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Effective Radiative Properties of Fibrous Composites
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The influence of spherical particles on the radiative properties of high-porosity fibrous composites is examined
in this article. The radiative properties formulation is based on the independent scattering assumption, which
utilizes the solution of Maxwell’s equations for the interaction of electromagnetic waves with the respective types
of particles. The extinction, absorption, and scattering coefficients, as well as the scattering phase function of
the composites are formulated as the weighted average according to the fractional volume of the constituent
particulates. The models are applied to predict the radiative properties of thermal insulation composites con-
taining fibers and spheres that are made of zirconia and silica. Numerical results are presented to illustrate the
influence of the respective types of particulates on the radiative properties of the composites.

Nomenclature

solid volume fraction

scattered intensity function of spheres
extinction coefficient

absorption index

complex index of refraction,
n—ik,i=V-1

refractive index or summation index
effective phase function of composite
phase function of fibers

phase function of spheres

extinction efficiency of fibers
scattering efficiency of fibers
extinction efficiency of spheres
scattering efficiency of spheres
radius of sphere or fiber

fraction of fiber by volume

size parameter, 27r/A

scattering angle

angle of observation for fibers
wavelength

cosine of polar angle, cos ¢

polar angle

Legendre polynomial function
scattering coefficient

Legendre polynomial function

angle of incidence on a fiber
complementary angle of incidence
on a fiber, w/2 — ¢
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Q = dummy coefficient in Eq. (17)
) = azimuthal angle

Subscripts

f = fibers

s = spheres

A = wavelength

Superscript

r = random orientation

Introduction

EVELOPMENT of advanced thermal protection ma-

terials has long been recognized as a key technology issue
to the success of future aerospace systems. Spacecraft of fu-
ture missions are expected to encounter substantially higher
temperatures and heat fluxes than those of the present mis-
sions. In particular, uv radiation from the shock layer is ex-
pected to constitute a significant portion of surface heat trans-
fer to aerobraking atmospheric re-entry vehicles.!™* When
radiative energy dominates the heat flux to atmospheric re-
entry vehicles, an effective thermal control strategy is to re-
duce the amount of absorbed radiation by reflecting a large
fraction of the irradiation. For example, Howe and Yang*
investigated the use of highly backscattering ablating com-
posites for high radiation re-entry trajectories. Stewart et al.®
and White® examined the use of reflective coatings. Leiser et
al.” incorporated strongly absorbing and emitting particles
into a ceramic insulation to achieve higher insulation per-
formance.

The continual increase in system complexity and opera-
tional constraints underlines the critical need for new thermal
insulation materials that can perform over a wide range of
temperatures and heat fluxes. A novel, effective thermal in-
sulation to accommodate these requirements can be achieved
by combining the high-temperature resistant properties of fi-
brous materials with the reflective characteristics of spherical
particles. This type of insulation materials can be fabricated
by dispersing spherical particles into a fibrous composite. By
selecting the material and size of the fibers and spheres, the
radiative behavior of the fiber-sphere composite can be en-
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Fig. 1 Geometric configuration of the scattering directions.

gineered to exhibit spectrally selective reflective properties
tailored to a given set of thermal environments.

Successful development of the fiber-sphere thermal insu-
lation composite requires both modeling and experimentation
in order to optimize the design. Analytical models must first
be developed to evaluate the influence of the constituent par-
ticulates on the thermal radiative properties of the composite.
Although the thermal insulation capacity of any given material
can be measured, the large number of design parameters,
which include the size, spectral optical properties, and par-
ticulate mixture fraction, would require the compilation of a
large data base in order to determine the influence of the
various parameters.

To fabricate and perform tests on enough samples to en-
compass all combinations of the design variables obviously
presents a formidable task. A more cost-effective design ap-
proach is to perform numerical analyses by utilizing mathe-
matical models that are based on fundamental principles. An
optimal design can then be achieved in an efficient manner
by conducting numerical analyses before producing a limited
number of optimized material samples for experimental ver-
ification. The objective of this article is to present analytical
models for the radiative properties of fiber-sphere compos-
ites, which can be used to guide the development of this type
of thermal insulation materials.

Radiative Properties Modeling

The present study considers high-porosity composites (vol-
ume fraction less than 5%) which contain a mixture of fibers
and spheres. In this case independent scattering is an adequate
assumption because the average separation between the par-
ticles is sufficiently large relative to the particle size and wave-
length of the incident radiation. The radiative properties of
the medium can, therefore, be obtained by summing up the
contributions of all the particles in the medium. For.a com-
posite containing both fibers and spheres, the effective ra-
diative properties of the composite are obtained by weighting
the properties of the respective types of scatterers by their
solid volume fraction. The radiative properties of fibers and
spheres are based on rigorous solutions of Maxwell’s equa-
tions. for the interaction of electromagnetic (EM) radiation
with an isolated infinite cylinder and sphere whose diameters
are comparable to the wavelength.®* The fibers are modeled
as infinite cylinders because the typical length of fibers in
Space Shuttle tile materials is much greater than the -wave-
length of thermal radiation. The effective radiative properties
of a fibrous medium have been shown to be strongly de-
pendent on the orientation of fibers. !0~ 12

The properties which govern the thermal performance of
a composite include the radiative coefficients and the scat-
tering phase function. The extinction and scattering coeffi-
cients for a high-porosity medium of monosize spheres are
given by

K (e, m) = (3f,/4r)Q; ., 1)

O-s‘s)\(a.\" m) = (3f/4r)Q, , 2)

respectively, where r, is the radius of sphere. The extinction
and scattering efficiencies Q, ,, and Q, ,, are given by the Mie
theory.® The absorption coefficient o, is equal to the dif-
ference between the extinction and scattering coefficients.
The phase function for an isolated sphere is defined as the
angular distribution of the scattered radiation normalized by
its directional average. For a spherical particle subjected to
unpolarized radiation, the scattered intensity function is cal-
culated as the average of the two polarized components®®

. o~ 2n 4+ 1
() = 0.5 { 21 n(n + 1) [a,7,(cos ©)
2 e
+ b,7.(cos ®)] | + 21 nz(’:z—i% [b,7,(cos ©)

+ a,7,(cos ©)]

} €)

where a, and b, are given in terms of spherical Bessel and
Hankel functions, and © is the angle between the incident
and scattered radiation, as shown in Fig. 1. The functions ,
and 7, are expressed in terms of the Legendre polynomials.
The phase function for an isolated sphere is given by

_ 40,(0)
pu(®) = 2 )

which is a function of the size parameter «, and optical prop-
erties m. The subscript A in all of the above quantities is
retained to emphasize that these quantities are wavelength-
dependent.

In order to apply the single particle phase function to ra-
diative transfer analysis through a planar medium, the angular
dependence of the phase function must be transformed to the
polar coordinates (¢, w) of a plane-parallel slab, as shown in
Fig. 1. Since diffuse radiation independent of the azimuthal
angle is considered, the phase function can be simplified by
integrating over the azimuthal angle as

1 27
Pt 1) = 2= [ pu@) do o)
m Jo

where u = cos &. Using the relationship between ©® and the
polar coordinates of the slab given by

cos @ = pp’ + V(1 — p)(1 — ') cos(w — w') (6)

the phase function for a slab geometry becomes

(o ) = —
pSA M’ M B Wa.%Q.\x.w\

2 i,,(®)sin © dO
* o, V(I = p)(1 = p'?) = (cos © - uu')? ™

where the limits of integration are given by

cos O, = pup' + V(1 — p)(1 — p'?) ()

1

cos O, = pu' = V(1 — p)(1 — ") )

Equation (7) is usually evaluated numerically to obtain the
phase function for any particle size parameter.
For randomly-oriented fibers, the effective extinction and
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scattering coefficients for an elemental volume of fibers are
independent of incident angle. They are given by!!

] 2f. 2f, [
Kiologem) = 22 0 = 22 | 0, s@cos 6 00 (10)

2f, 2f, (2
Talanm) = 20 = 22 [ 0 @eos s a9 ()

r,

respectively, where the superscript r denotes random orien-
tation in space. The extinction and scattering efficiencies
of fibers for general oblique incidence are summarized in
Kerker.®

The scattering phase function for a fibrous medium with
fibers in any prescribed orientation has been derived by Lee.!?
For a medium of monosize fibers randomly oriented in space,
the phase function is given by

4 J”“ in(0, ¢.)

wo, Q% ., Jo sin @ sin?g,

(@) = sin ¢, dp. . (12)

where ¢ (= 7/2 — ¢) is the complementary incident angle.
The scattering angle ©, which is the angle between the inci-
dent and scattered directions, is related to the angles ¢ and
6 with respect to an isolated fiber by

cos 8 = (cos ® — cos’¢,)/sin%e, (13)

The phase function for a medium of randomly oriented fibers
is then transformed into

4
Wan}..sA

X ! i[A(G)v ¢c)
o V(1 — cos O)(1 + cos ® — 2 cos?d,)

(@) =

d(cos ¢.)
(14)

To apply this phase function in radiative transfer analyses
through a slab, it must be expanded in terms of the coordinates
of the slab. For diffuse boundary conditions, the radiative
intensity is azimuthally independent. The slab fiber phase
function can be obtained by integrating Eq. (14) over the
azimuthal angles. Upon applying appropriate coordinate
transformations, it is given by

4 f()2
pplp, n') = 7T2a/'er;.s~)\ o,

y sin ©
V(I = p)(d = p'?) — (cos ® — pu'y

! if)(@, d)() d(COS ¢()
o V(1 — cos ®)(1 + cos ® — 2 cos?d,)

e (15

In the present study the solid volume fraction is less than
5%, which is typical of ceramic fibrous insulations used on
re-entry vehicles. The relatively low volume fraction is used
in order to achieve minimal vehicle weight at launch. Based
on the studies by Brewster and Tien'? on spheres, and Lee'
on fibrous medium, radiative energy transport through the
high-porosity composite can be modeled by assuming inde-
pendent scattering. The independent scattering assumption
greatly simplifies the analysis of radiative energy transport
through a particulate medium, because the radiative prop-
erties of the medium can be modeled as the sum of those of
the individual particles. The effective radiative properties of
the composite then follow as

Q = x0, + (1 — x)8, (16)

where Q refers to the extinction K,,, absorption o,,, and
scattering a,, coefficients.

Because the phase function describes the distribution of
scattered radiation for a given scattering coefficient, the phase
function and the scattering coefficient must be considered as
a group. Therefore, the scattering phase function of the com-
posite is defined as

oapi(i, 1) = X0, ,0p(p, 1) + (1 — x)0, apalp. 1)
a7n

For the convenience of application in the radiative equation
of transfer, we define the modified phase function as

PA(”" l"'/) = Us)\p)\(l‘l” ILL,)/KM (18)

which is equivalent to the product of the scattering albedo
and the conventional phase function.

Results

In this section the influence of composition, size, and ma-
terials on the radiative properties of the fiber-sphere com-
posites is investigated. The objective of the present study is
to evaluate the feasibility of engineering the composite to
exhibit a high uv surface reflectance, while increasing the
infrared emittance. The design parameters are chosen to guide
the development of specific composites. Specifically, we ex-
amine two composites consisting of an equal proportion of
fibers and spheres, i.e., x, = 0.5, with one containing zirconia
fibers and spheres, and the other silica fibers and spheres.
The spectral optical properties of zirconia'® are summarized
in Table 1, and for silica'¢ in Table 2. The radii of the zirconia
fibers and spheres are 0.7 and 0.075 um, respectively, whereas
the radii of the silica fibers and spheres are both 1.5 um. The
numerical results presented below show the spectral variation
of the phase function, the extinction and absorption coeffi-
cients, and the single scattering albedo. The influence of these
properties on the radiative behavior is discussed in Ref. 17.

The modified scattering phase functions of the zirconia
composite at 0.7 and 2.0 um are shown in Figs. 2 and 3,
respectively. The incident directions corresponding to the or-
dinates of a 20 point Gaussian quadrature. These phase func-
tions display the general trend of a strong peak in the incident
direction. The forward scattering peaks are particularly pro-
nounced in the near normal directions, while they diminish
as the incident direction approaches the horizon (u = 0). The
magnitudes of the modified phase functions are similar for
the two wavelengths, even though the size parameters differ

Table 1 Index of refraction of zirconia,
m=n— ik

Wavelength, um n k
0.3 1.96 1.244e-2
0.5 1.86 2.69¢-3
0.7 1.86 2.05e-3
1.0 1.86 3.56¢-3
2.0 1.92 4.0e-2

Table 2 Index of refraction of silica,
m=n — ik

Wavelength, um n k
0.25 1.51 6.9¢-8
1.0 1.45 l.e-8
2.0 1.44 3.2e-7
4.0 1.395 5.79%-5
6.0 1.278 6.32¢-3
8.0 0.4113 0.323

10.0 2.694 0.509

12.05 1.615 0.267
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Fig. 2 Phase function of the zirconia composite at A = 0.7 um.
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Fig. 3 Phase function of the zirconia compesite at A = 2 pm.
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Fig. 4 Phase function of the silica composite at A = 1 pm.

by a factor of 3. The small difference between the phase
functions can be attributed to the almost identical index of
refraction of zirconia at A = 0.7 and 2 um. The modified
phase functions of the silica composite are shown in Figs. 4
and 5 atA = 1 and 10 um, respectively. The absorption index
of silica is about 1.0e-8 at A = 1 um, while it is 0.509 at A =
10 um. The substantial absorption index at the latter wave-
length results in much reduced forward scattering peaks at all
incident angles compared to those at the shorter wavelengths
where absorption is small. These results indicate that the com-
mon practice of employing a single phase function, such as
the anisotropic or linear anisotropic forms, in radiative anal-
yses is inadequate in the design and optimization of real ma-

Silica composite: xf= 0.5
fiber radius= 1.5 micron
sphere radius= 1.5 micron
wavelength= 10 micron

Modified phase function P (uj.lli)

Fig. 5 Phase function of the silica composite at A = 10 um.
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Fig. 6 Extinction coefficient of the zirconia composite for several fiber
mixture fractions.

500
x =0.0 zirconiacomposite
a00 - ! f,=0.03
r=0.7um
rs=0.075 um

Absorption Coefficlent, cm-1

Wavelength, um

Fig. 7 Absorption coefficient of the zirconia composite for several
fiber mixture fractions.

terials. This is due to the strong influence on the phase func-
tion by the spectral optical properties and, to a lesser extent,
the variation in the size parameter with wavelength.

Figures 6—8 show the spectral variation of the extinction
K., and absorption o, coefficients and the single scattering
albedo o,,/K,, of the zirconia composite, respectively, for all
fibers (x; = 1), all spheres (x, = 0), and a 50% mixture (x,
= 0.5) of both types of particles. It is reiterated that the
diameter of the zirconia fibers (r, = 0.7 um) is about 10 times
that of the spheres (r, = 0.075 um). The limited wavelength
range is due to the lack of optical properties data for zirconia
at longer wavelengths. This limited range still suffices for our
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Fig. 8 Single scattering albedo of the zirconia compesite for several
fiber mixture fractions.
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Fig. 9 Extinction coefficient of the silica composite for several fiber
mixture fractions.
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Fig. 10 Absorption coefficient of the silica composite for several fiber
mixture fractions.

study, since we are examining the feasibility of increasing the
uv surface reflectance of the composite. These results indicate
that inclusion of spheres causes a substantial increase in the
radiative properties in the uv, while the radiative properties
are considerably reduced in the infrared. An increase in the
scattering albedo reduces absorption, thus resulting in a higher
surface reflectance, which is the desired trend.

The influence of composition on the radiative properties of
silica composites is shown in Figs. 9-11. The silica fibers and
spheres are of identical sizes (r; = r, = 1.5 um), and mixture

1.2
silica composite
8 1.0
[
2
<
= 0.8+
£
[
2
3
1 0.6 |
2
>
£
> 0.4
0.2 el
0 2

Wawelength, um

Fig. 11 Single scattering albedo of the silica composite for several
fiber mixture fractions.

fractions of x; = 0, 0.4, and 1 are considered. As shown in
the figures, the presence of spheres increases the extinction
coefficient at around A = 2 um, whereas the scattering albedo
remains unchanged until A > 6 um. This is due to the ex-
tremely small absorption index of silica at A < 6 um, where
the absorption coefficient is negligible. The surface reflec-
tance at the shorter wavelength is expected to be quite high
due to negligible absorption. At the longer wavelengths in
the infrared, the presence of spheres reduces the scattering
albedo, which then lowers the surface reflectance.

Examination of the results on the zirconia and silica com-
posites reveals that sphere loading has a less pronounced ef-
fect on the silica composite than the zirconia composite due
to the identical size parameters of the silica fibers and spheres.
The results of the zirconia composite indicate that dissimilar
fiber and sphere sizes allows greater flexibility in tailoring the
radiative properties, and the results of the silica composite
reveal the strong influence of optical properties. Therefore,
optimization of the radiative properties of a fiber-sphere com-
posite should exploit the influence of size and materials. The
present results reveal that different materials and particle sizes
should also be considered in the design of the fiber-sphere
thermal insulation composites.

Summary

The present study examines the influence of materials and
particle types on the radiative properties of a novel design of
high-temperature, high-porosity thermal insulation compos-
ites consisting of spheres dispersed in a fibrous matrix. The
analytical models for predicting the radiative properties of the
composites are presented herein. Numerical analyses are con-
ducted to examine the influence of relative loading of fibers
and spheres on the extinction and absorption coefficients, the
single scattering albedo, and the scattering phase function.
The results reveal the strong influence of mixture ratio, optical
properties, and size parameter on the radiative properties of
the composite. Most importantly, these results demonstrate
the feasibility of tailoring the radiative properties of the com-
posite by dispersing spheres into the fibrous matrix. The pres-
ent predictions will be verified by conducting optical extinc-
tion and scattering measurements on prototype materials.
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