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A B S T R A C T

Radiative properties such as spectral extinction coefficient, Rosseland mean extinction coefficient and radiative
thermal conductivity are the key features of porous insulation materials. For silica aerogel composites with fiber
and opacifier, it is difficult to determine the spectral extinction coefficient and radiative thermal conductivity via
experiment accurately. The spectral extinction coefficient of such composites is usually determined by a
transmittance test using KBr as a diluent. The traditional model has several assumptions on determining the
extinction coefficient from the transmittance measurement: the diluents are assumed as a pure transparent
medium, the pressed pellet has no reflection, and the composite powder is in series with the KBr when calcu-
lating the effective thickness of the composite. Thus, the extinction coefficient determined from the traditional
model with these assumptions will result in some uncertainty on predicting the radiative thermal conductivity.
To overcome the drawbacks, improved models are proposed by considering the absorption of KBr diluents,
sample reflection and random distribution of sample powder in the diluents. KBr diluted silica aerogel composite
pellets with the same constituents and concentrations but different thicknesses are prepared using the pressed
pellets method. The transmittances of the pressed pellets are measured by Fourier transform infrared spectro-
scopy (FTIR). The spectral extinction coefficients are calculated from the measured transmittances with pro-
posed models. The radiative thermal conductivity of silica aerogel composite is calculated with the measured
Rosseland mean extinction coefficient determined from different models. This study found that the developed
models could eliminate the assumptions of the traditional model.

1. Introduction

Materials with high porosity are typically applied as thermal in-
sulation materials. Heat transfer within porous materials occurs via
three modes: conduction, convection and radiation. Thermal radiation
of high porous materials will become a prominent or even dominant
heat transfer mode at high temperature. Therefore, theoretical and
experimental studies have been focused on revealing the radiative
properties and reducing thermal radiation of porous materials [1–5].
The capacity of materials to attenuate thermal radiation can be de-
scribed by the spectral extinction coefficient, which is composed of
spectral absorption coefficient and spectral scattering coefficient. The
spectral extinction coefficient needs to be determined prior to the cal-
culation of other radiative properties, such as Rosseland mean extinc-
tion coefficient and radiative thermal conductivity (λr). Extinction
coefficient test has also been widely conducted to analyze other related
properties such as the mechanism of soot formation and growth in
combustion systems, the optimization of the photothermal conversion

efficiency of nanorods, and nanoparticles in biomedicine and energy
conversion [6–8].

Silica aerogel is a typical nano-porous material with high thermal
insulation performance. The nano-sized pores and skeleton are re-
sponsible for the low thermal conductivity of aerogel. However, pure
silica aerogel with high porosity is fragile and nearly transparent in the
spectral range from 3 to 8 μm at temperatures less than 1000 K [9].
Thus, reinforced fiber and opacifier are usually doped in silica aerogel
to enhance its mechanical strength and the extinction of thermal ra-
diation at high temperature. It is necessary to know the spectral ex-
tinction coefficient of such composites to optimize their temperature
dependent thermal insulation performance. Many studies have been
conducted to predict and measure the effective thermal conductivity of
silica aerogel composites [9–21]. However, until now there have very
few experiment data of spectral extinction coefficient of fiber and
opacifier loaded silica aerogel.

The existence of strong absorption peaks near 9 μm and 21 μm
makes it difficult to measure the spectral extinction of silica aerogel
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because it is difficult to prepare a sample thin enough to transmit in-
frared beam near these wavelengths. Thinner specimens are required
for the transmittance measurement of silica aerogel with high density
or composite with fiber and opacifier. Several methods have been de-
veloped to overcome the difficulty of obtaining thin samples for FTIR
test [22–26]. One method is grinding the aerogel into powder and then
placing it between two infrared transparent plates. Although this
method does not involve other material components, the porosity will
be changed after pressing and it will be difficult to determine its ap-
parent density. The mineral oil mull method was also used to mix
aerogel which is then spread onto a thin infrared polyethylene foil [23].
Zeng et al. used fine sand paper to grind aerogel to a 30 μm thick sample
[22]. Zhao also prepared aerogel samples with thicknesses between
1mm and 11mm using sand paper [24]. Fu et al. prepared fiber loaded
silica aerogel composites with different thicknesses directly using sol-
gel and the supercritical drying technique for scattering and absorption
coefficient measurements [25]. Cohen and Glicksman manufactured
monolithic aerogel with thickness between 0.1 mm and 1mm for ex-
tinction coefficient measurements [26]. Diluents, such as KBr which is
nearly transparent to infrared radiation, are also widely used to dilute
materials in the transmittance measurement for its convenience and
large transparent spectral region [3,27,28].

Although the structures of silica aerogel samples prepared for
transmittance measurements can be the same after grinding with sand
paper, it is rather difficult to grind a sample thin and smooth enough,
especially for these fragile materials. It is also inconvenient and ex-
pensive to obtain infrared test samples via manufacturing the sample
directly. Adopting diluents to prepare infrared test samples by pressed
pellets method is one more general method. In this method, the diluents
are assumed transparent without any absorption or scattering and there
is no reflection on the sample surface. The equivalent thickness of the
test sample powder in the KBr diluents corresponding to the materials
before grinding is calculated by assuming KBr is in series with the test
sample. The assumptions of KBr diluted pressed pellets method may
bring some uncertainty in the determination of the extinction coeffi-
cient.

In the present study, the models of determining extinction coeffi-
cient using KBr diluted pressed pellets method will be improved by
taking account of the practical transparency of KBr diluents, the re-
flection on the sample surface and the practical distribution of the
sample powder in the KBr diluents. The transmittance of fiber and
opacifier loaded silica aerogel with different concentrations will be
measured by FTIR using KBr diluted pressed method. The spectral ex-
tinction coefficient will then be determined from the proposed models.
Finally, the radiative thermal conductivity of the silica aerogel com-
posite is calculated from the Rosseland model with the measured ex-
tinction coefficient.

2. Models of extracting extinction coefficient from FTIR
transmittance test

2.1. Traditional model: model 1

The schematic diagram of the radiation intensities balance of an
FTIR measurement is shown in Fig. 1. A collimated beam with intensity
of IL irradiates the pellet, part of the intensity (IR) is reflected back by
the pellet and the rest (I0) enters the pellet. The radiation within the
pellet will be attenuated by absorbing and scattering. The intensity
attenuated by the pellet is denoted by IA. Finally, only the intensity IT is
transmitted by the pellet.

From an FTIR measurement, the spectral extinction coefficient can
be calculated from the measured spectral transmittance using

= ≈ = −τ I
I

I
I

k Lexp( )λ
T T

L
λ

0 (1)

where τλ is the transmittance of pellet, L is the sample thickness and kλ

is the spectral extinction coefficient. The beam intensity irradiates on
the pellet is not identical to the intensity enters the pellet due to the
surface reflection. In Eq. (1), the reflection by the pellet is usually ne-
glected for simplification due to the high transparency of KBr.

For KBr diluted pellet, KBr is assumed transparent to the infrared
beam. The effective thickness of the diluted material is determined by

=L W P
ρA

·
c

(2)

where W is the weight of the pellet, P is the mass ratio of the test
material in the pellet, ρ is the density of the test material and A is the
cross-sectional area of the pellet. In this equation, the equivalent
thickness is calculated by assuming the test sample occupies the full
cross section area as shown at the upper part of Fig. 2. Combine Eqs. (1)
with (2), the spectral extinction coefficient (kλ) can be calculated from
[7]

= −k τ Lln /λ λ c (3)

In this model, KBr is transparent, the pellet has no reflection, and
the test material occupies the full cross section area. This model is es-
sentially a series model of KBr and test material along the beam di-
rection. In fact, KBr is not absolute transparent to infrared beam,
especially when exposed in air. The transparency of KBr will decrease
after adsorbed water vapor or carbon dioxide. The test material mixed
with KBr is more like randomly distributed in KBr as shown at the lower
part of Fig. 2. Therefore, the equivalent thickness of test material

Fig. 1. Schematic diagram of beam intensities in FTIR transmittance test.

Fig. 2. Schematic diagram of series model and stochastic model.

H. Zhang et al. Experimental Thermal and Fluid Science 91 (2018) 144–154

145



determined by Eq. (2) will be underestimated and result in an over-
estimated extinction coefficient. In addition, the neglecting of surface
reflection will increase the uncertainty. In the next subsection, models
are developed by considering the practical transparency of KBr, the
distribution of test materials in KBr diluents, and the reflection of the
pellet surface.

2.2. Improved models

To overcome the deficiencies of traditional model, three improved
models are developed in this subsection. The comparisons of the four
models are listed in Table 1. Compared with traditional model, the
absorption of KBr is considered in Models 2, 3 and 4, the sample surface
reflection is taken into account in Models 3 and 4 while the random
distribution of test materials is considered in Model 4.

2.2.1. Model 2: considering the absorption of KBr
The practical transparency of KBr can be revealed by conduction a

separate FTIR transmittance test. Then the spectral extinction coeffi-
cient of test material can be calculated from

= ≈ = − −τ I
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where kKBr is the spectral extinction coefficient of KBr, = −L L LKBr C is
the equivalent thickness of KBr. Compared with Model 1, Model 2
considers the practical transparency of KBr.

2.2.2. Model 3: considering the surface reflection
The beam intensities irradiate on the sample and transmitted by the

sample can be measured by conducting measurements with and without
the sample (as a control). Due to the surface reflecting, the beam in-
tensity entering the pellet cannot be obtained directly, thus the right
side of Eq. (4) can be described in form of
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By measuring the intensity irradiated on the pellet and the beam
intensity transmitted via pellets of different thickness, a series of

∼I I L/T L c can be obtained. Then the spectral extinction coefficient of
test material with considering surface reflection and absorption of KBr
can be calculated from
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In Eq. (6), the pellets with different thickness are prepared with the
same material, the same concentration, and the same grinding mortar,
thus the reflection I I( / )R L of different thickness pellets can be regarded
as a constant. With the values of ∼I I L/T L c, the spectral extinction
coefficient of test material can be obtained from the slope of the fitted
linear relation of ∼I I Lln( / )T L c. This fitting method is proposed by
Cohen and Glicksman to eliminate the influence of surface reflectance
[26].

2.2.3. Model 4: considering stochastic distribution of test sample
In the above three models, the test material is assumed in series with

KBr when calculating the equivalent thicknesses of test material and
diluted KBr. In practice, the test material is more like randomly dis-
tributed in KBr as shown at the lower part of Fig. 2. In this section, a
stochastic model is proposed. When the beam is transmitted through a
short distance L(Δ ) along the through-plane direction of test pellet, the
transmittance is

= − + − −′
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here ϕ is the area fraction of test sample in the pellet while −ϕ(1 ) is the
area fraction of KBr. For an arbitrary cross section, the area fraction of
the test sample is identical to its volume fraction by assuming each
cross-section area has the same area proportion. For pellets with m
layers in series, the overall transmittance is
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where =L L mΔ / .
Substitute Eq. (8) into Eq. (5), the influence of reflecting can be

considered by
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Similar to Eq. (6), taking the logarithm of Eq. (9) leaves
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where = − + − −k ϕ k L ϕ k L Lln[ exp( Δ ) (1 )exp( Δ )]/Δλ λ KBr represents the
effective spectral extinction coefficient of each layer. With a series of
measured ∼I I L/T L , kλ and kλ can be obtained.

2.3. Radiative thermal conductivity

The radiative thermal conductivity of an optical thick medium can
be predicted by the Rosseland model [29]:
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K
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where n is the materials’ effective refractive index, σ is the Stefan-
Boltzmann constant, T is the mean temperature, and Ke m, is Rosseland
mean extinction coefficient which is defined as
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where ebλ is the spectral hemispherical blackbody flux and eb is the
hemispherical blackbody flux.

Because the distance of mirror motion in FTIR system is not in-
finitely long, the test wavelength range of FTIR instrument is finite.
Thus, the wavelength range of integral is finite and identical to the
experimental range. The range of integral of Eq. (12) is modified as
follows.
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∂K k
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λ
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λ

b, 1

2

(13)

For aerogel composite loaded with fiber and opacifier, its effective
refractive index can be calculated by [4]:

= + +n V n V n V nf f opa opa a a (14)

Table 1
Model assumptions.

Models Assumptions

Model 1 Neglecting surface reflection; neglecting absorption of KBr; series
model: sample powder occupied the full cross section area

Model 2 Neglecting surface reflection; considering absorption of KBr; series
model

Model 3 Considering surface reflection; considering absorption of KBr; series
model

Model 4 Considering surface reflection; considering absorption of KBr;
stochastic model: sample is randomly distributed in the KBr diluents
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where V V V, ,f opa a and n n n, ,f opa a are the volume fractions and effective
refractive indexes of fiber, opacifier and aerogel, respectively. The re-
fractive index of silica aerogel is determined by

= +n V n V na s s g g (15)

where ns and ng are the refractive indexes of bulk silica and gas within
pores and Vs and Vg are the volume fractions of silica skeleton and gas of
aerogel matrix.

3. Samples preparation and measurements

3.1. Material information

Radiative properties of three silica aerogel samples loaded with
different contents of fiber and opacifier (as listed in Table 2) are stu-
died. The composite materials are constituted of a SiO2 matrix, SiO2

fiber with diameter of 6 μm and SiC opacifier with mean diameter of
3.5 μm. The effective refractive index is calculated from Eqs. (14) and
(15). In the calculation, the refractive indexes of bulk silica and SiC
opacifier are set as 1.58 and 2.67, respectively [12,22].

3.2. Experimental procedures

KBr with purity higher than 99.9% is used as the diluent. When
conducting the transmittance measurements, there are three important
experimental procedures to follow.

(1) Drying the material: KBr diluents and aerogel composite are dried
for 12 h at 110 °C to remove the adsorbed water before pressing the
pellet.

(2) Pressing the pellet: Aerogel composite is diluted about 200 times in
weight as shown in Table 3. KBr and silica aerogel composite are
mixed and ground in an agate mortar for 3–5minutes to obtain fine
powders. The mixed powders are pressed by a Tablet Press Machine
at 12MPa for 2minutes. Thin circular pellets with diameter of
13mm are manufactured after pressing. For each sample, several
pellets are prepared with the same concentration but different
thickness as listed in Table 3.

(3) Transmittance measurement: The spectrum of the light source is
measured by FTIR without placing any sample in the optical path
and stored as background for reference. Transmittances of KBr
pellets and KBr diluted aerogel composite pellets are measured by
comparing the transmitted spectrum with the reference spectrum.
Compensation of water vapor and carbon dioxide is made by the
instrument software OPUS. For each spectrum, 32 scans are made
and the average is taken. The scan is made within 400–7500 cm−1

(1.33–25 μm) with a scan interval of 2 cm−1.

3.3. Instruments

The mass is measured by an electric balance with repeatability of
0.1 mg (XP404S, METTLER TOLEDO) and the thickness is measured by
a micrometer with an accuracy of 10 μm. The transmittance is measured
by FTIR spectroscopy (VERTEX70, BRUKER). The FTIR spectroscopy
has a built-in optical modification to modulate the light source to a
collimated beam. In the FTIR test, FTIR utilizes collimated light and
Michelson interferometer to obtain an interferogram. Fourier transform
algorithm is adopted to calculate the reflected or transmitted spectrum.

4. Results and discussion

4.1. Transmittance and spectral extinction coefficient of KBr

KBr is not completely transparent to near-infrared and mid-infrared
radiation and will easily adsorb water vapor and carbon dioxide from
the atmosphere. To exclude the absorption of KBr, the spectral extinc-
tion coefficients of KBr are measured by pressing KBr pellets. Fig. 3
shows the transmittances of KBr pellets with different thickness
(marked in the figure). Due to the adsorption of water vapor, the
transmittances of KBr pellets measured after the FTIR experiment are
decreased at full wavelength range.

The spectral extinction coefficients of KBr shown in Fig. 4 are cal-
culated from Eq. (3). Reflectance of the KBr pellet is neglected when
determining its extinction coefficient from Eq. (1) because KBr has very
high transmittance. In Figs. 3 and 4, three absorption peaks at 2.9 μm,
6.1 μm and 9.1 μm are clearly observed which are caused by the vi-
bration of hydroxyl of residual water. Although the KBr diluent is dried
before pressing pellets, little water is still existed in the KBr powder. In
addition, KBr diluent will adsorb water vapor when stored in air which
can be seen from the increased absorption peaks after finishing the FTIR
test. The spectral extinction coefficients of KBr diluents are on the order
of several cm−1 and mainly within 1.5–2.5 cm−1. The spectral extinc-
tion coefficients of KBr obtained from KBr pellets of different thickness
are averaged and treated as the extinction coefficient of KBr in the
following analysis.

Table 2
Sample properties.

Sample Density (kg/m3) Porosity (%) Volume fraction (matrix: fiber: opacifier) Mass fraction (matrix: fiber: opacifier) Effective refractive index

A 346.4 83.4 99.49:0.51:0 96.99:3.01:0 1.12
B 368.1 85.2 97.32:0.51:2.17 78.93:2.82:18.26 1.14
C 387.1 86.7 95.74:0.51:3.75 67.11:2.69:30.2 1.16

Table 3
Parameters of pellets.

Materials Mass ratio of composite and
KBr

Thickness of pellet (mm)

Pellet 1 Pellet 2 Pellet 3 Pellet 4

A 1:122 0.403 0.556 0.670 –
B 1:178 0.546 0.560 0.839 0.853
C 1:202 0.415 0.536 0.619 0.791

Fig. 3. Transmittance of KBr.
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4.2. Transmittance of KBr diluted silica aerogel composite

The transmittances of three KBr diluted aerogel composite measured
by FTIR are shown in Fig. 5. The transmittances of these samples have

the same spectral dependency. Despite the absorption peaks of water at
2.9 μm, 6.1 μm and 9.1 μm, peaks are also observed at 10.5 μm, 12.3 μm
and 21.2 μm, which agree well with the standard infrared spectrum of
SiO2 aerogel [30,31].

4.3. Spectral extinction coefficient of silica aerogel composite

With the measured transmittance, the spectral extinction coeffi-
cients of aerogel composites can be calculated by the models in Section
2 which are summarized in Table 1. The traditional model assumes no
sample surface reflection, no absorption of KBr, and aerogel powder
occupies full cross-sectional area. The improved models are developed
by taking into account the practical surface reflection, absorption of
KBr, and the distribution of material powder within the pellets.

4.3.1. Traditional model: Model 1
The spectral extinction coefficients of aerogel composites calculated

from the traditional model are shown in Fig. 6. The measured spectral
extinction coefficients of different thickness aerogel composites are
very close to each other. Three samples have the same absorption
peaks. The results show that silica aerogels have weak absorption
within the wavelength range of 1.4–8 μm which will lead to a high
radiative thermal conductivity. In order to reduce the radiative thermal
conductivity, especially at elevated temperature, SiC opacifier with
diameter of 3.5 μm is doped in the silica aerogel to enhance the

Fig. 4. Spectral extinction coefficient of KBr.

(a) Sample A (b) Sample B

(c) Sample C

Fig. 5. Transmittances of KBr diluted silica aerogel composites: (a) Sample A, (b) Sample B, (c) Sample C.
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absorption within the above wavelength range. The spectral extinction
coefficients measured from pellets of different thickness are similar.

4.3.2. Improved model: Model 2
In Model 2, the practical absorption of KBr is considered. The cal-

culated results are shown in Fig. 7. Although the measured spectral
extinction coefficients of KBr shown in Fig. 4 are at most 1.3% of the
value of silica aerogel composite determined from Model 1 at each
wavelength, the equivalent thicknesses of KBr in the diluted pellets are
at least 15 times thicker than the equivalent thicknesses of silica aerogel
powder. This will lead to a difference of extinction coefficient calcu-
lated by the two models for Sample A. The spectral extinction coeffi-
cient obtained from Model 2 is about 10%–20% higher than that cal-
culated from Model 1 for wavelength shorter than 7.5 μm while the
proportion is less than 9% for wavelength between 7.5–11 μm.

4.3.3. Improved model: Model 3
The reflection of the pellets in the above two models have not been

taken into account which will lead to an overestimation of the extinc-
tion coefficient. The following two models are proposed to exclude the
influence of reflectance. Several pellets of KBr diluted silica aerogel
with same mass ratio but different thickness are measured. These pel-
lets are prepared with the same procedures and the same facilities.
Thus, the reflectance of different thickness pellets can be regarded as a
constant and excluded by a least square fitting procedure. Model 3
considers the surface reflection, absorption of KBr, and silica aerogel

composite powder is in series with KBr. The fitting is made for each
wavelength of three kinds of samples. The spectral extinction coeffi-
cients and the fitting correlation coefficients of three samples are shown
in Fig. 8. This figure clearly shows that the absorption of silica aerogel
doped with opacifier is enhanced at full wavelength, especially at wa-
velength less than 7 μm. Sample C has a higher spectral extinction
coefficient at short wavelength since it is loaded with more opacifier
than Sample B. Fig. 8 also shows that the fitting correlation coefficients
at different wavelength are typically higher than 0.97, which proves
that this fitting method could extrude the influence of sample surface
reflection.

4.3.4. Improved model: Model 4
The calculation of equivalent thickness of aerogel in the pellet from

Eq. (2) essentially assumes aerogel powder is in series with KBr diluents
along the through-plane direction. In practice, KBr and aerogel powder
are well mixed before pressing the pellets. Aerogel powders with very
low volume fraction (∼6% for Sample A, ∼3% for Samples B and C) in
the KBr diluents are more like a random distribution. The spectral ex-
tinction coefficients of aerogel composite are calculated using the sto-
chastic model as shown in Fig. 9. The figure also presents the fitting
correlation coefficients of three samples within the full test wavelength
range which are mainly higher than 0.97. It also implies that the pro-
posed model could be used to extract the spectral extinction coefficient
from the measured transmittance. Due to the strong absorption around
9 μm, the KBr diluted pellets are almost opaque at this wavelength

(a) Sample A (b) Sample B

(c) Sample C

Fig. 6. Spectral extinction coefficients of aerogel composites – Model 1: (a) Sample A, (b) Sample B, (c) Sample C.
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region as shown in Fig. 5. It can then be concluded that the spectral
extinction coefficient determined from Model 4 is extremely large at
this wavelength region and the correlation coefficient is not high. The
influence of layer thickness (corresponding to different value of m) on
the extinction coefficient is compared for sample C as shown in Fig. 10.
The spectral extinction coefficient has little change (< 10% except for
the peaks) when the layer thickness is less than 1 μm. For the

wavelength ranges from 3–8 μm where transmits most of raidation, the
spectral extinction coefficient varies as much as 10%–40% for different
layer thickness. It implies that the layer thickness has a modest influ-
ence on the extinction coefficient. The effect of layer thickness on the
mean extinction coefficient and radiative thermal conductivity is cal-
culated and compared in Fig. 11. The mean extinction coefficient de-
creases with the decrement of layer thickness while the radiative

(a) Sample A (b) Sample B

(c) Sample C

Fig. 7. Spectral extinction coefficients of aerogel composites – Model 2: (a) Sample A, (b) Sample B, (c) Sample C.

Fig. 8. Spectral extinction coefficients and correlation coefficients – Model 3.
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thermal conductivity has the inverse variation. The difference is more
pronounced at high temperature. The calculated properties remain the
same (< 0.05% compared with 0.01 μm) as the layer thickness is less
than 0.01 μm. Compared to the result with 0.01 μm layer thickness, the
measured radiative thermal conductivity at 1073 K is 21.5% less for the
layer with 5 μm thick while the proportions are 14.5%, 7.9% for the
layers with thicknesses of 3.5 μm and 2 μm, respectively.

It is worth noting that the value of m in model 4 is not an arbitrary
value or infinite. The silica aerogel composite with fiber and opacifier is

ground with mortar and the SEM of the composite after grinding is
shown in Fig. 12. Reinforced fiber and opacifers remain the same size
and shape as the raw composite while the silica aerogel matrix was
ground from bulk into particles with size of several microns. In the
above models, the measured spectral extinction coefficient of the
composites is the overall effective spectral extinction coefficient of
aerogel matrix, fiber and opacifier. The size of aerogel matrix, fiber and
opacifier are on the order of several microns after grinding and among
these components the opacifier has much higher absorption capacity
compared to the silica matrix and fiber. Therefore, the thickness of each
layer is set as equal to the mean diameter of opacifier (3.5 μm) for
Samples B and C, and 2 μm for Sample A (it has no opacifier and the
mean diameter of the aerogel matrix is approximate to 2 μm which can
be seen from the SEM) in Model 4 and then the relevant value of m in
Eq. (10) can be estimated. There is a concern that the extinction
properties of the aerogel can potentially change after grinding. The
absorption properties of silica will remain the same irrespective of the
particle size while the scattering will possibly be dependent on the size
of the aerogel particles. The sizes of pores and matrix solid structure of
the aerogel composite studied here are on the magnitude of several
nanometer or dozens of nanometer. After grinding, the diameter of the
aerogel matrix powder (~several microns) is at least 100 times larger
than the size of pores and matrix structure which can be regarded as a
homogeneous medium when compared to the nano-porous pores and
structures. The shape and size of fiber and opacifier remain unchanged
during the grinding process. In addition, the doping of opacifier at-
tenuates more radiation as shown in Fig. 8. Thus the size effect of
aerogel matrix particles on scattering is neglected in this study.

4.3.5. Comparison of different models
The spectral extinction coefficients calculated from four models are

compared in Fig. 13. The same spectral trend can be obtained from
different models for the same material. The extinction coefficients
predicted by different models are not identical. Large differences exist
at 9.1 μm, 12.3 μm and 21.2 μm because the transmittances at these
wavelengths are miniscule, which will bring in a large uncertainty.
However, the absolute value of spectral extinction coefficient at this
wavelength region is not essential. Because most of the thermal radia-
tion in aerogel composite is transmitted via the near-infrared and mid-
infrared light when used as thermal insulating material at high tem-
perature according to Plank’s law. In addition, silica aerogel composites
have a relatively low extinction coefficient at the near-infrared and
mid-infrared regions. Therefore, the low extinction coefficient in the
short-wavelength region is the major contributor to radiative heat
transfer. Take Sample A as an example, for temperature less than
1000 K the Rosseland mean extinction coefficient determined from

Fig. 9. Spectral extinction coefficients and correlation coefficients – Model 4.

Fig. 10. Influence of layer thickness on the spectral extinction coefficient – Model 4.

Fig. 11. Influence of layer thickness on determining the radiative properties.
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Model 2 is 13%–15% less than that determined from Model 1,
15%–25% less than that determined from Model 2 for Model 3 while
only 1.3%–1.9% higher than that determined from Model 3 for Model
4. It proves that in an FTIR test the measured mean extinction coeffi-
cient will be overestimated if neglecting the practical absorption of KBr
diluents and the sample surface reflection. In the near-infrared and mid-
infrared regions, the extinction coefficients determined from Model 3
and Model 4 are almost identical to each other which implies that the
geometric arrangement has little influence on the result.

4.4. Radiative thermal conductivity

With the measured spectral extinction coefficients of silica aerogel
composites from different models, the Rosseland mean extinction
coefficient can be obtained with values at least higher than 70 cm−1 for
different models and different materials. It implies that the optical
thickness of such kind of material with thickness of 1 cm is at least
larger than 70 which proves that its radiative thermal conductivity can
be well predicted by the Rosseland model [32] using Eq. (11).

In the calculation, the extinction coefficient determined from four
different models are adopted and compared. The radiative thermal

Fig. 12. SEM of aerogel composite after grinding.

(a) Sample A     (b) Sample B

(c) Sample C

Fig. 13. Comparisons of extinction coefficients determined from different models: (a) Sample A, (b) Sample B, (c) Sample C.
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conductivity of different materials is shown in Fig. 14. The extinction
coefficients determined by the above four models are different and thus
lead to a different radiative thermal conductivity at high temperature,
especially for Sample A without doping opacifier. SiC opacifier is
loaded in Samples B and C, thus they have lower radiative thermal
conductivity than Sample A. Sample C has a lower radiative thermal
conductivity than Sample B since it loaded more opacifier. The differ-
ence of extinction coefficient and radiative thermal conductivity ob-
tained from different models for the same materials proves that the
assumptions in traditional model indeed introduce some uncertainty.
The models proposed in this study could overcome these drawbacks of
traditional model.

5. Conclusion

This study presents improved models of extracting spectral extinc-
tion coefficients from the transmittance of KBr diluted materials mea-
sured by FTIR. Compared with the traditional model, these models take
into account the practical transparency of KBr diluents, the sample
surface reflection, and the distribution of measured material in the KBr
diluents. These improved models overcome the drawbacks or assump-
tions of the previous model and thus have a better accuracy on de-
termining the extinction coefficient from the measured transmittance.
The practical absorption of KBr diluents and sample surface reflection
cannot be neglected for materials with high transparency. The com-
parison for Sample A at temperature less than 1000 K found that the

measured mean extinction coefficient will be overestimated if ne-
glecting the practical absorption of KBr diluents (about 15%–18%) and
the sample surface reflection (about 18%–33%) in the practical FTIR
measurement. The geometric arrangement has less effect on de-
termining the extinction coefficient in the near-infrared and mid-in-
frared regions.

With the extinction coefficient determined from the proposed
models, the radiative thermal conductivity of silica aerogel composites
can be predicted by the Rosseland model since these materials are op-
tically thick mediums in practical applications. The measured radiative
thermal conductivity obtained from different models also has difference
since it is reciprocal to the Rosseland mean extinction coefficient and
proportional to temperature to the third power. The present study
provides an effective method of predicting radiative thermal con-
ductivity of silica aerogels doped with reinforced fiber and opacifier via
extracting the extinction coefficient from an FTIR transmittance mea-
surement. The models developed in this study are also suitable to the
materials that need to be diluted when measuring extinction coefficient
with FTIR.
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