-
tifying ¯ , the sensitivityof ¯ being largest for this direction. Direc-
tions two to six are useful to identify g parameter, the sensitivityof
g being the larger for these directions. For hemispherical transmit-
tance and re� ectance it is the sensitivity of !, which is the largest.
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