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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 coefficients and the spectral phase function are predicted from the dimensions and hemi-
spherical reflectivity 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 reflectivity
is very difficult 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 reflectance and the theoretically predicted values computed from the identified values of

particle hemispherical reflectivity.

Nomenclature

b = minimum thickness of strut (Fig. 1), m

buax = maximum thickness of strut (Fig. 1), m

fs = fraction defined by the dimensionless relation (strut
cross-sectional area)/(area inscribed in a triangle defined

_ by vertices of the strut)

G = average geometric cross-sectional area of a particle, m?

I = spectral radiative intensity, W-m™> - sr™!

Iy = spectral collimated radiation intensity incident onto the
sample, W -m™3 - sr™!

N, = number of struts per unit volume, m—3

n = refractive index

P = phase function, dimensionless

P, = phase function of particles due to diffraction,
dimensionless

P. = phase function correspondingto reflection, dimensionless

T, = experimental results of transmittance or reflectance, sr™!

T; = theoretical results of transmittance or reflectance, sr~!

a = absorption coefficient, m™"

B = extinction coefficient, m~'

S = porosity, dimensionless

0 = polar angle

u =cos 0

Jel = particle hemispherical reflectivity, dimensionless

o = scattering coefficient, m™!

Subscript

A = monochromatic wavelength

I. Introduction

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 filling 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 difficulty remains to determine the
radiative properties of these porous materials.
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This paper deals with prediction of 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,'!
such as the well-known Mie theory, and experimental methods >
The first group of methods is interesting because they contribute to
a better understanding of the complex physical radiative phenom-
ena occurring in these materials. Doermann and Sacadura® have
developed a prediction model for open-cell foam insulations that
is more sophisticated than previous methods*~¢ 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 reflectivities
are very difficult to obtain directly, and so, these parameters must
be determined experimentally. A parameter identification method
is used to determine the unknown parameters and then to deduce
carbon foam radiative properties. This method uses experimental
results of transmittance and reflectance obtained for several mea-
surement directions and for several measurement wavelengths. The
experimental device uses Fourier-transform infrared spectroscopy
(FTS-IR). Theoretical transmittance and reflectance are obtained
from the Doermann—Sacadura® predictive model.

First, a short review of predictive modeling of radiative proper-
ties is presentedand the Doermann and Sacadura® modelis recalled.
Then, the identification method used to determine the unknown pa-
rameters, such as hemispherical spectral reflectivity of solid mate-
rial, is described. Finally, results obtained from the identification
method are given. Radiative properties (extinction coefficient, scat-
tering coefficient, and phase function) of three different types of
foam of differentporositiesobtained by this approach are presented.
The consistency of hemisphericalreflectivity 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 spectral volumetric scatteringand
absorption coefficients and the spectral volumetric phase function.
These depend on 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.” 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 colleagues*>
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Fig. 1 Microscopic analysis of carbon foam sample (X400): Determi-
nation of dimensions » and by, ,.

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

Kuhn et al.® used infinitely long cylinders to model the struts.
They converted the triangular cross sections into circular ones with
the same area. Then they used Mie scattering calculationsto predict
the radiative properties.

The Doermann-Sacadura model,> which we use, represents an
improvementover previousones. Indeed, these authors have consid-
ered a particle modeling more representativeof the actual geometry.
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 connected making a strutjuncture. So, if N, is
the number of struts per unit volume, there are N, particles of type
1, which are struts; and N,/ 2 particles of 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/ A, where d is the particle diameter and A is the
wavelength, is much larger than one and when the refractive in-
dex 71 is not too small (x| — 1| > 1), geometric optics combined
with diffraction theory can be used to predict scattering behavior.”
The wavelengths considered are smaller than 15 um. Under these
conditionsx 3> 1 and x|72 — 1| >> 1 for the carbon foam studied. Ap-
plicationof these theories to the particles of the two types considered
in the present study leads to the following results:

B. =2N,(G, + G,) (1)
0, = (pr + DN,(G, + G>) 2)
o, = (1= p)Ny(G + G>) 3)

where B, is the volumetric extinction coefficient, a; is the volu-
metric scattering coefficient, and «; is the volumetric absorption
coefficient. G; is the average geometric cross-sectional area of the
particles of type j (=1, 2) and p; is the spectral hemispherical re-
flectivity of particles.

The phase functionobtained by adding the effects of the two types
of particles is

P,(0) = G, Plz(QG_) ++(gzj ?PM(Q) @)
1 2

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

p/IPt(e) + Ptlj/l(e)

o ®)

P;3(0) =

where P,;; is the spectral phase function due to the diffraction of
particles of type j; P, is the phase functionrelated to reflection. To
determine P, (), the following theorem?® is applied.

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

P.(0) = (8/37)(sin 8 — Ocos ) 6)

Moreover, a special emphasis has been placed by Doermann and
Sacadura’® 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, b,,..«, 6, Pz, fs.

The details of this new prediction model for radiative properties
require extensive explanations, which are given by Doermann and
Sacadura? 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-
reflectivity solid material; otherwise the radiative conductivity dif-
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 Sacadura® have presented results of
their model from numerical simulation by considering different pa-
rameters, butthe use of this model for a carbonfoam samplerequires
the knowledge of the sample parameters. The parameters b, by,y,
and 6 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> This is an advantage of the particle
modeling taking into account the varying thickness of the struts.
The main difficulty remains in the determination of p; and fs. In
previous work,*> the f's value was taken as 2, but from microscopic
analysis of different foam samples, it can be observed that f's seems
to vary significantly from one foam sample to another. The hemi-
sphericalreflectivity p, cannotbe obtained from directmeasurement
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 p; and fs by using an identification method.

III. Parameter Identification

A. Method

This method uses experimental results of transmittances and re-
flectances, T,;;, obtained for several measurement directions i and
for several measurement wavelengths j for a given set of samples;
and theoretical transmittances and reflectances, T;;;, obtained for
the same measurement directions and wavelengths as in the exper-
iment and for the same samples. The T;;; are calculated using the
Doermann—Sacadura’® predictive model with b, by, 5, p;, and fs
as parameters.

The goal is to determine the parameters fs and p, 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:

NL N
F(pais ..., Panw, [8) = Z Z (Tij(Pats - - vy Pontis [8) — Toij 1P

j=1i=1
(7)
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Fig. 2 Experimental device using FTS-IR to measure transmittance
and reflectance.

The number of identified parameters is then p =nw + 1. The solid
hemispherical reflectivities p;; at the measurement wavelengths j
are calculated from the nw parameters py;, K = 1, nw by linear ap-
proximation. We use the Gauss linearization method,” which mini-
mizes F by setting to zero its derivatives with respect to each of the
unknown parameters. This nonlinear parameter estimation problem
issolvediteratively. Typically p =8, N =7,and NL = 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 identification
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 filament inside a
silicatube. The radiationemitted by the source is modulated and en-
ters nearly parallel onto the sample, with a divergence of half-angle
6 (6 =0.87 deg). The detection system consists of a spherical mir-
ror collecting the radiation and concentrating it on a linear detector
(1.8-15.5 um). It is mounted on a rotating arm, allowing measure-
mentof theradiationtransmitted or reflected by the sample at several
angles. Both the spectrometer and the detection system are purged
with dry air. The transmittances or reflectances 7,(6, 4) for normal
incidence are defined by

1(6,2)

T.(0. %) = - o
0

®)

where [ is the transmitted or reflected intensity and /) is the intensity
of the collimated beam normally incident onto the sample within a
solid angle d ay.

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-sensitive detection.

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

oI,

1
O;
==+ Bl = — f LGy, )P, wyde’ (9
oy 27,

where [, is the spectral intensity of radiation.

Foam spectral radiative properties used in the equation (coeffi-
cients of extinction S, scattering o, and phase function P;) are
determined by the predictive model of Doermann and Sacadura,?
which involves the unknown parameters p; and f's.

The boundary conditions are

if py=p=<l

1
L0, n) =
A0, 1) {O elsewhere (10)

Ly, u)=0 for u<O0

2. Solution Method

The discrete ordinates method is applied to solve the integro-
differential equation. Details of the solution have been reported by
Nicolau.!” This solution, combined with the predictive model for
radiative properties, permits determination of the theoretical trans-
mittances and reflectances from the parameters &, b, by.x, P2, and
fs of the foam sample subjected to a collimated incident flux.

IV. Application to Carbon Foam

The identification method is applied to three different types of
open-cell carbon foam.

A. Carbon Foam Data

The dimensional characteristicsof the three types of 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.'® The spherical space is discretized symmetrically
into 12 directionseach for the positive and negative . This quadra-
ture is a combination of two Gauss quadratures. This method allows
a concentration of ordinates in the neighbourhood of the normal
direction, suitable for forward scattering materials (1 =1, 0.999,
0.994, ...).

2. Measurement Data

Measurementscannotbe obtained for all 24 integrationdirections
because transmittanceand reflectance values are too small for direc-
tions far from the normal to the sample. To overcome this problem,
two transmittance measurements are used in the forward directions,
for 1 =1 and 0.999; and five reflectance measurements are used in
the backward directions,for u = —0.407,—0.638,—0.813,—-0.915,
—0.947.

So, the number of measurement directions is N = 7. For
each measurement direction, NL = 134 spectral transmittance or
reflectance data have been selected in the wavelength range
(2.04 pm <A <15.34 um). Moreover, the sensitivity coefficient
of fs is the largest in the normal direction, 1 =1, and decreases
quickly when u decreases.On the contrary, the sensitivity coefficient
of hemisphericalreflectivity is largerin the backward directions and
the values are nearly the same in these backward directions.

3. Procedure

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

Table 1 Data for three types of carbon foam

Foam S5+A 6, b+ADb, bmax £A Dax»
type % pum pum

1 97.50£0.67 38+4 60+ 4

2 98.75+£0.44 34+3 52+4

3 98.24+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 4.301+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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equal to 2. For the foam of type 1, the fs value is near 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 fs value varies.
This confirms the microscopic analysis.

Seven parameters py, k=1, ...,7, corresponding to the solid-
material hemispherical reflectivity values at seven wavelengths are
determined. This choice of nw =7 represents a good compromise
between speed and accuracy of calculation. The carbon spectral re-
flectivities 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 reflectivity data obtained from the literature. An
agreement can be observed. The reflectivities 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 identified values using the Doermann—
Sacadura® predictive model, are shown in Fig. 5. It can be seen that
the extinction coefficient of foam of type 3 is smaller than that for
the other types. The extinction coefficient is not a function of the
wavelength; this is due to the combination of 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 coefficient is not a function of the
wavelength. Moreover, from Brewster,’ it is clear that Mie theory
results approach a constant extinction coefficient in the geometric
optics region (large particle size). Further, note that Glicksman and
colleagues, theory*> also leads to a constant extinction coefficient.

The natural logarithm of the phase function, {n P(1' =1, pt), is
shown as a function of the scattering direction, i, for the 10.07-um
wavelength for each type of foam (Fig. 6). These values are similar
forall typesof foam. A highly forward-peakedscatteringis observed
that is similar to the case of fibrous media described by Nicolau
etal?

6. Comparison of Theoretical and Experimental Results of Transmittance
and Reflectance

For all of the samples of different thicknessesand types, the theo-
retical and experimental results of transmittance and reflectance 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), type 2 of 4.92-mm thickness(Fig. 8), and type 3 of
8.12-mm thickness (Fig. 9). Theoretical results are obtained from
reflectivities and fs values corresponding to each type of foam.
These values are calculated from the average of identified result for
different thickness specimens of the same foam type. Experimental
results plus or minus the standard deviationsalso are shown. Results
are given for four measurement directions: 4 = 1; 0.999; —0.407;
—0.947. Note that the value of transmittance for incident direction
(n =1)is always much larger than its values in the other directions.
For the forward direction i = 0.999, theoretical transmittance val-
ues are smaller than the experimental ones. This is probably due to
the low sensitivity of the fs coefficient in this direction. Theoretical
results of reflectance are within the range of experimental results.

V. Conclusion

A method to determine radiative properties of open-cell foam
insulation is described. An identification method is employed that
uses a predictive model for radiative properties and an experimental
device based on a Fourier transform infrared spectrometer. The pre-
dictive model developed by Doermann and Sacadura® was adopted.
Itis more sophisticated than previous models. The use of this model
for foam samplesrequires the knowledge of several parameters. The
three parameters b, b,,,, and 6 can be easily obtained from micro-
scopical measurements, but the fraction fs and the solid-material,
spectral hemispherical reflectivity are more difficult to determine.
This is why an identification 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 verified that
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experimentaland theoreticalresults of transmittanceand reflectance
obtained from the identified values are in good agreement. This
study indicates that a good description of the foam geometry and
inclusionof the scatteringphenomenain the predictivemodel allows
calculation of the spectral radiative properties of open-cell foam
insulation.
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