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Spectral Radiative Properties of Open-Cell Foam Insulation

D. Baillis,¤ M. Raynaud,† and J. F. Sacadura‡

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

A method to determine radiative properties of open-cell foam insulation is described. The spectral volumetric
absorptionand scattering coef� cients and the spectral phase function are predicted from the dimensionsand hemi-
spherical re� ectivity of particles that constitute the solid structure by applying to these particles a combination of
geometric optics laws and diffraction theory. Three types of carbon foam of different porosities are studied. Particle
dimensions and porosity can be obtained from microscopic analysis, but solid hemispherical spectral re� ectivity
is very dif� cult to obtain directly. It is determined by the Gauss method of linearization, applied to bidirectional
spectral transmittance data obtained from an experimental device using Fourier-transform infrared spectroscopy.
Results obtained from this approach are consistent. Good agreement is observed between the experimental results
of transmittance and re� ectance and the theoretically predicted values computed from the identi� ed values of
particle hemispherical re� ectivity.

Nomenclature
b = minimum thickness of strut (Fig. 1), m
bmax = maximum thickness of strut (Fig. 1), m
f s = fraction de� ned by the dimensionless relation (strut

cross-sectionalarea)/(area inscribed in a triangle de� ned
by vertices of the strut)

NG = average geometric cross-sectionalarea of a particle, m2

I = spectral radiative intensity, W ¢ m¡3 ¢ sr¡1

I0 = spectral collimated radiation intensity incident onto the
sample, W ¢ m¡3 ¢ sr¡1

Nv = number of struts per unit volume, m¡3

Qn = refractive index
P = phase function, dimensionless
Pd = phase function of particles due to diffraction,

dimensionless
Pr = phase function corresponding to re� ection, dimensionless
Te = experimental results of transmittanceor re� ectance, sr¡1

Tt = theoretical results of transmittance or re� ectance, sr¡1

a = absorption coef� cient, m¡1

b = extinction coef� cient, m¡1

d = porosity, dimensionless
h = polar angle
l = cos h
q = particle hemispherical re� ectivity, dimensionless
r = scattering coef� cient, m¡1

Subscript

k = monochromaticwavelength

I. Introduction

I NSULATING foam consists of a highly porous but coherent
solid material with a cellular structure. Heat transfer in such

media occurs by conduction through the solid material (Fig. 1) and
through the gas � lling the pores, and by thermal radiation, which
propagates through the structure. Even if analytical or numerical
techniques are available to solve the coupled heat transfer problem
in semitransparentmedia, some dif� culty remains to determine the
radiative properties of these porous materials.
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This paper deals with predictionof radiative properties for open-
cell foam insulation and its application to carbon foams. There are
two main groups of methods to determine radiative properties of
porous media: analytical determination using theoretical models,1

such as the well-known Mie theory, and experimental methods.2

The � rst group of methods is interestingbecause they contribute to
a better understanding of the complex physical radiative phenom-
ena occurring in these materials. Doermann and Sacadura3 have
developed a prediction model for open-cell foam insulations that
is more sophisticated than previous methods.4¡6 To apply this new
model to a foam sample, knowledge of parameters such as poros-
ity, particle sizes, and radiative properties of the solid material is
required. Particle dimensions and porosity can be obtained from
microscopic analysis but solid hemispherical spectral re� ectivities
are very dif� cult to obtain directly, and so, these parameters must
be determined experimentally. A parameter identi� cation method
is used to determine the unknown parameters and then to deduce
carbon foam radiative properties. This method uses experimental
results of transmittance and re� ectance obtained for several mea-
surement directions and for several measurement wavelengths.The
experimental device uses Fourier-transform infrared spectroscopy
(FTS–IR). Theoretical transmittance and re� ectance are obtained
from the Doermann–Sacadura3 predictive model.

First, a short review of predictive modeling of radiative proper-
ties is presentedand the Doermannand Sacadura3 model is recalled.
Then, the identi� cation method used to determine the unknown pa-
rameters, such as hemispherical spectral re� ectivity of solid mate-
rial, is described. Finally, results obtained from the identi� cation
method are given. Radiative properties (extinction coef� cient, scat-
tering coef� cient, and phase function) of three different types of
foam of differentporositiesobtainedby this approachare presented.
The consistencyof hemispherical re� ectivity results for carbon and
a comparison between theoretical transmittance values and exper-
imental transmittance data for several directions and wavelengths
permit validation of this approach. The last two parts are believed
to be new contributions.

II. Predictive Model for Radiative Properties
The radiative properties of foam that are required for solving the

radiativetransfer equationare the spectralvolumetric scatteringand
absorption coef� cients and the spectral volumetric phase function.
These dependon particle shapes and sizes and can be obtained from
the radiative properties of particles forming the foam, by adding
up the effects of all of the particles of different sizes.7 The foam
structure is complex: The unit cell closely resembles a pentagon
dodecaeder.Very few works appear to have been devoted to the pre-
diction of radiative properties of foam thermal insulation. The au-
thors are aware only of the following: Glicksman and colleagues4,5
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Fig. 1 Microscopic analysis of carbon foam sample ( £ £ 400): Determi-
nation of dimensions b and bmax.

considered the foam as a set of randomly oriented blackbodystruts
with constant thickness. They took an ef� ciency factor of one and
neglected scattering phenomena by the struts.

Kuhn et al.6 used in� nitely long cylinders to model the struts.
They converted the triangular cross sections into circular ones with
the same area. Then they used Mie scatteringcalculationsto predict
the radiative properties.

The Doermann–Sacadura model,3 which we use, represents an
improvementoverpreviousones. Indeed, these authorshaveconsid-
ered a particlemodelingmore representativeof the actualgeometry.
It was obtained from the foam geometry description and from mi-
croscopic analysis of carbon open-cell foams (Fig. 1). Struts with
varying thickness and strut junctures are considered. In common
foams, four struts are connectedmaking a strut juncture.So, if Nv is
the number of struts per unit volume, there are Nv particles of type
1, which are struts; and Nv / 2 particlesof type 2, which are the strut
junctures. The particles are assumed to have a random orientation
and to be thick enough to be considered as opaque.

Moreover, these authors have taken into account scattering phe-
nomena by applying to these particles a combination of geometric
optics and diffraction theory. Indeed, when the particle size pa-
rameter x D p d / k , where d is the particle diameter and k is the
wavelength, is much larger than one and when the refractive in-
dex Qn is not too small (x j Qn ¡ 1j À 1), geometric optics combined
with diffraction theory can be used to predict scattering behavior.7

The wavelengths considered are smaller than 15 l m. Under these
conditionsx À 1 and x j Qn ¡ 1j À 1 for the carbon foam studied.Ap-
plicationof these theories to theparticlesof the two types considered
in the present study leads to the following results:

b k D 2Nv( NG1 C NG2) (1)

r k D ( q k C 1)Nv ( NG1 C NG2) (2)

a k D (1 ¡ q k )Nv( NG1 C NG2) (3)

where b k is the volumetric extinction coef� cient, a k is the volu-
metric scattering coef� cient, and a k is the volumetric absorption
coef� cient. G j is the average geometric cross-sectionalarea of the
particles of type j (D1, 2) and q k is the spectral hemispherical re-
� ectivity of particles.

The phase functionobtainedby adding the effectsof the two types
of particles is

Pk ( h ) D
NG1 P1k ( h ) C ( NG2/ 2)P2 k ( h )

NG1 C NG2/ 2
(4)

where Pj k is the spectral phase function of particles of type j . This
phase P j k function resulting from the combination of geometric
optics and diffraction theories can be expressed by the following
relation:

P j k ( h ) D
q k Pr ( h ) C Pd j k ( h )

1 C q k

(5)

where Pd j k is the spectral phase function due to the diffraction of
particles of type j ; Pr is the phase function related to re� ection. To
determine Pr ( h ), the following theorem8 is applied.

Theorem I. The scattering pattern caused by re� ection on a very
large convex particle with random orientation is identical to the
scattering pattern by re� ection on a very large sphere of the same
material and surface condition. The re� ection is assumed to be dif-
fuse. The phase function related to re� ection from large, opaque,
diffusely re� ecting spheres is8

Pr ( h ) D (8/ 3p )(sin h ¡ h cos h ) (6)

Moreover, a special emphasis has been placed by Doermann and
Sacadura3 on taking into account the relations that describe the par-
ticle geometry in order to have the smallest possible number of pa-
rameters. Consequently, the radiative properties can be determined
from the following parameters: b, bmax, d , q k , f s.

The details of this new prediction model for radiative properties
require extensive explanations, which are given by Doermann and
Sacadura.3 To quantify the improvement of their model, Doermann
and Sacadura have presented results from numerical simulations.
According to them, neglecting scattering is valid only for low-
re� ectivity solid material; otherwise the radiative conductivitydif-
ference between the current (complete) model and the model ne-
glecting scattering can be as high as 21%.

To summarize, this new model represents a real improvement
over previous work for the following reasons: Scattering is taken
into account and particle modeling is closer to reality.

Until now, Doermann and Sacadura3 have presented results of
their model from numerical simulation by consideringdifferent pa-
rameters,but the use of this model for a carbonfoamsamplerequires
the knowledge of the sample parameters. The parameters b, bmax,
and d can be determined easily from microscopic analysis and pho-
tographs(Fig. 1). From Fig. 1, note that the minimum and maximum
thickness of the strut can be measured more precisely and are eas-
ier to obtain than the mean cell diameter used as a parameter by
Glicksman and colleagues.4,5 This is an advantage of the particle
modeling taking into account the varying thickness of the struts.
The main dif� culty remains in the determination of q k and f s. In
previouswork,4,5 the f s value was taken as 2

3 , but from microscopic
analysisof different foam samples, it can be observed that f s seems
to vary signi� cantly from one foam sample to another. The hemi-
sphericalre� ectivity q k cannotbeobtainedfromdirectmeasurement
because the material needs to be compacted for this measurement.
Moreover, it cannot be obtained reliably from the literature because
of the great dispersion of the reported data, and so, it has been pre-
ferred to determine q k and f s by using an identi� cation method.

III. Parameter Identi� cation
A. Method

This method uses experimental results of transmittances and re-
� ectances, Tei j , obtained for several measurement directions i and
for several measurement wavelengths j for a given set of samples;
and theoretical transmittances and re� ectances, Tti j , obtained for
the same measurement directions and wavelengths as in the exper-
iment and for the same samples. The Tti j are calculated using the
Doermann–Sacadura3 predictive model with b, bmax , d , q k , and f s
as parameters.

The goal is to determine the parameters f s and q k for nw wave-
lengths, which minimize the quadratic differences F between the
measured and calculated transmittances over the N measurement
directions and NL measurement wavelengths:

F( q k 1, . . . , q k nw , f s) D
NLX

j D 1

NX

i D 1

[Tti j ( q k 1 , . . . , q k nli , f s) ¡ Tei j ]
2

(7)
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Fig. 2 Experimental device using FTS–IR to measure transmittance
and re� ectance.

The number of identi� ed parameters is then p D nw C 1. The solid
hemispherical re� ectivities q k j at the measurement wavelengths j
are calculated from the nw parameters q k k , k D 1, nw by linear ap-
proximation. We use the Gauss linearizationmethod,9 which mini-
mizes F by setting to zero its derivativeswith respect to each of the
unknown parameters. This nonlinearparameter estimation problem
is solvediteratively.Typically p D 8, N D 7,andNL D 134(Sec. IV).
The ratio of the total number of measurements to the number of un-
known parameters is 117. This ratio being large, the identi� cation
method is appropriate.

B. Experimental Setup

The experimental spectral transmittance data are obtained from
an experimental setup that includes a Fourier-transform infrared
spectrometer (FTS 60 A, Bio-Rad Inc.). The principle of the setup
is shown Fig. 2. The source of radiation, characterized by a black-
body emission spectrum at 1300±C, is a tungsten � lament inside a
silica tube. The radiationemittedby the source is modulatedand en-
ters nearly parallel onto the sample, with a divergenceof half-angle
h 0 ( h 0 D 0.87 deg). The detection system consists of a sphericalmir-
ror collecting the radiation and concentrating it on a linear detector
(1.8–15.5 l m). It is mounted on a rotating arm, allowing measure-
ment of the radiationtransmittedor re� ectedby the sample at several
angles. Both the spectrometer and the detection system are purged
with dry air. The transmittances or re� ectances Te( h , k ) for normal
incidence are de� ned by

Te( h , k ) D
I ( h , k )
I0d x 0

(8)

where I is the transmittedor re� ectedintensityand I0 is the intensity
of the collimated beam normally incident onto the sample within a
solid angle d x 0.

C. Theoretical Model

1. Analysis

Heat transfer in the experimental foam sample is calculated nu-
merically. The boundary conditions and the assumptions are as
follows: one-dimensional radiative transfer in the semitransparent
medium, azimuthal isotropy, and omission of self-emission term
because of the radiation modulation and phase-sensitivedetection.

With these conditions the radiative transfer equation for the sam-
ple can be written in the following form:

l
¶ I k

¶ y
C b k I k D

r k

2

Z 1

¡1

I k (y, l 0)Pk ( l 0, l ) dl 0 (9)

where Ik is the spectral intensity of radiation.
Foam spectral radiative properties used in the equation (coef� -

cients of extinction b k , scattering r k , and phase function Pk ) are
determined by the predictive model of Doermann and Sacadura,3

which involves the unknown parameters q k and f s.

The boundary conditions are

I k (0, l ) D
1 if l 0 · l · 1

0 elsewhere

I k (`y , l ) D 0 for l < 0

(10)

2. Solution Method

The discrete ordinates method is applied to solve the integro-
differential equation. Details of the solution have been reported by
Nicolau.10 This solution, combined with the predictive model for
radiative properties, permits determination of the theoretical trans-
mittances and re� ectances from the parameters d , b, bmax, q k , and
f s of the foam sample subjected to a collimated incident � ux.

IV. Application to Carbon Foam
The identi� cation method is applied to three different types of

open-cell carbon foam.

A. Carbon Foam Data

The dimensionalcharacteristicsof the three typesof carbon foam
obtained from microscopic analysis are given in Table 1 with their
uncertainties. For each type of foam, four specimen thicknesses
were studied (Table 2).

1. Numerical Data

A quadrature over 24 directions is performed in the discrete or-
dinate method.10 The spherical space is discretized symmetrically
into 12 directionseach for the positive and negative l . This quadra-
ture is a combinationof two Gauss quadratures.This method allows
a concentration of ordinates in the neighbourhood of the normal
direction, suitable for forward scattering materials ( l D 1, 0.999,
0.994, . . .).

2. Measurement Data

Measurementscannotbe obtainedfor all 24 integrationdirections
becausetransmittanceand re� ectancevaluesare too small for direc-
tions far from the normal to the sample. To overcome this problem,
two transmittancemeasurementsare used in the forward directions,
for l D 1 and 0.999; and � ve re� ectance measurements are used in
the backwarddirections,for l D ¡0.407,¡0.638, ¡0.813, ¡0.915,
¡0.947.

So, the number of measurement directions is N D 7. For
each measurement direction, NL D 134 spectral transmittance or
re� ectance data have been selected in the wavelength range
(2.04 l m · k · 15.34 l m). Moreover, the sensitivity coef� cient
of f s is the largest in the normal direction, l D 1, and decreases
quicklywhen l decreases.On thecontrary,the sensitivitycoef� cient
of hemisphericalre� ectivity is larger in the backwarddirectionsand
the values are nearly the same in these backward directions.

3. Procedure

For each type j ( j D 1, 2, 3) of foam, the following procedure is
used.

Table 1 Data for three types of carbon foam

Foam d § D d , b § D b, bmax § D bmax ,
type % l m l m

1 97.50§ 0.67 38 § 4 60 § 4
2 98.75§ 0.44 34 § 3 52 § 4
3 98.2§ 0.78 84 § 7 125§ 12

Table 2 Specimen thicknesses for the three types of carbon foam

Specimen thickness, mm
Foam
type Sample 1 Sample 2 Sample 3 Sample 4

1 3.06§ 0.04 3.08§ 0.04 4.04§ 0.04 4.02§ 0.04
2 3.98§ 0.04 4.30§ 0.04 4.96§ 0.04 4.92§ 0.04
3 7.04§ 0.04 7.06 § 0.04 7.76§ 0.04 8.12§ 0.04
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Fig. 3 Carbon hemispherical re� ectivity: Comparison of results ob-
tained from identi� cation method for each type of foam with results
from literature (A, measurement Ref. 11); B, theoretical calculation
(Ref. 11); and C, calculated from optical constants (Ref. 12).

Fig. 4 Identi� ed carbon hemispherical re� ectivity for the three foam
types.

For each of the four specimens (i D 1, . . . , 4), � ve experiments
(k D 1, . . . , 5) have been performed to calculate the average trans-
mittances and re� ectances Ti ( h , k ) and the mean square deviations
D i ( h , k ) due to experimental errors.

Ti D 1

5

5X

k D 1

Tki (11a)

D i D 1

Ti

1

4

5X

k D 1

(Tki ¡ Ti )2 (11b)

For eachspecimen i of differentthickness,the fraction f si and the
hemisphericalre� ectivity q k k ,i are identi� ed from the averagetrans-
mittances and re� ectances, Tei D Ti by using the parameter identi-
� cation method described in Sec. 3.

Then these results, ( q k k,i , f si ), are used to calculate the average
over the four specimens,which allows one to obtain the value of the
hemispherical re� ectivity q k k and the fraction f s corresponding to
the foamcarbonstudied.The mean squaredeviationof the identi� ed
values ( q k k , f s) also is calculated.

From these average identi� ed values introduced in the radia-
tive transfer model, theoretical transmittances and re� ectances are
obtained, which then can be compared with the experimental ones
(Tei D Ti ).

4. Identi�ed Parameters f s and q k k

The estimated f s values for each type of foam are given in
Table 3. In previous work,4,5 the f s value was taken as a constant

Table 3 Estimated fs values for
the three types of carbon foam

Foam
type f s § D

1 0.57§ 0.011
2 0.335§ 0.008
3 0.396§ 0.025

Type 1

Type 2

Type 3

Fig. 5 Radiative coef� cients of carbon foam by type of foam.

Fig. 6 Natural logarithm
of phase function for the
10.07-¹m wavelength for the
three types of foam.
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¹ = 1

¹ = 0:999

¹ = ¡¡ 0:407

¹ = ¡¡ 0:947

Fig. 7 Transmittance or re� ectance results, de� ned by Eq. (8), for
type 1 carbon foam sample of 4.02-mm thickness for normal incidence
and different measurement directions (experimental results Te; plus or
minus the standard deviation Te §§ D ; and theoretical results Tt ).

¹ = 1

¹ = 0:999

¹ = ¡¡ 0:407

¹ = ¡¡ 0:947

Fig. 8 Transmittanceor re� ectance results, de� ned by Eq. (8), for type
2 carbon foam sample of 4.92-mm thickness for normal incidence and
different measurement directions (experimental results Te; plus or mi-
nus the standard deviation, Te §§ D ; and theoretical results Tt ).
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¹ = 1

¹ = 0:999

¹ = ¡¡ 0:407

¹ = ¡¡ 0:947

Fig. 9 Transmittanceor re� ectance results, de� ned by Eq. (8), for type
3 carbon foam sample of 8.12-mm thickness for normal incidence and
different measurement directions (experimental results Te; plus or mi-
nus the standard deviation, Te §§ D ; and theoretical results Tt ).

equal to 2
3 . For the foam of type 1, the f s value is near 2

3 but that
is not the case for the foams of types 2 and 3. This means that, for
different porosities and particle dimensions, the f s value varies.
This con� rms the microscopic analysis.

Seven parameters q k k , k D 1, . . . ,7, corresponding to the solid-
material hemispherical re� ectivity values at seven wavelengths are
determined. This choice of nw D 7 represents a good compromise
between speed and accuracy of calculation.The carbon spectral re-
� ectivities determined from the measurements made on the four
samples for each type of foam are shown in Fig. 3. They are com-
pared with carbon re� ectivity data obtained from the literature. An
agreement can be observed. The re� ectivities and mean square de-
viations are given in Fig. 4 for each type of foam.

5. Results for Radiative Properties of Foam

The spectral radiative properties for each type of foam, calcu-
lated from the previously identi� ed values using the Doermann–
Sacadura3 predictivemodel, are shown in Fig. 5. It can be seen that
the extinction coef� cient of foam of type 3 is smaller than that for
the other types. The extinction coef� cient is not a function of the
wavelength; this is due to the combinationof geometric optics laws
and diffraction theory. Application of these theories to the particles
considered in this study leads to Eq. (1). It can be deduced from
this equation that the extinction coef� cient is not a function of the
wavelength. Moreover, from Brewster,7 it is clear that Mie theory
results approach a constant extinction coef� cient in the geometric
optics region (large particle size). Further, note that Glicksman and
colleagues, theory4,5 also leads to a constant extinction coef� cient.

The natural logarithm of the phase function, P( l 0 D 1, l ), is
shown as a function of the scatteringdirection, l , for the 10.07-l m
wavelength for each type of foam (Fig. 6). These values are similar
for all typesof foam.A highlyforward-peakedscatteringis observed
that is similar to the case of � brous media described by Nicolau
et al.2

6. Comparison of Theoretical and Experimental Results of Transmittance
and Re� ectance

For all of the samplesof different thicknessesand types, the theo-
retical and experimental results of transmittanceand re� ectance are
compared. Experimental and theoretical results are in good agree-
ment. Only results for three samples are shown: type 1 of 4.02-mm
thickness(Fig. 7), type2 of 4.92-mmthickness(Fig. 8), and type 3 of
8.12-mm thickness (Fig. 9). Theoretical results are obtained from
re� ectivities and f s values corresponding to each type of foam.
These values are calculated from the averageof identi� ed result for
different thickness specimens of the same foam type. Experimental
resultsplus or minus the standarddeviationsalso are shown.Results
are given for four measurement directions: l D 1; 0.999; ¡0.407;
¡0.947. Note that the value of transmittance for incident direction
( l D 1) is always much larger than its values in the other directions.
For the forward direction l D 0.999, theoretical transmittance val-
ues are smaller than the experimental ones. This is probably due to
the low sensitivityof the f s coef� cient in this direction.Theoretical
results of re� ectance are within the range of experimental results.

V. Conclusion
A method to determine radiative properties of open-cell foam

insulation is described. An identi� cation method is employed that
uses a predictivemodel for radiative propertiesand an experimental
device based on a Fourier transform infrared spectrometer.The pre-
dictive model developedby Doermann and Sacadura3 was adopted.
It is more sophisticatedthan previousmodels. The use of this model
for foam samples requires the knowledgeof severalparameters.The
three parameters b, bmax and d can be easily obtained from micro-
scopical measurements, but the fraction f s and the solid-material,
spectral hemispherical re� ectivity are more dif� cult to determine.
This is why an identi� cation method was used.

An application of this methodology to three types of foam of
different porosity and particle dimensions is presented. Radiative
properties are given for the three types of foam. It was veri� ed that
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experimentaland theoreticalresultsof transmittanceand re� ectance
obtained from the identi� ed values are in good agreement. This
study indicates that a good description of the foam geometry and
inclusionof the scatteringphenomenain thepredictivemodelallows
calculation of the spectral radiative properties of open-cell foam
insulation.
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