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Nomenclature

partial wave coefficients

radiative cross section

orientation distribution function

fiber volume fraction

asymmetry scattering factor; Eq. (23)
black-body radiation

Planck function

fiber-scattering intensity distribution
extinction coefficient

radiative conductivity

propagation constant

specimen thickness

number of fiber polar orientations
molecular mass of gas-phase material
molecular mass of solid-phase material
number of fiber sizes

real part of complex refractive index
size of the equivalent pore spaces inside aerogel
scattering phase function

heat flux

radius of fiber

temperature

fractional volume of fibers of radius r;
size parameter, 271/ A

modified extinction coefficient; Eq. (22)
ratio of specific heats at constant pressure
and constant volume

solid fraction of matrix medium
scattering angle

0 = angle of observation
A = wavelength
u = direction cosine of angle &
£ = polar angle
o = Stefan-Boltzmann constant
o, = absorption coefficient
o, = scattering coefficient
] = angle of incidence
10} = azimuthal angle
Subscripts
a = absorption
e = extinction
f = fiber
i = incident
r = random
s = scattered
A = wavelength
Introduction

ADIATIVE transfer through fibrous media has been a sub-

ject of considerable interest for many years because of the
widespread use of fiber composites as thermal insulations from
cryogenicto very high temperatures. Commercially available high-
porosity fiberinsulationscover the range from low-costfiber batting-
type building insulations to the sophisticated and very expensive
insulationcomposites used in aerospace thermal protectionsystems
such as for the Space Shuttle Orbiter vehicle. The thermal effective-
ness of these low-to-moderate bulk density fiber insulations arises
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from the ability of the fibers to strongly suppress radiative energy
transport by scattering and absorption. The parameters that govern
radiationtransportare the optical properties, size, solid volume frac-
tion, and the orientationof the fibers, as well as the optical properties
of the matrix in which the fibers are dispersed.

The majority of commercial thermalinsulationsare high-porosity
materials that typically containless than 10% fibers by volume. The
average spacing between fibers in these materials is large compared
to the fiber diameter and wavelengthof the incidentradiation, which
are the characteristicconditions of independentscattering. Thermal
insulations for specialized applications, such as refractory combus-
tion chamber liners and high-strengthfiber-reinforcedceramic com-
posites, have fiber volume fractions of 0.2 and greater. In these
materials the average fiber separation is comparable to the fiber di-
ameter and wavelengthof the incidentradiation. Radiation transport
through high-density fiber materials involves the complex phenom-
ena of dependentscattering, which is beyond the scope of this paper.
A demarcationof the independentand dependentscattering regimes
for fibrous media is given in the literature.!

Radiation is the primary mode of heat transfer in high-porosity
fiber thermal insulations even at temperatures above a few hundred
Kelvin. Consequently, many studies have reported on the modeling
of radiation heat transfer through high-porosity fibrous media. The
early radiation models were based on semi-empirical approaches
of curve fitting with experimental data, which thus have limited
applicability for analysis of insulations of different compositions.
Later models applied the rigorous theoretical radiative properties
of a single fiber, but the agreement with experimental data was
generally poor because of the inadequate formulation to account for
the composition and morphology of the fibrous medium. A review
of the various radiation models is given in a recent article 2

Inrecentstudies a theoreticalradiationmodel that uses only deter-
ministic parameters which define the composition and morphology
was demonstratedto predict accurately both the radiative properties
and heat-transfer characteristics of fiber insulations. These deter-
ministic parameters include distributions of fiber size and orienta-
tion, fiber and matrix volume fractions, and the spectral complex
refractive index of the fibers and matrix. An accurate theoretical
model serves the multiple purposes of 1) enabling accurate thermal
analyses that involve combined modes of heat transfer, 2) providing
an analysistool for evaluating the influence of material composition
and morphology on the thermal performance,and 3) providinga de-
sign tool to tailor the composition of new materials to meet specific
thermal performance goals.

The objective of this paper is twofold. First, we present the im-
proved theoretical model for the prediction of radiative properties
of and radiative heat transfer in high-porosity fiber thermal insula-
tions. Second, we demonstrate the validity of the model by compar-
ing numerical predictions with a comprehensivedatabase of experi-
ments, mostof which were obtained by otherinvestigatorsbefore the
present model was developed. The paper begins with a brief review
of the literature. The theoretical considerationsof radiative proper-
ties are next described, followed by the development of the theoret-
ical model for radiation heat transfer leading to the model for total
heat transfer, including solid and gaseous conduction. Convection
is neglected as the test configurations and experimental conditions
preclude natural convection in the heat-transferresults.

Background

There is a large body of literature, going back over the past 50
years, devoted to the study of heat transfer in high-porosity fibrous
thermal insulations. A review of the various radiation models is
given in a recent article? Although many researchers were also
concerned with conduction through the gas and solid phases of an
insulation, all addressed radiation as it is typically the dominant
mode of heat transfer, even for cryogenic applications where the
insulationsare evacuatedto preventcondensationof air.> Convection
was negligible for the applications under consideration.

Early studies*~ !’ treated radiation by developinga radiation ther-
mal conductivity, which was either derived from curve fitting of
experimental heat-transferdata or from simplified radiative transfer

models. Typically, heat transfer through a specimen was measured
as a function of temperature and, in some cases, air pressure. The
thermal conductivity was calculatedas the ratio of the measuredheat
flux to the temperature difference across the thickness of the spec-
imen. This total thermal conductivity was then used with a variety
of curve-fitting techniques to calculate coefficients and exponents
for some assumed functional dependence of the conductivity for ra-
diation and conduction as a function of temperature, pressure, etc.
The conductivity caused by radiation was usually based on sim-
plified radiation models that employed approximate scattering and
extinction properties. This radiation conductivity, which contained
fitted parameters based on experimental data, was then used in ther-
mal analyses to extrapolate the performance of the insulation for
boundary conditions other than those of the thermal conductivity
test. Although these models served the important purpose of facil-
itating system thermal analyses, they were not adequate to guide
the design of new material for improved thermal performance. This
limitation is evident by the empirical nature of the radiation con-
ductivity model, in which the fitted parameter does not contain any
fundamental relationship with the actual material composition and
morphology.

Later models used the radiative properties, which include
the extinction and scattering cross sections and scattered intensity
distribution for an infinite cylinder based on the scattering solution
of Maxwell’s equations. Fibers were modeled as infinite cylinders
because fibers in most commercial thermal insulations are several
micrometers in diameter and a few millimeters in length. Large
length-to-diameterand length-to-wavelength(in the thermal radia-
tion regime) ratios exceeding 100 are necessary conditions for the
validity of approximating a fiber as an infinite cylinder?’ The ex-
tinction and scattering cross sections and scattered intensity distri-
bution of fibers were formulated as a function of the fiber optical
constants and diameter, as well as the wavelength. Because fibers
are two-dimensional particles, their radiative properties vary with
the angle of incidence. Therefore, fibers were always assumed to
be randomly oriented in space so that the angular dependence of
the radiative properties was removed by integrating over all inci-
dent angles. Despite the attempt to apply the rigorous formulas for
an infinite cylinder, these models yielded poor agreement with mea-
sured data. This discrepancycan be attributedto the deficiency in the
formulation of the radiative properties to properly account for the
two-dimensional scattering characteristics of fibers in the medium.

Another theoretical approach is the inversion method to deter-
mine the fiber radiative properties using experimental data.?8734
The phase function usually takes the form of anisotropic scatter-
ing, which is expressed in terms of several unknown parameters.
The extinction and scattering coefficients are also treated as un-
knowns. All of the unknown parametersare varied in the solution of
the radiative transfer equation to produce a best fit with measured
reflectance and transmittance. This method typically involves the
empirical fitting of a large number of variables, such as six con-
stants in the study by Nicolau et al.>* It is a formidable task to apply
inverse methods to radiative heat-transfer calculations because fit-
ting of the empirical constants must be done at each wavelength
due to the usually strong variation of the radiative properties with
wavelength. However, spectral inversion is seldom performed be-
cause of the extremely tedious effort required. The deficiencies of
the inversion method are the uniqueness of the fitted parameters
and the applicability of the fitted parameters. The uniqueness is of-
ten questionable because of the large number of variables in the
inversion. The fitted parameters are not applicable to materials of
different composition or properties. The benefit of inversion is that
it can be applied to any scattering medium, irrespective of the na-
ture of the scatterers because the fitted parameters have no physical
correspondence with the actual material. Thus, in cases when the
medium is unknown or when rigorous theoretical formulation for
the properties of the medium is absent, the inversion method is the
only approachthat can yield an analytical model for use in radiative
or heat-transfer analyses.

Formulations for the scattering properties that rigorously ac-
count for the orientation of fibers in the medium were developed
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by Lee*3~38 by considering the two-dimensional scattering charac-
teristics of fibers. The formulas for radiative properties, i.e., extinc-
tion and scattering coefficients and scattering phase function, were
given as a function of the orientation, size distribution, and volume
fraction of fibers. These studies revealed that fiber orientation ex-
erts a significant effect on radiative properties. The extinction and
scattering coefficients are largest for fibers oriented parallel to the
boundaries,lowest if they are oriented normal to the boundaries,and
intermediate for random orientation. The scattering phase function
was shown to be different for random and nonrandom fiber orien-
tations. Boulet and his coworkers*®~*! used these models to obtain
good correlation of predicted and measured radiative properties of
fibrous media.

Heat transfer by combined radiation and conduction in fibrous
media has been addressed by many investigators using a simple
additive model in terms of the thermal conductivities for radiation
and conduction;the latter includes conduction through the solid lat-
tice of the fiber medium and any gas present in the insulation. The
radiative conductivity is expressed in terms of the Rosseland mean
coefficientbased on the diffusionapproximation.The validity of this
approachis dependenton the optical thickness of the insulation and
the ratio of conductionto radiation.*> Assumptions of gray behavior
and isotropic scattering have been employed for many of the solu-
tion techniques*** Keller and Blumenberg*’ and Petrov*® treated
the nongray problem by an extinction coefficient and phase function
spectrally weighted by the Planck distribution. Petrov compared the
calculations for the transient response of silica fiber insulation ex-
posed to an Earth reentry heating profile using both the diffusion
model and the radiative thermal conductivity model in conjunction
with the energy equation. These results were compared with ex-
perimental in-depth temperature measurements, and the diffusion
model was shown to be more accurate for the highly transient, high
heat flux conditions. The radiation conductivity based on the dif-
fusion approximation was applied to the analysis of experimental
data obtained under steady-state conditions for high-porosity fiber
insulationas a function of boundary temperature and pressure of air
from vacuum to atmospheric pressure *’

The present theoretical radiation model includes formulations for
radiative properties and thermal conductivity of fibrous media. The
formulationsare notrestricted to media that contain fibers randomly
oriented in space, but are generally applicable to media with any
fiber orientation. The thermal conductivity formulation accounts
for the radiation conductivity from fibers, solid conduction through
the fiber matrix, conduction through the gas inside the void space
between fibers, and radiation absorption by the medium that con-
tains the fibers. The model uses only deterministic parameters that
define the composition and morphology of the medium. These pa-
rameters are the fiber size and orientation distributions, fiber and
matrix volume fractions, and the spectral complex refractive index
of the fibers and matrix. The present model does not use any as-
sumed parameters or those obtained by fitting with experimental
data.

Validationof the presenttheoreticalmodelis achieved by compar-
ison with an extensive set of radiative properties and heat-transfer
data on four categories of thermal insulation materials. These are
bonded and unbonded fibers, randomly oriented in free space, and
unbonded fibers of both random and preferential orientation in an
aerogel matrix. Aerogel is absorbing but nonscattering in the in-
frared spectral region. Fiber materials include alumina, silica, and
silicon carbide. Much of the experimental data used for comparison
were published in the literature over the past 30 years, as well as
some data recently obtained by the authors.

Theory

The analysis of radiative energy transport through an absorbing
and scattering medium is a classical problem that has been treated
extensively in the literature. The governing equation of radiation
transport is the radiative transfer equation (RTE), which is com-
monly given in heat-transfer textbooks. Derivation of the RTE fol-
lows from the considerationof absorptionand scattering of radiative
intensity along the line of sight, as well as scattering and emis-

sion of radiation into the line of sight. The general RTE is given
by
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where the variation of the radiative intensity with distance is im-
plicit. The angular dependence of the radiative propertiesis explic-
itly highlighted in the RTE because it represents the major differ-
ence between media that contain two-dimensionalscattererssuch as
fibers and those that contain spheres. In particular, the scattering co-
efficient and phase function p, appearinside the integral as a group
becausethe latter characterizesthe distributionof scatteredintensity
that arises from the scattering cross sections of the particles caused
by the radiation traversing in the direction defined by the solid an-
gle €2. The radiative coefficients are generally treated as angular
invariant in most radiation textbooks, as the scatterers commonly
encountered are spherical particles. This added complexity of an-
gular dependent radiative properties is critical to the consideration
of radiation transport through fibrous media.

Because fibers are two-dimensional scatterers, accurate calcula-
tion of radiativetransportand radiation heat transfer through fibrous
media requires the use of radiative properties that properly account
for the orientation of fibers in the RTE. In the following subsections
formulation of the radiative properties of a single fiber and then of
a medium of fibers are first presented. The theoretical model for
radiative and total heat transfer through fibrous media is next de-
scribed. This is then followed by the validation of the theoretical
model by comparison with experimental data on various types of
fiber materials.

Scattering by a Single Fiber

A fiber can be modeled as an infinite cylinderif its length is large
compared to its diameter and the wavelength of the incident radi-
ation. These conditions are usually satisfied by fibers in thermal
insulationmaterials because they are usually a few millimeters long
and several micrometers in diameter. Scattering by an isolated infi-
nite cylinder is a classical problem whose solution is well known.
Details of the solution for a homogeneous cylinder may be found
in Lind and Greenberg,*® van de Hulst,* and Kerker.® The extinc-
tion and scattering cross sections per unit length for unpolarized
radiation at oblique incidence on an infinite cylinder as shown in
Fig. 1 are given by

00

C.i(¢) =k3Re > (bl +alh) )

0 = -0
Ci(9) =kio %(‘b{]‘z + ‘aé"z) + i ( b!* + ‘a,{"2+ 2|a! 2)
(3)

respectively, where a, and b, are partial wave coefficients that are
functionsof the fiber material refractiveindex and the superscripts /
and /I referto the transversemagnetic and transverseelectric mode,
respectively. The corresponding solutions for a radially stratified
cylinder have been given by Barabas.’! The scattered intensity dis-
tribution from the cylinder is given by

2 2
1 0 0
(0. 4) = 5 bl +2 Zl b! cos(n6)| +2 % a! sin(n6)
o 2
+lal’ +2 Z a'’ cos(n0) 4)

n=1

Note that ¢ is the polar angle measured from the normal to the
axis of the cylinder, whereas 6 is the azimuthal angle measured
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Fig. 1 Scattering geometry for a single cylindrical fiber.

Z

Fig. 2 Scattering geometry for an oriented fiber relative to a reference
frame.

on the plane normal to the cylinder axis. Both the radiative cross
sections and scattered intensity distribution vary with the angle of
incidence ¢.

Radiative Properties of Fibrous Media

Although scattering by a single fiber is specified with respect to
the cylindrical polar coordinate system centered on the longitudinal
axis of the fiber (cf. Fig. 1), scattering by an oriented fiber in a
medium of fibers mustbe prescribedrelativeto the global coordinate
system as shown in Fig. 2 in order to properly account for the effect
of each fiber. Therefore, transformation of fiber radiative properties
from a fiber-centered to the global coordinate system is essential to
the correct analysis of the radiative properties of fiber materials.

The transformation between the scattering angles relative to the
two coordinate systems can be derived rigorously from geometric
considerations. Denoting the directions of the fiber axis and the
incident and scattered radiation by the polar angle & and azimuthal
angle w in the global coordinate system, the relations between the
fiber-centered and global coordinate systems are given by>>

cosn =siné siné cos(w; — @) + cosé&; cos (5)
cosn = cos Ocos® ¢ + sin® ¢ ©)
siné; sin§; cos(w; — ;) + cos&; cos &y

= sin& sin&; cos(w, — wy) + cos & cos &y (7

where 1 is the angle between the propagating directions of the in-
cident and scattered radiation. Equation (6) gives the relationship
between the fiber-centered coordinates (0, ¢) and n defined in the
global coordinate system. The maximum value of 7 for a given set
of incident and fiber direction follows from Eq. (6) as the apex an-
gle # — 2¢ of the scattering cone. In a fiber medium the orientation
of each fiber is different, thereby resulting in a different scattering

cone for each fiber. The constraint on the incident and scattering
directions for a given fiber orientation is given by Eq. (7).

The spectral extinction and scattering coefficients of a fiber
medium are obtained by weighting the respective radiative cross
sections over the distributions of fiber size and orientation as*

2 /2 rn
(K, o )&, ) =j ] ] {Cer(9), Ca($)IN[r &y, )]
0 0 r

X F(&;, wp) drdé; doy (8)

where N (r) dr specifies the number of fibers with radius between r
and r + dr that are oriented in the direction (§;, @) as prescribed
by the orientation distribution function ¥ dé; dew,. The radiative
coefficients are per unit length because the fibers are infinitely long
compared to the wavelength. The radiative coefficients are generally
a function of the incident direction (&;, ;).

Formulation of the scattering phase function for a fiber medium
requires careful considerationof the two-dimensionalscattering be-
havior of fibers. This contrasts with the one-dimensionalscattering
behavior of spheres whose scattering cross section and scattered in-
tensity distribution are independent of incident radiation direction.
The phase function for a medium of spheres is then identical to
that for a single sphere. Because the scattering cross section of a
fiber varies with incident angle, the scattered intensity distribution
also varies with incident direction. The product of the single-fiber
cross section and intensity distribution must be treated as a single
scattering function®®:

44 i,(6,
Cipi(6, ¢) = ;% ?

This function denotes the distribution of scattered intensity corre-
sponding to the scattering cross section C;; at the incident angle
¢, and integration of C, p; over all 0 yields C;,. Because the ori-
entation of each fiber is different in a fibrous medium, the phase
function of a medium of fibers is generally different from that of a
single fiber. The product of scattering coefficient and phase func-
tion for a fiber medium is obtained by integrating C,; p, (6, ¢) for a
single fiber over the size and orientation distribution functions*®:

r

2 /2
(G P (M &, o) =] j j CA-APAN[V(@', @f)]
0 0 r

X F(&p, wp) dr d&; doo; (10)

where the dependenceon incidentdirectionis shown explicitly. The
variation of the scattered intensity distribution with incident angle
is a consequence of the directional dependence of the scattering
coefficient.

Equations (8) and (10) are the governingrelations from which the
radiative properties of fiber materials with any size and orientation
distribution can be obtained. In most fiber materials no correlation
exists between the fiber orientationand size distribution,and the lat-
ter usually consists of a discrete number of fiber radii. Also, fibers
are oriented either randomly in space or in predominant polar di-
rections &, but random in the azimuth @, or in a combination of
random and preferential orientations.Radiative properties formulas
for these fiber orientations are given explicitly here because mate-
rial types with these fiber orientations are used in the experimental
validation of the theoretical radiation model.

Medium of Fibers Oriented Randomly in Space

The spectral extinction and scattering coefficients for fibers ori-
ented randomly in space with a discrete distribution of fiber sizes
are given by*®

N

/2
(Ko, 030} =% > ] {Cor($), Co()heos ¢ dg (1)
j=177°0
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where x; is the fraction of fibers of radius r;. The product of scat-
tering cross section and phase function is given by>*

_MA sy
(Gx}.rpﬂ.r>(n) - 71_3 I§ rlz
1 .
x] b 9) dising)  (12)
0 \/(1 —cosn(l + cos,n—ZSin2 o)

Equations (11) and (12) indicate that the radiative properties of a
medium of fibers randomly oriented in space are independent of
incident direction.

Medium of Fibers in Preferential Polar Orientations

The extinction and scattering coefficients of a fiber medium con-
taining fibers inclined at multiple polar directions & butrandomly
oriented in the azimuth o, are given by

ﬁ, M N xj
Kroul&) =25 2w 2 =5
k=1 j=1"1J
x f (Co(9). Ca(®)}3(E = £ do (13)
0

where y; is the fraction of fibers inclined at &y, and & is the delta
function. The productofthe scatteringcoefficientand phase function
is given by3?

Y M N
(Gapid(m &) = 7{4 DR %
k=1 j=1 1
sin ¢4 /2
X ] ] F&(E; — &pi) A&y d(sin @) (14)
sin ¢_ 0
where
P i(n, ¢)/\/(1 —cos (1 +cos,11—251n2 o) (15)
\/(sin ¢, — sind)(sing — sinp_)
sin ¢ = cos & cos &y + siné sin &y (16)

Equations (13) and (14) show that the radiative properties of fiber
media containing preferentially oriented fibers in the polar direction
but random in the azimuth are a function of only the polar incident
angle.

Mixture of Fibers in Mixed Random and Aligned Orientations

For media that contain a mixture of fibers oriented in spatially
random and in several polar directions, the radiative properties are
computed as a weighted sum of all of the fiber orientations. The
radiative coefficients and scattering phase function are given by>2

M
(K, 0 }(&) = ¥ {Ksr, Oar } + Z YilKi(&, ":fk)’ c(&i, ":fk)}
k=1

)

M
(Gapa )1 &) = vl Ga P () + D yiloap)(m &, &) (18)

k=1

and

M
o+ Doy=1 (19)

k=1

is the conservation equation.

Radiation Heat Transfer

High-porosity fiber insulation materials are optically thick be-
cause their extinction coefficient is generally of the order of 10*/cm
and the insulationthicknessis typically greater than 1 cm. The diffu-
sion approximation,which is discussedin standard radiation texts,*?
can be used to describe radiation heat transfer. The classic diffusion
model commonly used for optically thick, nonscattering media is
modified to account for the effect of scattering by fibers and ab-
sorption by the matrix medium. Within the context of the diffusion
approximation, radiation heat transfer can be treated similar to the
Fourierlaw of heatconductionin terms of aradiativeconductivityk, :

dar
q, = —k,a (20)

The radiative conductivity is conventionallycalculated by using the

Rosseland mean absorption coefficient, which involves the absorp-
tion coefficient o,; of the nonscattering matrix medium:

. 16073 j 1 dL(T)

T3y aw dI(D)

da 21

To account for the presence of fibers and their two-dimensional
scattering characteristics, o, is replaced by the modified absorp-
tion coefficient I';, which is defined as®>~>*

[ =Ki(po)(1 = Gy) + o (22)

where K (1) is the extinction coefficient of the fiber medium eval-
uated in the heat flow direction 11 (=cos &) and G is the asymme-
try scattering factor. The coefficient o, is a property of the matrix
medium, which must be either measured using a matrix specimen
without fibers or estimated based on the physical properties and
composition of the matrix. The scattering factor G, represents the
total scattered radiation caused by incident radiation traversing in

the heat flow direction. It is given by>2~>4
| 1y
G, = j j (Gapad (i, po)py dpg dpy (23)
Kﬂ.(/'l(l) 0 -1
where
1 2
(Gapa) (i, 1) = E] {ap2)(m:&) doy; (24)
0

is the scattering coefficient-phase function product for media con-
taining fibers randomly oriented in the azimuthal direction. Note
that { oy, p,) (17:&) is given by Eq. (12) for spatially randomly ori-
ented fibers, Eq. (14) for fibers with preferential polar orientations,
and Eq. (18) for fibers in a mixture of random and preferentialorien-
tations. Scaling of K; by (1 — G,) yields an absorption coefficient
that is consistent with the inherent assumption of the diffusion ap-
proximation.

Conduction Heat Transfer

Although the dominant mode of heat transfer through high-
porosity fiber thermal insulations is generally radiation, the con-
tributions of conduction through the solid phase, i.e., fibers, and
any gas present in the void space between the fibers must be ac-
counted for when comparing theoretical predictions with measured
heat-transferdata. In some applications where the temperature dif-
ference, dimension, and/or insulation permeability are large, con-
vection can become a major contributor to the total heat transfer.
Many studies have addressed this problem.’ However, convection
is not a considerationfor the experimental heat-transferdata used in
the present study. Heat-transfer measurements were made either in
vacuum or in air using a horizontal slab geometry with a small ver-
tical dimension of typically 2.54 cm, and the temperature difference
across the slab is nominally 100 K.

Solid-phase conductionis strongly dependenton the type of fiber
lattice and the matrix material in which the fibers are embedded. It
consists of a very complex combination of multiple series-parallel
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paths along fibers, across fiber-to-fiber contacts, and from fiber-to-
matrix contacts. Gas-phase conductionis a more tractable problem,
its solution being related to the Knudsen number based upon the
mean free path of the gas at a given temperature and pressure and
the mean size of the pores making up the void space. Because the
characteristics of solid and gas conduction are strongly dependent
on the material structure, the following subsectionsdescribe the an-
alytical approaches employed to evaluate solid and gas conduction
effectsin the differenttypes of fiber materials for which theirdataare
used in the present study. These materials include self-supporting
insulations that contain bonded fibers and unbonded fibers and un-
bonded fibers in an absorbing matrix. Heat-transfer measurements
were conducted in vacuum for the former materials and in air at
atmospheric pressure for the latter.

Conduction Through Solid Phase of Bonded Fibers

An example of bonded fibers in a free space matrix is the L1900
Space Shuttle Orbiter thermal protectiontile materials,'* whose data
are being used in the present study. LI900 consists of a rigid struc-
ture of bonded silica fibers, which is formed by sintering at high
temperatures (cf. Fig. 3). An exact theoretical treatment of solid
conduction for this complex geometry presents a formidable prob-
lem because of the tenuous nature of the myriad of different paths
of varying fiber lengths and cross-sectional areas, as well as the
unknown conductances through the bonded fiber-to-fiber contacts.

The solid-phase thermal conductivity k. of LI900 materials is
calculated by using a semi-empirical approach based on the global
thermal resistance concept. It is written in terms of the bulk den-
sity of the fiber matrix p; and the thermal conductivity of the fiber
material k; as®*

ko(T) = Fypky(T) (25)

where the temperature dependence is shown explicitly. The param-
eter F; is a global property that relates the microscale geometric
effects of the fiber matrix with bulk dimensions. It accounts for the
various fiber path lengths, series-parallel arrangement of fibers in
the matrix, and dimensions of fiber-to-fiber contacts. It is, there-
fore, unique for each fiber material and must be determined from
measurement. Because thermal expansioneffects are generally neg-
ligible for silica fibers, Fy; may be treated as independentof temper-
ature, and it can be determined from heat-transfer measurementson
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Fig. 3 SEM of bonded fibers; magnification = 1200X.
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the fiber material in vacuum at cryogenic temperature. Under these
conditionsradiationis negligible and gas conductionis nonexistent,
so that solid conductionis the only significant mode of heat transfer.
The measured heat flux and boundary temperaturesyield k., and F;
follows from Eq. (25) by using the known material properties p;
and k, at the mean temperature of the boundaries.

Conduction Through Solid Phase of Unbonded Fibers

High-porosity, loose fiber batts such as those used in building
insulations contain unbonded fibers. These fiber materials are com-
monly used under atmospheric conditions so that air permeates
throughout the voids inside the fiber matrix. The semi-empirical
approach used to treat the thermal conductivity of bonded fibers is
used in the case of unbonded fiber insulation. The solid-phase ther-
mal conductivity of an unbonded fiber matrix is assumed to take a
similar form as Eq. (25), except that the presence of gas in the void
space affects this solid conductancein a nonlinearmanner. Thus, the
solid-phasethermal conductivity may not be treated as independent
of gas species, temperature, and pressure. For high-porosity fibrous
insulations the solid conductivity is independent of fiber diameter
and varies with density raised to a power as>!%-14

k.(T) = F,p’ky(T) (26)

where 1 <b < 2. The geometric parameter F; is also determined
from experimental data in vacuum at cryogenic temperature. This
thermal conductivity is much smaller for unbonded fibers as the
fiber-to-fiber contact conductance is orders of magnitude smaller
than that for bonded fibers.

Conduction Through Solid Phase of Fiber-Loaded Aerogels

Anothertype of fiber insulationis a fiber-reinforcedcomposite in
which fibers are dispersedin a continuous purely absorbing matrix.
An example of this is the fiber-loaded aerogel in which fibers are
distributed in a low-density aerogel matrix. For thermal insulation
applications the fiber volume fraction is typically less than 0.06,
and the aerogel solid fraction is less than 0.05. The aerogel matrix
suppresses gaseousconduction,and the fibers reduceradiationwhile
enhancing the strength of the intrinsically weak aerogel.

Aerogel, first developed by Kistler’® nearly 70 years ago, is an
open-cell, transparent material in which 90% of the pores range in
size from 10 to 50 nm (Refs. 57 and 58). The small pores suppress
convection and gaseous conduction in nonevacuated applications,
and the resultant thermal conductivity for the solid and gas phases s
on the order of 1072 W/m-K (Ref. 59). Because silica aerogels are
transparent to infrared radiation, they are undesirable as a thermal
insulation even at moderate temperatures, despite their very low
solid- and gas-phase thermal conductivity. Addition of absorbing
material such as pigment grade carbon black or iron compounds to
the transparentaerogels have been used to effectively suppress ther-
mal radiation.’ =3 Monolithic carbon aerogels, which are strongly
absorbing, have also been produced.60 Fibers, however, reduce ra-
diation transport while enhancing the strength of aerogel.

Fiber-loaded aerogels are composites that contain unbonded
fibers in an absorbing matrix medium. Microscopy and absorption
analyses show that the skeletal structure of aerogel is made up of
interlocking long chains of loosely bonded macromolecules’7->8
Nearly 90% of the pore volume formed by these macromolecu-
lar chains consists of micropores having characteristic diameters
on the order of 5-50 nm, depending on the aerogel bulk den-
sity. Solid conduction by fibers in fiber-loaded aerogels is negli-
gible because the fibers are principally noncontacting in the aero-
gel matrix as shown by the scanning electron micrograph (SEM)
of a fiber-loaded aerogel specimen in Fig. 4. An exact theoretical
treatment of the macromolecule solid lattice conductivityis again a
formidable task because of the extremely complex geometric arrays
of macromolecules, as well as uncertaintiesin bonding strength and
phonon transport within and across the bond and contactregions at
a nanoscale level. Attempts to model the transport process in terms
of packing arrangements of spheres®! and with measurements of
sound velocity’’ have met with limited success.
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Fig. 4 SEMs of fiber-filled aerogel; magnification = 100X.

In the present study we express the solid thermal conductivity of
fiber-filled aerogels by means of an empirical expression in terms
of the thermal properties of the unloaded aerogel. The thermal con-
ductivity is written similar to Eq. (26) for unbonded fibers as?

ke(T) = ApJk,(T) 27

where A is a geometric factor that accounts for the chain-like aero-
gel structure and the diameter of the macromolecules, p, is the bulk
density of aerogel, and k; is the thermal conductivity of the material
from which the aerogel is made. The density raised to power b is a
proportionality factor that accounts for the series/parallel conduc-
tion paths for a given density of aerogel without fibers. Both A and
b are determined from experimental data on unloaded aerogels. For
aerogel densities between 50 and 220 kg/m?, b is estimated to vary
from 1.25 to 1.5 based on experimental data on various aerogelsin
vacuum at low temperatures 3766263 The aerogel conductivity is
typically between 0.005 and 0.015 W/m-K at ambient temperature
for bulk densities between 50 and 100 kg/m*® and macromolecule
diameters from 2 to 5 nm (Ref. 64). The higher thermal conductivity
is caused by the greater bulk density, which results in a higher solid
fractionandincreasednumberof conductionpaths. The thermalcon-
ductivity of unloaded aerogel is assumed to be independent of the
embedded fibers for fiber volume fraction < 0.1, as the small amount
of fibers would not change the solid conduction paths of the matrix
medium.

Gas-Phase Conduction

The thermal conductivity caused by gas in the void space of a
high-porosity fiber insulation is a function of the size of the pores
that make up the void space and the mean free path of the gas. It
may be expressed in terms of a modified Knudsen parameter as®

k()
ko(T, p) = m (28)

where k,o(T) is the pressure-independent thermal conductivity of
the gas, /,, is the mean free path of the gas at temperature 7 and
pressure p, and P is the mean diameter of the pores. The parameter
B is defined as

B =1[2¢/(y = D2 - a)/ ] (29)

where
=09y —-5)/4 (30)
4 s
o= —ss 31)
(mg + my)?

In the preceding equations y is the ratio of the specific heats at con-
stant pressureand constantvolume, and m, and m, are the molecular
weights of gas and solid phases, respectively. The mean pore diam-
eter for a matrix medium containing fibers randomly oriented in
space is®

P =0.524d,/ 6, (32)
and that for fibers randomly oriented in planes is

P =0.785d,/5, 33)

where d,, is the diameter of the macromolecules that form the matrix
and &; is the solid fraction of the matrix. For aerogel where d,, is
between2-5 nm, the thermal conductivityof airin the aerogel matrix
is of the order of 1072 W/m-K.

Total Heat Transfer

The total heat transfer through a fiber medium without convec-
tion includes radiation and conduction from both the gas and solid
phases. By using the diffusionapproximation and the radiative con-
ductivity derived in the preceding section, the energy equation for
heat transfer by combined radiation and conductionmay be written
as

d dr
Z{; [(kr + kc):i;;] =0 (34)

The total heat transfer through a fiber matrix of thickness L between

two boundaries with emittance €, and ¢, at temperatures 7] and 7,

i865

4 = (11 C){ (T} = T}) + Bk, 1/4L)(T, — T»)) (35)

where

3, (1 1 1
Co=—+|——-—= —_—
T s (gl 2)[1+k£/k,(Tl)]

=3 )| o (36)
& 2| 1+ktk(T)

7 = I'yL is the optical depth and Iy is the total extinction co-
efficient that includes contributions from the fibers and the matrix
medium. The total extinction coefficient is calculated similar to the
Rosseland mean absorption coefficient as

1 =[ 1 di(T) 37)
0

Iy dly(T)

where I'; is the modified spectral absorption coefficient given by
Eq. (22).

An effective total thermal conductivity can be defined based on
the total heat flux given by Eq. (35) and the temperature gradient
across the thickness of the specimen as

ke =q,LI(T\ = T>) (38)
In the limit of large optical thickness, Eq. (35) reduces to
k, =k, + k. (39)

indicatingthatheat transfer by radiationand conductionare additive
for optically thick media.
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Table1 Summary of test specimen characteristics

Fiber Material Measured Original Fiber mean Fiber size
category designation property reference Material diameter, pm distribution
Bonded fibers 1.7A (A1)? Radiative and heat flux 66 Fused silica 1.7 Ref. 66
1.7B(B1) 14 1.7
4.0B (B2.3) 4.0
Unbonded fibers Silica fiber batt Heat flux 10 Fused silica 1.3 Not given
Silicate glass Heat flux 20 Silicate glass 6.9 Ref. 72
Fiber-filled Silica fiber Radiative and heat flux 67 Silica 2.38 Ref. 67
silica aerogel SiC fiber Radiative and heat flux 52 SiC 15 Ref. 67
Alumina fiber Radiative 67 Alumina 3.3 Not given

*Originally designated as A1, B1, and B2.3 in Ref. 66.

Experimental Validation of Model

Two types of experiment data are used to test the theoretical
model: measurements of spectral transmittance and reflectance and
heat-transfer data as a function of boundary temperatures. The
database includes both recent measurements and those reported in
the literature over the last 30 years. The test specimens include
shuttle tile materials, loose fiber batts, and fiber-filled aerogels. The
fiber materialsinclude silica,alumina, and silicon carbide, with fiber
ranging from slightly over 1 um to about 15 pm in diameter. The
test specimen types, fiber properties, and the type of test are sum-
marized in Table 1. References to the original experimental data
sources are also given for each fiber category.

Radiative Properties

Validation of the theoretical formalisms for the radiative proper-
ties of fibrous media is based upon comparisons of the calculated
spectral reflectance and transmittance with a large set of experi-
mental data obtained by the authors and reportedin the literature on
bonded fiber thermal protection materials®® and fiber-filled aerogel
insulations® The former type contains fibers bonded by sintering
at fiber crossing points, and the latter contains unbonded fibers in
an absorbing matrix. These materials were selected because their
structural integrity is good, and the arrangement of the fibers in
the test specimen is not altered by handling during either the ra-
diative properties or the physical characterization measurements.
High-porosity, loose batt fiber materials were not included in the
measurement sequence because of the large uncertainties in speci-
men characterizationcaused by the poor stability of the morphology
of the media. Transmittance and reflectance measurementsinvolved
the illumination of a test specimen by a collimated light source. The
experimental apparatus and procedures for the radiative properties
experiments have been described in detail in Ref. 66.

Predictionof spectralhemisphericalreflectance and normal trans-
mittance is based on the solution of the RTE by using the radiative
propertiesgivenby Egs. (10-19). Because measurements were made
in room temperature, the RTE neglecting emission is solved for the
condition of collimated incidence:

dr;, 1 1 / / /
/JE + K dy = 5 o P’ ) Li(p') du (40)
-1

where the spectral extinction coefficient of the medium
Knﬂ. =K;'+C7a;_ (41)

is equal to the sum of the fiber extinction coefficient K, and the
absorption coefficient of the matrix medium o, ;. The boundary con-
dition for incident intensity I, is

Li(y=0) =L @) —1) (42)

where 6 is the delta function. The RTE is solved by the method
of discrete ordinates using a 40-point Gaussian quadrature. Several
computationswere made using a 48-pointquadrature,and the results
showed an insignificantdifferencefromresultsbased on the 40-point
quadrature.

The angular distributions of the transmitted and reflected inten-
sities are obtained, and the hemispherical reflectance is given by

0

-1

and the normal transmittance is
T,=n f Lu,y =L)dQ/ 1, (44)
AQ

where AQis the solid angle subtended by the detection system.

Bonded Fiber Material

Three variations of the silica fiber thermal protection insulation
materials®® were used in the validation of the theoretical models.
These materials, designated as types 1.7A, 1.7B, and 4.0B, vary in
fiber size distribution and volume fraction. Average fiber diameters
and the standard deviations, respectively, are 1.7 and 1.26 um for
type 1.7A, 1.7 and 0.86 pm for type 1.7B, and 4.0 and 1.5 pm for
type 4.0B. Fiber size distributiondata for each material are givenin
Ref. 66. These materials were selected because their composition
and morphology had previously been thoroughly characterized!*
Figure 3 shows the physical arrangement of the fibers and the na-
ture of the bonds at fiber crossings. Fiber orientation, as determined
by microscopy, is random in space for each material. Crystallo-
graphic studies using x-ray diffraction showed that the fibers were
amorphous and that no crystalline phase was formed during high-
temperature material processingor testing environments. The letters
A and B designate the two sources of very high purity silica raw
fibers (>99.5% SiO,) from which the insulations were produced in
the period from 1973 to 1980. The reflectance and transmittance
measurements used for the present comparison with theory were
also made during the same time period. Accurate heat-transferdata
for these materials had been reported in the original reference.!
Consequently, theoretical predictions both of radiative properties
and radiation heat transfer could be compared with experimental
data from the same set of materials.

Comparisons between predicted and measured hemispherical
spectralreflectance for type 1.7A, 1.7B, and 4.0B fiber materials are
shown in Figs. 5-7. The maximum experimental uncertainties are
0.01 for the absolute value of reflectance and 0.01 for wavelength.
Initially, the complex refractive index (n — ik) data of high-purity
bulk-fusedsilicareportedin the literature®® were used in the calcula-
tion of the radiative properties and the consequent prediction of the
normal spectral transmittanceand hemisphericalspectralreflectance
of type 4.0B specimens. These predicted reflectance values, which
are denotedby the solid curvein Fig. 5, generally compare well with
measureddata, exceptfor the wavelengthregionsfrom2.5t04.5 um
and 5.25t0 6.25 um. The good agreementover a wide spectralrange
suggested that the theoretical formalism for the radiative properties
is accurate. The lower reflectance in the two bands can be attributed
to the presence of a surface layer more strongly absorbing than that
of the bulk material. This layer may be caused by contamination,
nonstoichiometry of the metal-oxygen composition at the surface,
introduction of surface defects during processing, or a combination
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Fig. 6 Comparison of predicted and measured hemispherical spectral
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Fig. 7 Comparison of predicted and measured hemispherical spectral
reflectance for type 1.7B material; f, = 0.0736 (Ref. 66).
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Table2 Imaginary part of fiber
refractive index k
Wavelength,
pm Ref. 68 Derived
2.50 4.70e—6 3.29e—5
2.75 4.70e—6 2.90e—4
3.00 1.00e—5 2.00e—4
3.25 1.00e—5 1.50e—4
3.50 1.00e—5 1.00e—4
3.75 4.00e-5 1.35e—4
4.00 6.00e—5 1.74e—4
4.25 1.30e—4 3.05e—4
4.50 2.60e—4 5.20e—4
4.5 4.80e—4 1.50e—3
5.00 3.98¢e—3 3.98e—3
5.25 5.77e-3 6.00e—3
5.50 5.67e—3 9.07e—3
5.75 5.82e-3 9.12e-3
6.00 6.19¢—3 9.16e—3
6.50 6.70e—3 9.38e—3
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Fig. 8 Comparison of predicted and measured normal spectral trans-
mittance for two type 1.7A equal-thicknesses (L) specimens; f, = 0.0736
(Ref. 66).

of all. To account for the deviation of the fiber material from high-
purity silica, the absorption index k between 2.5 and 6.5 um was
adjusted to minimize the difference between the predicted and mea-
sured reflectance. The values of the adjusted k£ and the literature data
are summarized in Table 2. New predictions based on the adjusted
k are shown by the dashed curve of Fig. 5. These adjusted ks were
then used for all subsequent predictionsfor type B fiber specimens.
Figure 6 shows the comparisons between theoretical and measured
reflectance for two additional type 4.0B specimens with thicknesses
greater and less than that of the specimen of Fig. 5. The adjusted &
values were used to calculate the predictions, and the agreement is
excellentover the entire spectral range. The agreement is generally
within 10%. Similarly, good agreement is observed for the material
made from the type 1.7B fibers, as shown in Fig. 7.

Comparisons between predicted and measured normal spectral
transmittance are shown in Figs. 8§-10 for type 1.7A, 1.7B, and
4.0B fiber media. The maximum uncertainty in the absolute value
of transmittance is 0.0003, and it is 0.01 in wavelength. Figure
8 shows the measured data for two specimens of type 1.7A fiber
insulation. The high degree of repeatability of experimental data
for multiple type 1.7A specimens is evident in the figure. The type
A fiber does not exhibit the strong absorption characteristics of
the type B fibers as revealed by the experimental data. Hence the
literature values of n and k were used in the calculationof the type A
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fiber radiative properties. Normal spectral transmittances for equal
f, L values for type 1.7A and 1.7B fiber materials are shown in
Fig. 9. Figure 10 shows the effect of f, L on the normal spectral
transmittance of two type 4.0B specimens of different thicknesses.
The agreement between theory and measurement is very good in
all cases, generally of the order of the experimental uncertainty.
The transmittance for type 1.7B is slightly lower than that for type
1.7A (cf. Fig. 9) because of the narrower fiber size distribution, and
both show lower transmittance than the larger fiber size type 4.0B
material for equal values of f, L.

Unbonded Fibers in an Absorbing Matrix

Fiber-loaded aerogels are materials that contain unbonded fibers
in an absorbing matrix. The physical arrangement of fibers in the
aerogel matrix for the specimens used in this study is shown by
the SEM of Fig. 4. The fibers are randomly dispersed in the matrix
with little evidence of fiber-to-fiber contact. The spectral absorp-
tion coefficient of the silica aerogel was determined from spectral
normal transmittance measurements made on a sample of aerogel
without fibers. The absorption coefficient data of silica aerogel, as
seen in Fig. 11, show the high degree of transparency between the
wavelength intervals of 0.5-2.5 and 3.5-4.5 um. The real part of

7r T Silica aerogel data, Ref. 67 —

Absorption Coefficient, 1/cm

Wavelength, Micrometer

Fig. 11 Spectral absorption coefficient of silica aerogel calculated from
measurement of normal transmittance.
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Fig. 12 Comparison of predicted and measured hemispherical spec-
tral reflectance for alumina fiber-filled silica aerogels containing 15 and
35 wt% of fibers; specimen thickness L = 2.30 cm (Ref. 67).

the complex refractive index (n) of the aerogel was estimated using
the analysis of Caren® for finely divided, high-porosity medium of
particles in the Rayleigh limit. The estimated value of n is 1.004-
1.042 for wavelengths from 0.5 to 8 um for aerogel densities of
80-160 kg/m?, which correspond to those of the materials used in
the present comparisons.

Spectral normal transmittancemeasurements were made on spec-
imens of silica aerogels containing alumina and silica fibers. Man-
ufacturer supplied data indicate that the average diameter of the
alumina fibers is 3.17 pm, and the fiber composition is 97% alu-
mina by weight with the balance silica. The size distribution of the
silica fibers is givenin Ref. 67, and the average diameteris 2.38 um.
The refractiveindex datareportedin the preceding sectionfor type B
silica fiber material were used for these silica fibers, and data from
Ref. 70 were used for the alumina fibers. The comparisons between
predicted and measured hemispherical reflectances for two weight
percentagesof alumina fibers in silica aerogel are shown in Fig. 12.
Similar comparisons for silica fibers in silica aerogel are shown in
Fig. 13. The comparisons between theory and measurement of nor-
mal spectral transmittance for two weight percentagesof silica fiber
in silica aerogel are shown in Fig. 14. The agreementbetween theo-
retical predictionand measurement, both in magnitude and spectral
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Fig. 14 Comparisonofpredicted and measured normalspectral trans-
mittance for 0.32-cm-thick specimens of silica fiber-filled silica aerogels
(bulk density = 125 kg/m?) containing 25 and 30 wt% of fibers.5

variation, is very good in all instances. The strong decrease in re-
flectance between 2.5 and 3.5 um for both fiber types is due to
absorptionby the aerogel (cf. Fig. 11). The maximum uncertainties
in the experimental data are 0.01 um in wavelength and 0.01 and
0.0003 for reflectance and transmittance, respectively.

Heat Transfer

Thermal conductivitydata, measured in both vacuum and air over
a wide temperaturerange for several types of insulation materials of
various densities and thicknesses, are used for comparison with the
radiation heat-transfermodel. Because the experimentaldata for the
fiber materials are measurements of the total heat flux, conduction
caused by the solid and gas phases must be evaluated in each case.
The prediction of the radiation conductivity of the fibrous media
is given by Egs. (21-24), solid- and gas-phase conductivities by
Eqgs. (25-33), and total heat transfer by Egs. (35-39).

The experimental data consist of recent measurements on fiber-
filled aerogels’>>* and data reported in the literature for bonded!*
and unbonded'®® fiber insulations. The heat-transfer data were
measured using several techniques. A guarded heat flow meter type
of thermal conductivity apparatus described in Ref. 53 was used

for measurements in air on materials that contain unbonded fibers
in an absorbing matrix (fiber-filled aerogels). The test specimens,
which were also used for transmittance and reflectance measure-
ments, consisted of silica and silicon carbide fibers in a silica aero-
gel matrix. Thermal conductivitydata for unbondedfiber insulations
(loose fiber batts) were measured using two techniques,one a radial
heat flow apparatus described in Ref. 10 and the other a guarded
hot-plate thermal conductivity apparatus2® Thermal conductivity
data for bonded fiber insulations (LI900 shuttle tile material) were
obtained from measurements using a guarded hot-plate apparatus.!
In the latter case the same test specimens were used for measure-
ments of reflectance and transmittance®® after completion of the
heat-transfer measurements.

Bonded Fiber Materials in Air at Low Pressure

The bondedfiber test specimensused for the validationof the heat-
transfermodelare the type 1.7A, 1.7B, and4.0B materials. Although
the heat-transferdatawere obtainedundervacuumconditions,'* heat
conduction through the continuous matrix of bonded fiber arrays is
not negligible compared to that by radiation. The geometric factor
of Eq. (25) for each of the three fiber materials was determined
from the thermal conductivity measured in vacuum at a pressure of
<1 Pa and at a mean temperature of 110-120 K with a temperature
gradient between boundaries of 50 K. Under these conditions the
radiative heat flux is calculated to be less than 0.3 W/m? for the
2.54-cm-thick test specimens, which is less than 2% of the total
heat flux. The calculations used the bulk density of each material
and the thermal conductivity of fused silica evaluated at the mean
temperature of the boundaries. The variation of the numerical value
of F; between the three materials was less than 1%.

By using a polynomial fit of the temperature variation of the
thermal conductivity of silica’' up to 1600 K and the average value
of F; obtained for the three materials, the temperature-dependert
solid-phase thermal conductivity of the bonded fiber materials is

k(T) = py(8.07 X 107°TF + 4.80 X 107173 (45)

in units of W/m-K for bulk density given in kg/m®. The relative
magnitudes of the predicted radiation conductivity by Eq. (21) and
solid-phase conductivity by Eq. (45) for type 1.7B and 4.0B mate-
rials are shown in Fig. 15. Correspondingresults for the type 1.7A
material, which has a smaller fiber volume fraction, are not shown in
order to avoid cluttering the figure, as they are only slightly greater
than those for type 1.7B. The solid-phase thermal conductivity is
essentially the same for all three materials. There is, however, a
large differencein the radiation conductivity between type 1.7B and
4.0B materials, which is caused by the difference in fiber diameter.
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Fig. 15 Theoretical prediction of radiation and conduction thermal
conductivities of type 1.7B and 4.0B materials.
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Table 3 Comparison of thermal conductivity from Egs. (38) and (39)

Thermal conductivity X 100, W/m-K

Temperature, Type 1.7A Type 1.7B Type 4.0B
K Eq.(38) Eq.(39) Eq.(38) Eq.(39) Eq.(38) Eq.(39)
500 1.851 1.846 2.032 2.029 1.691 1.686
700 3.144 3.139 3.619 3.618 2.785 2.778
900 4.991 4.984 6.088 6.091 4.301 4.289
1100 7.539 7.526 9.761 9.770 6.346 6.327
1300 10.97 10.95 15.03 15.05 9.059 9.031
1500 15.48 15.45 22.31 22.35 12.60 12.56
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Fig. 16 Comparison of predicted and measured thermal conductivi-
ties in vacuum for type 1.7A, 1.7B, and 4.0B materials; specimen thick-
ness L =2.54 cm.

The maximum uncertaintiesin the predicted thermal conductivities
caused by uncertainties in the fiber size and optical constants are
for radiation, 20% at a temperature of 400 K, decreasing linearly
to 6% at 900 K, and 4% at 1500 K; and for conduction, a constant
uncertainty of 10% for temperatures from 400 to 1500 K.

Figure 16 shows the comparison between experimental data and
theoretical predictions of the total thermal conductivity for the three
types of bonded fiber materials. Type 4.0B material has the highest
thermal conductivity and type 1.7B the lowest. Because the solid-
phase conduction is comparable for the three materials, the differ-
ent magnitudes are caused by the radiative conductivities as shown
in Fig. 15. The maximum experimental uncertainties are 10% for
thermal conductivity and 0.5% for temperature. The agreement be-
tween prediction and test data is within the experimental uncertain-
ties at all temperatures. However, the data for type 4.0B indicate
a trend of a slightly greater temperature dependence than is seen
from the theoretical results. This discrepancy may be caused by a
variation of spectral index of refraction with temperature. Although
temperature-dependent values of the absorption index k from the
literature for silica were used in the calculations,only ambient tem-
perature data for the refractive index n of fused silica are available.
Because fiber extinctionis mainly by scattering at the shorter wave-
lengths, a small decrease in the refractive index at high temperature
would substantially reduce the scattering efficiency and result in
higher radiative heat transfer.

Table 3 shows the comparison of the total thermal conductivity
based on the total heat flux calculated from Eq. (38) and the sum
of the radiation and solid thermal conductivities. The difference
between the results for the two methods is less than 0.5%. This is as
expected for the optically thick media, and the optical thicknesses
of all test specimens were greater than 25 for wavelengths between
0.5 and 25 pm.

Unbonded Fibers in Vacuum

Thermal conductivity data for two unbonded fiber materials that
contain fibers randomly oriented in space are used for comparison
with the present radiation heat-transfer model. In both cases the
experimental data were measured under vacuum conditions at a
pressure of less than 2 Pa. As the bulk densities are small, the solid-
phase conduction caused by fiber-to-fiber contacts contributed to
less than 2% of the total heat flux.

The first set of data used for comparisonis thatof Tonget al.” for
a commercial low-density batt-type building insulation composed
of glass fibers having a mean diameter of 6.9 ym and of a chemi-
cal composition similar to that of the soda-lime family of glasses.
The reported bulk density was 8.4 kg/m®, which corresponds to a
fiber volume fraction of 3.3 X 1073, Measurements were made on
three thicknesses of the insulation in vacuum at a pressure of less
than 2 Pa using a guarded hot-plate apparatus with the boundary
surfaces having a total hemispherical emittance of 0.95. The cold
boundary temperature was fixed at 308 K, and the hot boundary
temperatures were 363, 393, and 423 K. The estimated uncertainty
of their measurements is given as 3%. The theoretical predictions
of the present model were made using the fiber size distribution re-
ported by Tong’? and the recommended refractive index data’ for
a soda-lime type of glass. Figure 17 shows the comparison between
the measured and predicted radiative heat fluxes. With the excep-
tion of a single data point for the 3.3 cm thickness specimen at a hot
boundary temperature of 423 K, the theoretical prediction agrees
with the experimental data to within 8%. This single value appears
to be low when compared to the test data for the other thicknessesat
the same hot boundary temperature. The original radiation models
by Tong and Tien!® produced poor agreement with their data, as is
seen from Table 4, even when the apparent spectral extinction coef-
ficients deduced from their transmittance measurements were used
in their computation.

The second set of unbonded fiber data is from Pettyjohn!® for a
fused silica fiber insulation described as having a mean fiber diam-
eter of 1.3 um with no size distributioninformation given. Thermal
conductivity data were presented for three bulk densities at mean
temperatures between 400 and 800 K under vacuum conditions at
a pressure of 1.3 Pa. The thermal conductivity measurements were
made using a radial heat flow type of apparatus having a speci-
men thickness of 6 cm. Specimen bulk densities were 55, 98, and
149 kg/m®. The solid conductivity due to the silica fiber matrix was
estimated to be 2 X 10™*, 3 X 107*, and 5 X 10™* W/m-K for bulk
densities of 55, 98, and 149 kg/m?, respectively. These conductivi-
ties represent 0.5-1.5% of the total conductivities measured under
vacuum conditions.
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Fig. 17 Comparison of measured heat flux data from Ref. 20 with pre-
dictionusing current theory for three thicknesses of glass fiber insulation
with £, = 0.0033 for the cold boundary at 308 K.
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Table 4 Heat fluxes calculated by present model compared
to Ref. 20 results

Heat flux, W/m?2

Hot side
temperature, Present Experimental Two-flux LAS
K model data®® model?° mode]?°
Insulation thickness = 2.54 cm
363 45.3 45.8 27 33
393 82.4 80.2 49 59
423 130.0 129.2 75 90
Insulation thickness = 3.30 cm
363 35.8 38.7 21 26
393 65.0 64.9 38 46
423 102.7 92.6 62 71
Insulation thickness = 4.06 cm
363 29.6 31.9 18 21
393 53.7 57.4 32 38
423 84.8 87.2 49 60
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Fig. 18 Comparison of predicted and measured'* thermal conductiv-
ities for three densities of unbonded silica fiber insulation in vacuum;
specimen thickness L = 6 cm for all cases.

The comparison between theory and experiment is shown in
Fig. 18 for the three insulation bulk densities. Theoretical predic-
tions from the present model used the reported fiber density and
fiber diameter, as well as the refractive index of fused silica.®® Al-
though the accuracy of the experimental data was not given in the
reference,'” we estimated the uncertainties to be 10% for thermal
conductivityand 0.5% for temperaturebased on our experience with
similar test apparatus. The corresponding maximum uncertainties
in the prediction caused by uncertainties in optical constants and
fiber size are the same as those for the bonded fiber analysis, 8-
12%. The agreement between theory and experiment is generally
very good and is within the aggregate of experimental and calcu-
lation uncertainties. The reason for the larger and nearly constant
percentage-wisedeviationsseen for the highestdensity material may
be caused by experimental errors associated with some guarding
imbalance in the measurement of the smaller heat fluxes. Another
potentialreasonis that some preferentialorientation of the fibers re-
sulted from the greater compaction in producing the higher density
test specimen. Alignment of some fibers normal to the direction of
heat would resultin a larger extinction coefficient, thus resulting in
lowerradiationheat transferthan thatfor spatiallyrandomly oriented
fibers.

Unbonded Fibers in an Absorbing Matrix

Heat-transfer data for three silica fiber-filled silica aerogels of
different densities and fiber volume fractions’* are used for com-
parison with the model predictions. The fiber size distribution, given
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Fig. 19 Comparison of predicted and measured solid-phase thermal
conductivities of silica aerogels at several bulk densities.
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Fig. 20 Predicted gas-phase thermal conductivity of silica aerogel in
air at atmospheric pressure for two aerogel bulk densities and two values
of macromolecule diameter d,.

in Ref. 67, has an average diameter of 2.38 pm and a standard de-
viation of 1.2 um. The fiber volume fractions of the three aerogel
composites designated as 1, 2, and 3 are 0.017, 0.030, and 0.027,
respectively. The respective bulk densities of these composites are
128, 146, and 198 kg/m?, and the corresponding acrogel bulk den-
sities are 91, 80, and 139 kg/m?. Figure 19 shows the comparison
of the calculated solid-phase thermal conductivities from Eq. (27)
and experimental data over a limited temperature range for several
silica aerogel densities densities of 96 and 220 kg/m®. Also shown
in the figure are predictions for two other aerogel densities. The
good agreement between prediction and measurements validated
the approach to calculate the solid-phase thermal conductivity for
unloaded aerogels. The gas-phase thermal conductivitiesare calcu-
lated by utilizing Eq. (28) for air at atmospheric pressure filling the
voids. The predictions are shown in Fig. 20 for two silica aerogel
bulk densities and two values of macromolecular particle diame-
ters of 2 and 5 nm used by Eq. (32) in the calculation of the pore
diameter. These diameters represent the estimated bounds of the
macromolecule particle size of the test specimens. The decrease in
the gas-phase conductivity at higher temperatures is caused by the
greater increase of the air mean free path with temperature than that
of air thermal conductivity.

Comparisons of the measured total thermal conductivities with
theoretical predictions based on Egs. (21), (27), and (28) for the
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Fig. 21 Comparison of predicted and measured total thermal conduc-
tivities for three silica fiber-filled silica aerogel composites in air at at-
mospheric pressure.

three aerogels are shown in Fig. 21. The maximum experimental
uncertaintiesare 11% at400 K increasinglinearly to 13% at 1300 K
for thermal conductivity and 0.5% for temperature. The estimated
uncertaintiesin the theoreticaltotal thermal conductivity are 15% at
400K decreasinglinearly to 10% at 1200K. The agreementbetween
theory and experiment is very good both in terms of the absolute
value and in the temperature dependence. The theoretical values are
generally within 10% of the measured data, and this deviation is
well within the bounds of the rms error based on the sum of the
experimental and theoretical uncertainties.

Oriented Fibers in an Absorbing Matrix

Thermal conductivity measurements of a silicon carbide (SiC)
fiber-filled silica aerogel are used to test the validity of the radia-
tion model for case of preferential fiber orientation.> This compos-
ite contains 15-um-average-diameter,high-modulussilicon carbide
fibers in a silica aerogel matrix. The fibers are drawn from an or-
ganic precursor so that the size distribution is very narrow with all
fibers falling within the 13- to 17-um-diam band. The fiber volume
fractionis 0.0137, and the bulk density of aerogelis 105 kg/m3. As
determined by optical microscopy, the fibers are randomly oriented
predominantly in planes normal to the direction of heat flow in the
slab of test material. This fiber orientationis the result of settling of
the large diameter and very stiff fibers during the aerogel gelation
process. Figure 22 shows the comparisonbetweenexperimentaldata
and theoretical predictions based on Egs. (21), (27), and (28), as-
suming that all of the fibers are randomly oriented in planes parallel
to the boundaries. Calculation of the gas-phasethermal conductivity
again assumed that the diameters of the macromolecules that make
up the structure of the aerogel lie between 2 and 5 nm. These two
sizes are consideredto be representativeof the boundsof uncertainty
in this silica aerogel structural characterization. The agreement be-
tween theory and measurement is well within the limits of experi-
mental uncertainty shown on the data points. The maximum uncer-
tainty in the theoretical values is 12% at 400 K, decreasingto 9% at
1000 K.

The influence of fiber orientationon radiative thermal conductiv-
ity is illustrated by the theoretical calculations shown in Fig. 23 for
SiC fibers in silica aerogel. The fiber size and volume fraction, as
well as the composite bulk density, are identical to those of Fig. 22.
Fibers randomly oriented in planes normal to the heat flow direction
result in significantly lower radiative thermal conductivities than
those for fibers randomly oriented in space. The intermediate curve
shows the effect of mixing random in-space with random in-plane
fibers in equal proportions. Although fibers oriented in planes give
the lowest thermal conductivity, it can be desirable to incorporate
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Fig. 22 Comparison of predicted and measured thermal conductivity

of silicon carbide fiber-filled silica aerogel, in which fibers are predom-
inantly oriented in planes normal to the heat flow direction.>?
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Fig. 23 Effect of fiber orientation on the radiative thermal conduc-
tivity of silicon carbide fiber-filled silica aerogel in air at atmospheric
pressure.5*

some fraction of fibers in a spatially random orientation to increase
the shear strength of the material.

Comparison of Data with Existing Radiation Models

Comparisonsof the experimentaldata and the predictedtotal ther-
mal conductivitiesusing the existing two-flux and diffusion models
are shownin Figs. 24 and 25 for the bonded fiber insulationsof types
1.7B and 4.0B. The solid-phase thermal conductivities based on
Eq. (25) are added to the radiation conductivity calculated using the
conventional two-flux and diffusion models. The boundary surface
emittances for the calculations are assumed to be gray and equal to
0.8, which correspondsto the experimental conditions. The two-flux
models refer to those by both Tong and Tien!® and Lee.*> As the
results from both models differ by less than 10%, the two-flux pre-
dictions shown in the figures are representativeof both models. The
results designated as Rosseland mean refer to the diffusionmodel in
which the fiber extinction coefficient is used in Eq. (21) in place of
the absorption coefficient. The poor agreement of the conventional
two-flux and Rosseland mean model results with experimental data
reveals the deficiency of these modeling methodologiesfor radiative
transfer in fibrous media.

Similar results are seen from the comparison between the heat
flux predictions using the present theoretical model with those from



LEE AND CUNNINGTON 135

0.100 T T T
v Type 1.7B, f,= 0.0736
\é Two-Flux

0751 y
i WIS s Rosseland Mean
% Experiment
E
S 0.050 b
=
£
[0}
E
s 0025 1
(o)
=

=]
0.000 ' ) * L
300 600 900 1200 1500

Mean Temperature, K

Fig. 24 Comparison of measured thermal conductivity for type 1.7B
material in vacuum with predictions based on the conventional two-flux
and Rosseland mean models for the radiative thermal conductivity.
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Fig. 25 Comparison of measured thermal conductivity for type 4.0B
material in vacuum with predictions based on the conventional two-flux
and Rosseland mean models for the radiative thermal conductivity.

Tong et al.*® for the two-flux and linear anisotropicscattering (LAS)

models. These results together with their experimental data are pre-
sentedin Table 4. The two-flux model predictionsfall40-45% below
the experimental values, and the LAS model results lie 30-35% be-
low the experimental values. The predictionsfrom the present study
are within 8% of the experimental values.

Conclusion

The validity of the theoretical formulations presented in this pa-
per for the radiative properties and radiation heat transfer in high-
porosity fibrous media is affirmed by the close agreement of pre-
dictions with a comprehensive base of experimental data. The ma-
terials used for tests were well-characterized,and the experimental
methods and their accuracies defined. The data included both mea-
surements reported in the literature and those recently obtained for
some special fiber materials. The radiation model uses only de-
terministic material properties and does not require any adjustable
parameters for matching with experimentalresults. Comparisons of
experimentaldata of spectralreflectance and transmittance with the-
oretical predictions demonstrate the high degree of accuracy of the
formalisms for radiative properties. The good agreement underlines

the importance of the rigorous accounting of fiber orientationin the
theoretical formulation.

The radiation heat-transfer model is based on the diffusion ap-
proximation using a modified Rosseland mean coefficient that cor-
rects for the effect of scattering by fibers and absorption of the
matrix medium. The radiation model producedexcellentagreement
with experimental heat-transfer data for a variety of fiber materials
that contain bonded fibers, unbonded fibers, with and without an
absorbing matrix, and fibers randomly or preferentially oriented.
The success of the model is due to the rigorous formulations of the
fiber radiative propertiesand the modified extinction coefficient that
include the effect of fiber orientation. The absence of rigorous ac-
counting of the effect of fiber orientation in the other conventional
two-flux and diffusion models resulted in their poor agreement with
measured data.
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