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ABSTRACT

As dispersed materias generally are semi-transparent media which absorb, emit and scater thermal radiation, the predictive
modeling d therma processes involving such kind d materials requires the knowledge of a number of radiative properties to
fead the models. These properties canna be diredly measured bu are identified from a set of experimental data of radiative
flux colleded from a sample submitted to appropriate experimental condtions. This paper focuses on identificaion
methoddogy for thermal radiation properties of dispersed media such as fibers, foams, pigmented coatings, ceramics.. After a
brief introductive overview of the subjed, the parameter identificaion methoddogy and two experimental fadliti es used for
radiative properties determination are firstly described. As the identification process involves a solution model for the
Radiative Transfer Equation inside the sample, some dtention is then peid to the development of RTE solution models well
matched to this gedfic purpose. Two examples of application are described before awncluding onthe alvantages, limitations
and remaining dfficulties conneded to this new and promising metrology d thermal radiative properties of dispersed media
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matrix condtion number
spedral intensity of radiation
weighsin a mmpaosed phese function

O parameter of Henyey-Greenstein phase function
i spedral intensity of radiation

i spedral intensity of bladkbody radiation

N number of measurement data

N, number of bi-diredional measurement data
nd number of discretizaion pants of the quadrature
P, jth parameter to be identified

Py scatering spedral phase function

R, hemisphericd refledance

T transmitance or refledance

T, bi-diredional transmittance or refledance
T, hemisphericd transmittance

X(i,j) normalized sensitivity coefficient

Greek symbols

Ba spedral volumetric extinction coefficient
Ka spedral volumetric asorption coefficient
H cos(6)

0 polar angle of diredion

6o incident and scéatering diredions ange

Oy spedral volumetric scatering coefficient

T opticd thickness
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w
Subscripts
b
e
t
A

spedral albedo

blackbody

experimental data (measured)
theoreticd data (computed)
wavelength

INTRODUCTION.

A number of materials widely used in many industria
areas auch as agospace textile, building, food energy and
environment.., are dispersed and semitransparent media
which emit, absorb, and scater therma radiation. Hea
transfer by combined radiation with condwction a convedion
in such media is a problem of grea pradicd importance
mainly in situations where radiation is the dominant mode.
Most of these materials are composed of dispersed pheses of
solid/solid type (ceramics, surface pigmented coatings..), or
solid/gas type (thermal insulation materials : fibers, foams,
fluidized and padked beds, catalytic combustors, soat..), or
liquid/gas type (sprays..)..

The prediction d radiative hea transfer in semitransparent
materials requires not only the caability to solve the
Radiative Transfer Equation (RTE) but also the knowledge of
the radiative properties of the concerned media.

Although nuericd and analitycd methods are avail able
to solve the RTE for dispersed media, some difficulty remains
to determine the radiative properties of such media and there
is a need of appropriate methoddogies. This paper will be
focused on the determination o the radiative properties of
dispersed media.

The properties of which knowledge is required are the
refradive index n,, the @sorption coefficient k, and the
scatering coefficient g, or alternatively the extinction
coefficient 3, = k) +0, and the dbedo w, = 0, /B), and the
phase function P,. This means that at least four spedral
properties doud be determined and even more & P, is
defined from several shape parameters.

The reviews of Viskanta and Mengig [1], and, more
recently, Baillis and Sacalura [2] report a number of works
devoted to radiative transfer in dispersed media and radiative
properties of such media over the last 20 yeas.



Basicdly there ae two families of methods alowing the
determination o therma radiation poperties: (i) the
predictive modeling, and (ii) experimental methods using a
parameter identification tedchnique gplied to some
appropriate set of radiative flux measurement data.

i) As reported in Bailli s and Sacalura in [2], a significant
number of works have been redized ontheoreticd prediction
of radiative properties of fibrous media or media composed of
sphericd particles, starting from the properties of the basic
comporents sich as the opticd indices. The modeling method
mostly used is based on the Mi€'s theory describing the
interadion d an eledromagnetic wave with an individual
particle. But in case of foams or ceramics, few works are
found de to the complexity of these media. Measurement
data of spedral transmittances and refledances are frequently
used either in oder to compare experimental data to
theoreticd results, or to identify unknovn properties of the
basic comporents, for instance the hemisphericd refledance
of the solid phese of the foam [3]. The main interest of these
models is that they allow to study the influence of porosity
and d the radiative properties of the basic comporents of the
media, and they also contribute to improve the understanding
of the phenomenalogicd aspeds.

ii) An dternative way to determine the radiative properties
of a medium consists of identifying them. It alows to study
complex materials of which radiative behavior would na be
easily modelized from theory. Two types of transmittance and
refledance measurements may be used to provide the data for
the identification pocess: dirediona-hemisphericd or
diredional-diredional  (bi-diredionad) measurements. A
number of works have been pubished deding with radiative
properties identification based on drediona-hemisphericd
experimental data, and asauming an isotropicd phase
function. Among the more recent ones are the works of
Skocypec @ a. [4], and Hale and Bohn [5] on reticulated
ceramics, and Kuhnet a. [6] on pdystyrene and pdyurethane
foams. Hendricks and Howell [7] aso identified the radiative
properties from hemisphericd transmittance and refledance
measurements, but they used nonisotropicd phase functions.
Four parameters have been so identified by these aithors: the
absorption and scatering coefficients and two coefficients for
the phase function. In order to get enough information to
cary out the identification procedure, they used samples of
different thicknesses. Nicolau et a [8] used dredional-
diredional measurements to identify the radiative properties
of fibrous insulating materials : extinction coefficient, albedo,
phase function parameters. A new phase function
representation as been proposed by these aiuthors which
combines two Henyey and Greenstein phase functions,
forward and backward peaked, respedively, couged with an
isotropic phase function. Moura d a. [9] used drediona-
hemisphericd measurements, but considering dfferent angles
of incidence onto the sample in order to increese the anourt
of information. They identified the same parameters for the
same materials as in [8], (the phase function representation
was also the same). These aithors have shown through
numericd simulations that bi-diredional measurements with a
collimated beam normally incident onto the sample ae more
appropriate than dredional-hemisphericd transmittance and
refledance measurements under different angles of incidence
to identify the radiative properties of this kind o media.
Recently Milandry [10] identified the radiative properties of
silicawoadl by using a bi-dirediona experimental set-up. In
order to oltain a phase function closer to the one given by
Mi€e's theory he alded a Lorentz function to the Nicolau's
phase function, which means one more parameter to identify.

However, like in case of Nicolau's phase function, it appeaed
that there ae too much parameters to identify, mainly when
some of them are correlated.

Both measurement methods, diredional-hemisphericd or
diredional-diredional  with nama incidence show
advantages and dawbadks. Dirediona-hemisphericd
measurements are eaily and rapidly acuired, but they only
dlow the identification d the extinction coefficient and
abedo for a given sample thickness the phase function keing
asumed known. On the other hand drediona-dirediona
measurements contain much more information allowing the
identification d parameters of the phase function, but for the
diredions of incidence other than those situated close to the
normal the measured data ae wed and ndsed. Furthermore
the phase function remains difficult to identify [8]. For that
resson Bailli s et al. [11] used a combination d diredional-
diredional and drediona-hemisphericd transmittance data
aqquired under normal incidence to identify the radiative
properties of polyurethane foam.

Other methods are available such as the flash method

recantly extended [12, 13] to simultaneously determine
condwctive and radiative properties. The main advantage is
that they provide the properties as a function d temperature,
but they do nd allow to oltain spedral properties (only gray
ones) and nd the phase function. So this ledure will be
focused on identification o spedral radiative properties of
concensed semi-transparent media from spedral radiative
measurements.
In what follows the identification methoddogy hbased onthe
comparison d theoreticd and experimental datawill firstly be
recdl ed. Different experimental configurations
(hemisphericd or diredional measurements or combination o
bath types) will be presented. The key role of the sensitivity
coefficients and d the ndtion number of the matrix of
sengitivity coefficients will be pointed. Then examples of
experimental set-ups will be described, and models allowing
to cdculate transmittances and refledances as well as
different models of representation d the phase function will
be presented. Finaly some eamples of applicaion o
radiative properties determination o fiber and foam materials
will be given before concluding.

PARAMETER IDENTIFICATION

Principle

The parameter identification methodis based uponthe use of
@) aset of experimental data of spedral radiative fluxes (T,)
coming in dfferent diredions (i) from one or both sides of a

sampleirradiated by a sourceor emitting radiation,

b) the same number of theoreticd fluxes (T,) cdculated for the
same a@ndtions as the experimental data from an initial guessed

set of values of the parametersp,, ...p, to beidentified (Fig.1).

For eadh wavelength the goal is to determine the set of
parameter values p,, ...p, which minimizes the functional F,
which represents the sum of quadratic differences between the

theoreticd and the experimental data:

F(pl,...pn):i[Tﬁ(pl,...pn)—Tei]

N isthe number of experimental or theoreticd data. For:

hemispherical measurements: N=2 (only ore transmittance and

one refledance measurements),



directional measurements : N=N,,, N,, being the total number of
diredions of bi-diredional measurement,
any combination of directional
measurements: N = 2+N,, .

Several methods are available to achieve the minimizaion.
Uny [14] used the method d Hooke and Jeeves. Nicolau et .
[8], and Baillis et a. [3] adopted the method d lineaizaion o
Gauss (seefor instance Bedk and Arnold [15], which allows to
better follow the wmnvergence of the process by cdculating at
ead step a set of sensitivity coefficients. The principle of this
methodis briefly recdl ed.

and  hemispherical

Gauss linearization method

It involves the solution d the following system of non
linea equations:
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An iterative method d solutionisused (Fig. 1):

pjk+1: pf+Apf (3)

Transmittance and Reflectance Experimental
Data

— .

where A pf is the increment to add to eady unknavn parameter p,
at iteration k The LHS matrix S of EQ.(2) is composed of
sengitivity coefficients cdculated from the theoreticd model.
They do nd depend onthe experimental values

A condition number CN of matrix Sis cdculated at eat step

N =[s7] |3 | “

|S| is the norm of the matrix, defined from the dements S, as:

|Sf/=max ! ®)
J=1

The wndtion number provides a detedion d posshle
linear dependences between sensitivity coefficients dTti / dp;
The wndtion nunber is greder than ore. The larger the
condtion nunber is, the worse ill -condtioned the system is :
small changes in the RHS of equation (3), i.e. in the
experimental data, will result in very large dhange in the
solution vedor, i.e. the increments A pf. This means that it
will be impossble to simultaneously determine dl the
unknown parameters.

Poor condtioning occurs when at least two sensitivity
coefficients are linealy dependent, or when oreis very small
or very large ompared to the others. Thus the mndtion
number is a very powerful tod to previously investigate the
probability of success of the parameter identification
procedure and, acardingly, to adapt the methoddogy.

Initial Values of the Parametersp,, .., p,,
Margin values

v

RTE Solution Model
Transmittance & Refledance Theoretical Data
Sensitivity coefficients
Condition number

Least Squares Minimization Technique
Calculation of the increments Ap, .., Ap X

p,k+1= p.l.k+ Ap K

Pr = P+ Ap,

A 4

Apk, .., Ap *<Margin ?

. ]

[va

Resultsp, .., p,

Fig. 1: Flow chart of the parameter identificaion procedure



EXPERIMENTAL DESIGN

As examples of experimental design two set-ups used in
the gplicaions that will be presented in the following
sedions are now described. In bah experiments the sample
is submitted to anormally incident colli mated beam.

Bidirectional transmittance and r eflectance measur ement

The experimental set-up developped by Nicolau et a [8]
and improved by Doermann [16] and Moura [17] is
schematicdly represented in Fig. 2. It is composed o two
main parts. an FTIR spedrometer, at the left of the figure,
and, at the right, a bi-diredional transmittance or refledance
(BTDF/BRDF) device Through an exit port of the
spedrometer amoduated and realy collimated beam is snt
to the BTDF/BRDF gonometric system. The FTIR used
(Biorad, FTS 60A), with a ceamic source heaed up to
1300°C and a KBr beansplitter, allows measurements over
the wavelength range [2 - 15 pm]. The radiation detedor,
located onthe rotating arm of the BRDF/BTDF device, is a
liquid nitrogen cooled lineaized HgCdTe (MCT) detedor.
The BTDF/BRDF system is composed of two concentric
turn tables driven by stepping motors : the sample is placed

on the upper one, with the face &paosed to the incident beam
locaed right at the center of the table, at a distance of 500
milli meters from the FTIR exit mirror. The am onwhich are
placed a wlleding mirror (150 mm of focd distance) and
the detedor is attached to the lower turntable.

The FTIR as well as the BTDF/BRDF system which is
locaed inside a tight Plexiglass box, and a beam duct
conreding bdh devices, are feeded by the same treaed air,
purged from H,0O vapou and CO,. In this manner the
radiation beam, from source to detedor, is entirely
maintained in a treaed atmosphere which alows to avoid
the amospheric asorption ower the beam length. The
aignment of this device requires a grea care and is highly
time mnsuming. Detailed description d the procedure may
be foundin[16].

Directional-hemispherical transmittance and reflectance
measur ement

For diredional-hemisphericd measurements ancther FTIR
spedrometer has been used (Brucker IFS 66V). The
beamsplitter is also a KBr. An external integrating sphere
colleds hemisphericdly the radiation crossng o refleded
by the sample onto a detedor placal on the wall of the
sphere. This device (Fig. 3) isa 76 mm |D golden coated
Labsphere

Diaphragm

movable /
Beam Splitter

PM
fixed

SM= spherical mirror
PM= plane mirror

SM3

Infrared
detector

: laser
detector ||ncident
. __beam al
PM T Normal
direction
Sample N
P Turn table

FTIR Spectrometer

Fig. 2: BTDF/BRDF experimental set-up[16].

Sample ,

Incident

Incident

Fig. 3: Integrating sphere @tachment of Bruker FTIR IFS66v Spedrometer
a) Diredional-hemisphericd transmittance b) Diredional-hemisphericd refledance.



unit, with a liquid nitrogen cooled MCT detedor. The
radiation source of the FTIR isa SiC globar. The wavelength
range dlowed for measurements is [1.4 um — 18um]. The
diameter of the sasmple aeasubmitted to a normally incident
beamisof 13mm.

RTE SOLUTION MODEL

In order to cdculate the theoreticd data used in the
radiative parameter identification process a very efficient
solution methodin terms of acairacy/computingtime ratio is
required for the Radiative Transfer Equation. The RTE,
which describes the variation o the spedra radiation
intensity i, (in a given dredion Q, as a function o opticd
depth 1) in an absorbing-emitti ng-scattering medium, can be
written as:

BiQDi,\ (r,Q)+i,([r,Q)=
-0+ 2 i, (.0)n 0.0k

(6)

This equation involves the spedral radiative properties of
the medium : extinction coefficient 3,, albedo w,, phase
functionp, . i,y is the Planck’s bladkbody intensity and dQ is
an elemental solid angle surroundng the diredion Q. These
properties are those of a pseudo-continuous medium
equivalent in terms of radiative transport, to the red
dispersed material. When transmittance axd/or refledance
measurements are used, due to the moduation d the
measured radiation bythe FTIR system, the enissontermin
the RTE isnot acourted for.

Among dfferent methods avail able to solve numericaly
the RTE, the Discrete Ordinates Method (DOM) is
commonly considered as the most efficient for radiative
parameter identification pupaoses. In this methodthe integral
term of the RTE is cdculated from an anguar quadrature
over a set diredions of discretizaion. [18]. Thus the
integral-differential equation is transformed into a PDE
system that may be solved numericdly, by finite differences
for instance or analyticaly when paossble.

| sotropic scattering

Representation of the phase function

The representation d the phase function, which plays an
important role in the RTE solution, shoud be caefully
seleded. For media of which particles may be mnsidered as
randamly oriented in space phase function orly depends on
the scatering angle, that isthe angle 6, between any coude
of incident and scatered radiation dredions. A common
approach to represent the phase function consists of
developing this function in a limited series of Legendre
polynomials. Unfortunately the phase functions of a number
of particulate media, particularly fibers and foams, exhibit a
strong pe&k in the incident diredion (forward scatering) and
afair badk-scatering, which requires a very large number of
expansion coefficients in a Legendre polynomials
expansion. This is of course not suitable for identification.
An dternative solution is to use simpler representations of
phase function, like Henyey and Greenstein’s one (HG),
which ony neeals one shape parameter, gy:

1-g2
]
+97 +2g, cosGo)3 ?

-1<g, <1 (7)

Pa (90) = @

or a mmbination d different phase functions (Nicolau et al.,
[8] ; Hendricks and Howell, [7]). As an example, the phase
function d Nicolau et a., well suited for fibrous media, may
be written as:

P(6, )= » |_f1 Puc.q (6o )+ - fl)PHG,gz o )J +1-1,) ®

where the parameters g, and g, govern the shape of the HG
functions P, , and P, ,in forward and backward dredions,
f, is a weigh fador between forward and badkward
anisotropy d the phase function and f, is the weigh fador
between anisotropic and isotropic scatering (Fig. 4).

Thus if it is not mandatory to identify the refradive
index n, of the medium, and by wsing for instance the
Nicolau’s phase function, the maximum number of radiative
parameters to be identified for a dispersed medium is of 6 .
They are: the asorption and scattering coefficients , and

g, (or the etinction coefficient 3, = k) + g, and the dbedo
W\ =0/ By), and gy, O, Ty, fa

—

Backward scattering (g,

=

Forward scattering (gl)

Fig. 4 : Compased HG phase function.



Non-azimuthal symmetry of theradiativefield

Most of available solution methods of the RTE assume
azimuthal symmetry of the radiative intensity field. This
limits the modeling of the experiments to configurations in
which the radiation incident onto the sample is symmetric
around the normal to the surface. Moura [17] has recently
developed a non-azimuthal symmetric angular quadrature
suitable for non-normally incident radiation onto the sample,
which increases the number of possible experimental
configurations for parameter identification.

EXAMPLESOF APPLICATION

Examples of radiative parameter identification concerning
two different dispersed media (fibers and foam) are now
presented. They will show the importance of the
conditioning number and of the sensitivity coefficients. Both
materials were investigated in non emissive situation (cold
medium), by using the experimental facilities described
above which only work with samples at room temperature.

Bi-directional measurement data

By using the set-up described in Fig. 2, the identification
procedure has been applied to a fibrous medium (low density

commercia insulating glass wool). The properties to be
determined are the following : pj=1,.6 = W, 0y, f1, f2, G2, To, (in
this sequence). The values of the condition number CN show
(Fig. 5) that it is difficult to simultaneously identify all 6
parameters. A sample optical thickness of 12 appears as
optimal. However as the absorption coefficient is not yet
known, it is difficult to select the corresponding geometric
thickness for the sample. The CN depends on the number of
parameters and on the choice of parameters to identify : in
Fig. 5 when only two parameters are identified, these are w
and g;; when three parameters are identified they correspond
to the sequence w, g; and f;, and so on.. Moreover the
analysis of the normalized sensitivity coefficients shows that
for 1o = 2 the sensitivity of 1o remains weak compared to the
other parameters. Thus it will be difficult to identify T, for
this value of the optical thickness. Conversely, for 1o = 20 it
is the sensitivity of g, which appears to be very low (Fig. 6 a
and b). This preliminary investigation of the identification
configuration shows that for this material and with this
experimental configuration it will be difficult to
simultaneously identify 6 parameters. A possible way
successfully used by Nicolau is to reduce the number of
parameters of the phase function, by assuming for instance

02=-01.
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Combination of directional-hemispherical and bi-
directional measurement data

When bi-diredional measurements are caried out on
materials like foams which are mostly opticdly dense, the
recorded signals are very low and noised in badkward
diredions as well asin diredions far from the incidence one.
But on the other hand if these data ae not acmunted for the
identificaion, there is not enoughinformation to identify the
radiative properties, spedaly the phase function. Thus
Bailli s and Sacalura [11] identified radiative properties of
poyurethane foam by using a wmbination of diredional-
hemispherica and hi-diredional measurement data. In order
to dleviate the number of parameters to identify they
adopted a single HG function of phase representation. The
fadliti es used are those described in Fig. 2 and 3. For ead
wavelength value aset of 8 experimental data was entered in
the identificaion process : 6 hi-diredional transmittance
measurements acquired in diredions nea to the incidence
one, where the signal is aufficiently strong, plus 1
hemisphericd transmittance and 1 hemisphericd refledance
The standard deviations of the radiative properties values
identified from threediff erent thicknesses of sample (310um,
427um, and 528im) remain low (Fig. 7 a and b) which
shows a good kehavior of the model used. The investigation
of the sensitivity coefficients (normalised coefficients X)
showed (Fig. 8 a to d) that the parameters sam not to be
correlated. 3 is not sensitive for hemisphericd refledance
Conversely, [ is the most sensitive parameter for the normal
transmittance (diredion 1, Fig.8a). In case of hemisphericd
transmittance and refledance the sensitivity of w appeas to
be the most important one. For bi-diredional transmittancein
diredion 2, situated very close to the incident diredion, the
most sensiti ve parameter is g (Fig. 8b). Thus the cmmbination
of diredional-hemisphericd and hi-diredional experimental
data provides complementary information making possble
the identification of the radiative parameters.

DETERMINATION OF THE REFRACTION INDEX

The refradive index is involved in the source term
(Planck’s function) of the RTE as well as in the radiative
boundary conditions. For high porosity media, as a number
of fiber or foam meaterials are, the refradive index of the
pseudo-homogeneous medium equivalent, for  radiative
transport effeds, to the red dispersed materia, is nealy
equal to the index of the fluid filli ng phase (generaly gas,
and mostly air, for fibers or foams), which may be known
from literature.

The usual methods to determine the refradion index ny,
are based upon the use of reflexion spedra and Kramers-
Kronig relations, or the use of ellipsometric techniques. A
serious problem occurs in case of dispersed materials, made
of particles: it is not possble to perform measurements on
individual particles as they are in a dispersed medium. In
fad the reflexion data ae aquired on samples of dab-shape,
made of agglomerated particles, obviously not exadly the
same material as in the dispersed phase. Once the index of
refradion of ead dispersed phase ad/or the matrix is
suppaosed to be known, an equivalent refradive index of a
pseudo-homogeneous medium equivalent for radiative
transport to the red dispersed medium, may be cdculated
from averaging theories like : Maxwell-Garnett (sphericd

particles in a dieledric matrix), Maxwell-Garnett modified
by Cohen et a. (acounting for non-sphericd shape of
particles), Bruggeman, Wood & Ashcroft Effedive Medium
Theory (both shapes are particles, sphericd and elli psoidal)
[19,20]. But in fad the acarate determination of the
refradive index of dispersed media should be cnsidered
today as an ursolved problem, open to reseach.

CONCLUSION

As down in this paper experimental parameter
identification based on a new and smart metrology matched
to eath material to be investigated, is a promising way to
determine thermophysicd radiative properties of complex
media. Each medium may be aspedfic case and requires a
preliminary metrologicd analysis, acordingly to the type of
material and the expeded acairacy, mainly on the knowledge
of the phase function.

The acaracy required on the phase function plays an
important role in the seledion of the identification strategy :
if an isotropic phase function is assumed, the identificdion is
simpler, two hemisphericd measurements (transmittance and
refledance), that may be rapidly acuired, are sufficient.
Also the seledion of the phase function is not independent
from the choice of the radiative transfer model using the
identified properties: for instanceif a highly forward peaked
Henyey and Greenstein phase function identified from bi-
diredional measurements is then used in a rather simplified
RTE solution mode like the two-flux model (much less
acarrate than the Discrete Ordinates Method), it is obvious
that significant errors may occur. In this cese the use of
hemisphericd measurements and o an isotropic
representation for the phase function would be preferable and
certainly easier to carry out.

The type of medium to be studied is aso important. If it
does not allow to measure eough radiative energy in
diredions far from the normal to the surfaceof the sample,
the aquired information will not be sufficient to identify the
radiative properties including the phase function, from bi-
diredional measurements. In this case a @mbination of bi-
diredional and hemisphericd measurements would be better
suited.

The sensitivity coefficients and the cndition number are
very helpful tods which allow to previously estimate the
probability of success of an experiment designed for
parameter identification and to match it acwrdingy. For
ead applicaion it is also strongy recmmended to use
different thicknesses of sample in the identification process
in order to chedk that the fina results obtained are
independent from the material thickness

The dm of this paper was to present some tradks open by
a new experimental methoddogy in the difficult area of
asesgment of thermal radiation properties of dispersed
media Most of current know-how is limited to room
temperature property determination. Some properties, as the
index of refradion of particulate media, still remain hardly
accesgble to metrology. These ae only two, among other
aspeds, which are urging challenges for radiative property
metrology.
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