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Abstract

In present paper, a numerical model combined radiation and conduction heat transfer was developed to predict the effective thermal conductivity
of fibrous insulation at various temperatures and pressures. Effective thermal conductivities of the fibrous insulation were measured over a wide
range of temperature (300-973 K) and pressure (10~2-10° Pa) using a developed apparatus. The transmittance spectra in the wavelength range
of 2.5-25 ym were also measured at temperatures up to 973 K using a Fourier Transform Infrared Spectrometer. From transmittance data, the
spectral extinction coefficients and Rosseland mean extinction coefficients were obtained at various temperatures to investigate the radiative heat
transfer in fibrous insulation. The numerical and experimental data were compared. It was found that the calculated values corresponded with the
experimental values within an average of 14.7 percent. Numerical results were consistent with experimental results throughout the investigated

environmental conditions.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Space transportation vehicles will encounter aerodynamic
heating when entering the earth’s atmosphere at hypersonic
speeds. Metallic thermal protection system (TPS), which con-
sists of a metallic shell panel fabricated from high temperature
alloy and lightweight insulation, is used to limit the maximum
temperature of the primary structure of the vehicle during reen-
try. Many design options have the potential to improve the
thermal performance of metallic TPS. An obvious way is to
develop more efficient non-load-bearing insulation. High tem-
perature fibrous insulation is a good candidate being considered
for use in the metallic TPS since it provides an excellent combi-
nation of low weight, low thermal conductivity and high service
temperature. However, limited information is available on the
thermal properties of insulation under the environmental condi-
tions to which re-entry type vehicles are exposed. Earth re-entry
typically produces aerodynamic heating to a surface to the tem-
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perature as high as 1273 K in a pressure range from 1.333 to
1.013 x 10° Pa [1]. Heat transfer through a fibrous insulation
involves combined modes of heat transfer: solid conduction,
gas conduction, natural convection and radiation. The relative
contributions of the different heat transfer modes vary during
re-entry. The complex heat transfer makes the analysis and the
design of insulation quite difficult.

Over the past several decades, significant advances have
been made in the understanding of fundamental properties of fi-
brous insulation [2-5], experimentally and analytically. Lee and
Cunnington [2] have provided a comprehensive review of heat
transfer in general porous material. The researchers [3,4] have
developed an effective thermal conductivity model based on su-
perposition of gas, solid and apparent radiation thermal conduc-
tivities, based on optically thick assumption, and compared the
results with measured effective thermal conductivities of sam-
ples subjected to certain temperature difference across the insu-
lation thickness over a wide range of environmental pressures.
Tong et al. [6,7] used the two-flux model assuming a linearized
anisotropic scattering to model radiation heat transfer through
fibrous insulation, and the predicted fluxes which combined ra-
diant and conduction were compared with measured data up to
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Nomenclature
c speed of light in the medium.............. ms~!
Cp specific heat of the sample........... Jkg 'K~!
Dy diameter of fibers ............... ... .. m
d, gas collision diameter ....................... m
Ep blackbody emissive power .............. Wm™?
Ep). spectral blackbody emissive power-. ...... Wm™2
f solid fraction ratio
h Plank’s constant ..................oooiinan. Is
K Boltzmann constant...................... JK™!
k¢ thermal conductivity due to
conduction................c..ooon... Wm™ ! K™!
ke effective thermal conductivity ....... Wm~K~!
kg gas thermal conductivity............ Wm~!K™!
kg gas thermal conductivity at an atmospheric
PIESSUI. . o oottt ieee e Wm™K~!
k, mean radiative thermal conductivity . Wm™! K~!
Kgr Rosseland mean extinction coefficient . .. ... m~!
ks solid thermal conductivity .......... Wm~!K!
k¥ fiber parent material . ............... Wm~!K~!
L insulation thickness .................. ... ... m
L. characteristic length for gas conduction ....... m
m exponent for solid conduction
n the index of refraction
p | TS U (N Pa

Pr Prandtl number
q heat flux........ ... ... i Wm™2
q) the radiant heat flux .................... Wm™?
t 157 0T S
T EMPEIAtUre. . .ot K
T, hot side temperature . ................oe.... K
T cold side temperature . . .............. ... K
Ty spectral transmittance
X spatial coordinate through the insulation

thickness. ...t m
Greek symbols
o thermal accommodation coefficient
Ba spectral extinction coefficient .............. m~!
y gas specific heat ratio
A wavelength....... ... ... ... il m
Am molecular mean freepath .................... m
P density ......covviiiiiii kgm™3
o Stefan—-Boltzmann constant . ........ Wm2K™
Subscripts
b blackbody
g gas
s solid

450 K at one atmosphere. Daryabeigi [8] modeled heat trans-
fer in alumina fibrous insulation to predict the effective thermal
conductivities. The predicted results were compared with the
experimental data at gas pressures between 10~2 Pa and 107 Pa
and temperatures up to 1273 K.

In this work, the effective thermal conductivity of the fi-
brous insulation is measured over a wide range of temperature
(300973 K) and pressure (10~2—10° Pa) using a developed ap-
paratus. To characterize the contribution of radiative heat trans-
fer in the fibrous insulation, the spectral transmittances in the
wavelength range of 2.5-25 ym are measured over the temper-
ature range of 291-973 K using a Fourier Transform Infrared
Spectrometer, which are then used to determine the spectral
extinction coefficient as well as Rosseland mean extinction co-
efficient. The effective thermal conductivity of the fibrous insu-
lation is calculated from a numerical heat transfer model. The
numerical results were compared with the steady-state experi-
mental results.

2. Theoretical analysis

Heat transfer through a fibrous insulation involves combined
modes of heat transfer: solid conduction through fibers, gas
conduction and natural convection in the space between fibers,
and radiation interchange through participating media. Natu-
ral convection heat transfer in porous media is negligible [9].
Therefore, the conservation of energy for one dimensional heat

transfer in the insulation by conduction and radiation yields the
partial differential equation [10].

aT 9 [ T\ 9q!
= k=) - 1
Perss ax<cax> ox M

Subjected to the following initial and boundary conditions:

T(x,0)=To 2
T0,0)=T, 3)
T(L,t)="T» 4)

In the present study, the optical thickness (optical thickness
is the product of the extinction coefficient and thickness of the
sample) of the insulation is larger than 180 from the experimen-
tal results, which is large enough for the sample to be treated as
an optically thick medium. Therefore, the radiation in the insu-
lation can be considered as a diffusion process, and the radiation
heat flux, g, can be reduced to [11]:

,  lén’c 50T
9y =— T’ —
3Kpg 0x

It can be stated that the index of refraction is assumed to be

unity for the current analysis. Then the local effective thermal
conductivity, k., is defined as

160
ke =ke + —T°
e c 3 Kr
The first term in Eq. (6) represents the thermal conductivity

due to solid and gas conduction, and the last term represents

(&)

(6)



442 S.-y. Zhao et al. / International Journal of Thermal Sciences 48 (2009) 440—448

“radiative conductivity” based on the Rosseland diffusion ap-
proximation.

Several theories have been developed to describe the com-
bined conduction thermal conductivity due to solid conduction
and gas conduction. In the present study, two thermal resis-
tances in a parallel arrangement are used for modeling heat
transfer in fibrous insulation [12]

kc:fk§+(1_f)kg 7

The effect of pressure on the thermal conductivity of a gas
can be investigated by the way of the Maxwell moment method
[13,14] and temperature jump theory [15]. Daryabeigi used
temperature jump theory to model the gas conduction in fibrous
insulation, and the gas thermal conductivity is described as [12]

%
ke = s ®)
1422 —a)/ay/(y + D)A/Pr)Apm/Lc

the molecular mean free path, A,,, which is given by [16]

- KT ©)
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and L. is given by

L.="Ds (10)
c — 4 f

The empirical model for solid conduction can be defined as
ks = f"k an

the above equation is based on the model proposed by Ver-
schoor et al. [3]. Hager and Steere [4] used m =3 to model
the solid conduction in fibrous insulation and stated that it was
an upper limiting value when contact with the fibers was less
than perfect. m =2 was utilized for modeling solid conduc-
tion in fibrous insulation spacers in high temperature multilayer
insulations [12]. For alumina fibrous insulation, m = 1.4 was
determined using a parameter estimation technique in Ref. [17].
In the present investigation, m = 2 is used.

The measured Rosseland mean extinction coefficient was
substituted in the Eq. (6) to solve the radiation heat transfer in
fibrous insulation. The values of , ¥, Pr and d,; used in the cal-
culation of gas conduction are provided in Ref. [1]. Dy =5 ym
is used for the current analysis. The density of the fiber parent
material is 2600 kg/m?. k¥ =0.24623 + 0.00149T W/(mK)
was used to calculate the solid thermal conductivity [18]. The
measured steady-state temperatures on the top and bottom of
the sample were used as boundary conditions. A linearly vary-
ing temperature distribution through the thickness of the sample
was selected as the initial condition. Eq. (1) was solved numeri-
cally using a finite difference technique until the temperature at
each volume element did not change with successive iterations
and the steady state conditions were achieved. The heat flux at
steady-state conditions was used to calculate the effective ther-
mal conductivity.

3. Experiments
3.1. Sample description

In the present study, the sample is high-alumina fibrous in-
sulation. Its primary components are alumina and silica. The
nominal density is 128 kg/m>. The SEM micrograph of fibrous
insulation sample is shown in Fig. 1. From the figure it can be
seen that the fiber diameter varies from 1 um to 9 um, approxi-
mately.

3.2. Effective thermal conductivity

Effective thermal conductivity which combines the effects
of heat transfer by conduction, convection and radiation, is one
of the most important parameters to characterize the thermal
performance of the insulation. Effective thermal conductivity
varies with temperature and pressure under the aerodynamic
heating conditions. In order to investigate the heat transfer
through the fibrous insulation and obtain the effective thermal
conductivity exactly and reliably, an apparatus was developed.
A schematic of the apparatus is shown in Fig. 2. A graphite
radiant heater is used as the radiant heat source and a tem-
perature as high as 1873 K can be reached. The sample is
placed between a septum plate and a water-cooled plate main-
tained at room temperature. The water-cooled plate is placed
on the bottom to reduce the effect of natural convection. The
insulating screen and guarded insulation are used to minimize
lateral heat loss and produce a more uniform heating of the
overall test setup. Eight type K thermocouples are installed to
monitor the change of temperatures during heating, four ther-
mocouples for the hot side and the others for the cold side.
Two heat flux gauges (WYP hard probe type) located on the
water-cooled plate are used to measure the flux of heat en-
ergy flowing through the sample. Layouts of thermocouples
and heat flux gauges on water-cooled plate and septum plate
are shown in Figs. 3 and 4. Only the thermocouple and heat
flux gauge data from the central 300 x 300 mm section of the
test setup are used to calculate the effective thermal conduc-
tivity of the sample. All the measured data are collected using

Fig. 1. SEM micrograph of fibrous insulation sample.
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Fig. 2. Schematic of the thermal conductivity apparatus. 1. Carbon fabric insu-
lation barrel; 2. Vacuum chamber; 3. Septum plate; 4. Test specimen; 5. Water-
cooled plate; 6. Guarded insulation; 7. Graphite radiant heater; 8. Insulating
screen.
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Fig. 3. Layout of thermocouples and heat flux gauges on water-cooled plate.

a multi-channel temperature measurement device in conjunc-
tion with a personal computer-based data acquisition software.
The apparatus is housed inside a vacuum chamber and the en-
vironmental pressure varies from 1072 to 10° Pa. A pressure
sensor is used to measure the pressure in the vacuum chamber.
Once the insulation sample is inserted into the test apparatus,
the gas inside the vacuum chamber is removed. The primary
reason for which nitrogen is selected for use in this experiment
is to eliminate water vapor in air from the chamber and reduce
the oxidation of the graphite at higher temperature. Once all
the thermocouples on the hot side and cold side and heat flux
gages on the water-cooled plate are stabilized, data storage is
initiated. Using the measured heat flux, the hot side tempera-
ture, the cold side temperature, and the sample thickness, the
effective thermal conductivity of the insulation sample can be
calculated from Fourier’s law of heat conduction:

qL

ke = —
‘Th-T

12)

The uncertainty of the measured effective thermal con-
ductivity is estimated from the error propagation equation of
Eq. (13).
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Fig. 4. Layout of thermocouples on septum plate.

The uncertainty for each measurement point is shown in Ta-
ble 1. The overall uncertainty of the measurement is within 8%
approximately.

In the present study, the sample has a square cross sectional
area with the sides being 450 mm. The nominal thickness of
the sample is 40 mm.The effective thermal conductivity of the
sample is measured with the nominal hot side temperatures set
at 373, 473, 573, 673, 773, 873, 973 K, and the nominal exper-
imental pressures controlled at 1 x 1072, 10, 1 x 10,5 x 103,
5 x 104, 1.013 x 10° Pa. Each measurement consists of set-
ting temperature the septum plate on the top of the sample to
the desired temperature, varying the nitrogen gas to the desired
pressure, and allowing both temperature and pressure to reach
a steady state condition.

3.3. Rosseland mean extinction coefficient

In order to quantify thermal radiation within the insulation,
the temperature-dependent extinction coefficient is needed.
Physically, the extinction coefficient represents the decay rate
of the radiation intensity passing through the material. Rosse-
land mean extinction coefficient is a more commonly used
material parameter than the spectral extinction coefficient, as
the former represents the overall effect of energy decay in the
material. The Rosseland mean extinction coefficient is defined
as [14]

o
1 [ 10Ep
Kr J By. OEp

dh (14)

The spectral extinction coefficients for thin sample can be ob-
tained, using Beer’s law as [11]:

L
Ton = exp — / B dx (15)
0

For a homogeneous sample, 8, is independent of the sample
thickness, then Eq. (15) can be reduced to
_ In(7y5)

B = 7 (16)
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Table 1
The uncertainty of the effective thermal conductivity measurement
Hot side temperature Pressure
LY 1x 1072 Pa 10 Pa 1 x 102 Pa 5% 103 Pa 5 x 10* Pa 1.013 x 10 Pa
373 7.53 7.44 7.45 7.45 7.44 7.44
473 7.68 7.46 7.48 7.45 7.47 7.49
573 7.51 7.50 7.51 7.52 7.52 7.54
673 7.57 7.52 7.56 7.55 7.55 7.59
773 7.61 7.54 7.59 7.58 7.59 7.62
873 7.61 7.65 7.63 7.58 7.64 7.64
973 7.66 7.58 7.59 7.61 7.64 7.65
. . .. -~ 0.10
For black bodies, the monochromatic emissive power was X
derived by Planck by introducing the quantum concept for elec- :E/ e 1x102p A
. L —m—1x a
tromagnetic energy as § 0.08 —0--1x102 Pa A
2 he? = -2+ 1,013x10° Pa A
whe G -

Epj == a7) S 0.06F R

A (exp(he/(KTX)) — 1) ° A

o}
Then Eq. (14) can be transformed to: % 0.04F At
.0

e 23 % oo/'
L _ / _ L 2rh*c’ exp(hc/(KTA)) 4. (18) ﬁ 002t N O o--:'/-/./-
Kgr In(T;,;) 4K o A8T5[exp(hc/(KTA)) — 1]2 2 _/__/./'
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By integrating Planck’s law (Eq. (17)) over the wavelength, Ww 300 350 400 450 500 550 600 650 700

it has been established that over 80% of the thermal radiation Temperature/K

lies in the wavelength range between 2.5 um and 25 pm below
973 K. In this study, the spectral transmittance is measured for
the wavelength range of 2.5-25 um using a Fourier transform
infrared spectrometer (Bruker IFS 66V/S, Germany).

4. Results and discussion
4.1. Effective thermal conductivity

The effective thermal conductivity of the sample as a func-
tion of the average temperature is presented in Fig. 5. The
effective thermal conductivity increases non-linearly with the
increase of the average temperature. The variation of effec-
tive thermal conductivity with environmental pressure for the
sample is shown in Fig. 6. Data are plotted for three differ-
ent nominal hot side temperatures. The figure shows that the
measured effective thermal conductivity increases with increas-
ing pressure levels. As can be seen, the effective thermal con-
ductivity increases somewhat below 10 Pa, rapidly between
1 x 10> Pa and 5 x 103 Pa and then stays relatively constant
above 5 x 10* Pa. As solid and radiative contributions are in-
dependent of gas pressure, changing pressure only affects the
contribution of gas conduction to the effective thermal con-
ductivity. It can be stated that gas conduction increases with
increasing pressure. The same trends are observed for all other
insulation sample.

4.2. Rosseland mean extinction coefficient

The measured spectral transmittance as a function of wave-
length is plotted in Fig. 7 for high-alumina fibrous insulation

Fig. 5. Variation of effective thermal conductivity with temperature.
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Fig. 6. Variation of effective thermal conductivity with pressure.

with different thicknesses. It demonstrates that the spectral
transmittance decreases as the media thickness increases. The
insulation transmittance property is strongly dependent upon
the spectral wavelength. It is noticed that all the testing sam-
ples with different thicknesses exhibit similar dependence upon
the wavelength. Fig. 8 shows the variation of spectral transmit-
tance with wavelength at various temperatures. Given the fact
that there is no obvious change in the physical and chemical
properties of high-alumina fibrous insulation up to 973 K, the
trends are similar for the sample at various temperatures. The
maximum values of transmittance decrease and show a shift
towards the direction of longer wavelength as temperature in-
creases.
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Fig. 7. Variation of spectral transmission of samples with different thicknesses
with wavelength at room temperature.
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Spectral extinction coefficient can be obtained from Eq. (16)
using the measured spectral transmittance. The spectral ex-
tinction coefficient thus determined is plotted as a function of
wavelength in Figs. 9 and 10. Fig. 9 shows that the spectral ex-
tinction coefficients of the samples with different thicknesses
show comparatively large differences in the wavelength range
of 2.5 um to 5.2 um. The spectral extinction coefficients co-
incide very well in the range of 5.2 um to 8 um. Little differ-
ences are shown in the spectral extinction coefficients of the
three samples in the range of 8§ pm to 25 pm. On the whole,
the assumption of spectral extinction coefficient independent of
sample thickness is applicable for the samples in the present in-
vestigation range. Fig. 10 demonstrates that the spectral extinc-
tion coefficients at various temperatures exhibit similar trend.
Spectral extinction coefficients increase slightly as temperature
increases.

Rosseland mean extinction coefficient is an average extinc-
tion coefficient over the spectrum weighted by the emissive
power. It represents the ability to eliminate thermal radiation
at a certain temperature. The variation of Rosseland mean ex-
tinction coefficient with temperature obtained from Eq. (18) is
shown in Fig. 11. The results demonstrate that the Rosseland
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Fig. 9. Variation of spectral extinction coefficient of samples with different
thickness with wavelength at room temperature.
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Fig. 10. Variation of spectral extinction coefficient of samples with wavelength
at various temperatures.
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Fig. 11. Variation of Rosseland mean extinction coefficient with temperature.

mean extinction coefficient initially decreases with increas-
ing temperature, reaching the minimum value of 4570 1/m at
around 373 K, and then increases with the rise of temperature. It
is noticed that if the thickness of the sample is sufficiently large,
the optical thickness of the insulation will be large enough for
the sample to be treated as an optically thick medium and radi-
ation in the insulation can be considered as a diffusion process.
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4.3. Numerical results

The various heat transfer mechanisms through fibrous insu-
lation are coupled, and the net contributions of each component
to the effective thermal conductivity cannot be independently
assessed. The contribution percent of different heat transfer
mechanisms to local thermal conductivity at the nominal hot
side temperature of 973 K under pressures of 1 x 10~2 Pa and
1.013 x 10° Pa is shown in Fig. 12. The solid conduction, gas
conduction and radiation contributions to the local thermal con-
ductivity are presented as a function of the dimensionless tem-
perature. The dimensionless temperatures of 0 and 1 correspond
to temperatures of cold side and hot side. The percent of con-
tribution of solid conduction decreases as the temperature in-
creases. Gas conduction is negligible at pressure of 1 x 1072 Pa.
While it has a larger contribution to the thermal conductivity
compared to radiation at pressure of 1.013 x 10 Pa. The radia-
tion becomes more dominant with increasing temperature. The
contribution of radiation can be up to 90 percent at high tem-
perature at pressure of 1 x 1072 Pa. The variation of radiative
thermal conductivity with temperature for the fibrous insulation
sample is presented in Fig. 13. The radiative thermal conductiv-
ity increases with the rise of temperature non-linearly.
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Fig. 14. Comparison of calculated and measured effective thermal conductivity
at nominal pressures (a) 1 x 102 Pa; (b) 5 x 103 Pa; (c) 1.013 x 105 Pa.

The comparisons of analytical predictions using the model
described above and experimental results of effective ther-
mal conductivity at pressures of 1 x 10? Pa, 5 x 103 Pa and
1.013 x 107 Pa are shown in Figs. 14(a)-14(c). Most of the nu-
merical results under-predicted the experimental results for the
sample. An average 14.7 percent difference was obtained be-
tween the calculated and measured values for all the testing
points. The numerical results agree well with the experimen-
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Fig. 15. Comparison of calculated and measured effective thermal conductivity
at nominal hot side temperatures (a) 473 K; (b) 573 K; (c) 773 K.

tal results at the nominal pressure of 1 x 10% Pa. The difference
at this pressure is less than 4 percent. The comparison of calcu-
lated and measured effective thermal conductivity of the sample
at nominal hot side temperatures of 473 K, 573 K and 773 K is
shown in Figs. 15(a)-15(c). As can be seen from these figures,
the largest difference occurs at high temperature, which is al-
most 26 percent. As for the reasons for the difference, radiation
heat transfer is more dominant with the increase of temperature

because it is related to the fourth power of temperature. The
solution of radiative heat transfer in fibrous insulation is very
complicated because of the existence of anisotropic scattering.
Therefore, if an improved radiation model taking into account
anisotropic scattering by insulation was used to deal with the
radiation, the predictions might be more accurate.

5. Conclusions

This work reports on experimental and numerical studies of
effective thermal conductivity for high-alumina fibrous insu-
lation. Analytical models combined radiation and conduction
heat transfer were developed to predict the effective thermal
conductivity of the fibrous insulation at various temperatures
and pressures. The optically thick assumption was used to de-
scribe the radiation heat transfer through the insulation. The
effective thermal conductivities of the fibrous insulation were
measured at gas pressures between 1072 Pa and 10° Pa and
temperatures up to 973 K. The transmittance spectra of the
fibrous insulation were also measured at corresponding temper-
atures. The spectral extinction coefficients and Rosseland mean
extinction coefficients were obtained based on transmittance
data. The calculated values corresponded to the experimen-
tal values within an average of 14.7 percent. The model was
consistent with experimental results through the temperatures
and pressures under the investigation. Gas conduction is almost
negligible below 1 Pa. Solid and radiative contributions in the
insulation are found to be independent of pressure. Therefore,
gaseous conductivity at high pressures can thus be obtained by
subtracting this measured result at low pressures from the to-
tal heat transfer. Gas thermal conductivity accounts for about
70 percent of the total effective thermal conductivity when the
environmental pressure is larger than 5 x 103 Pa. Suppose that
the mean radiative thermal conductivity at the hot side temper-
ature 77 and the cold side 75 is defined as

; 7 (160 /3K p(T)T3)dT

r — Tl _ T2 )
the mean radiative thermal conductivity can reach 1.82 x
1072 Wm~! K~! at the nominal hot side temperature of 973 K,
which means that radiative thermal conductivity accounts for
about 70-80 percent at low pressures when the gas conduc-
tion is almost negligible, while about 20-30 percent at high
pressures. Radiation heat transfer and gas conduction are the
dominant heat transfer mechanisms under investigated condi-
tions. Therefore, vacuum thermal insulation technology and
highly reflective coatings applied on the surface of fibers are
good ways to further enhance the heat insulation effect.
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