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Active Thermal Protection System Against Intense Irradiation

S. Maruyama* and R. Viskantaf
Purdue University, West Lafayette, Indiana

T. Aihara}
Tohoku University, Sendai, Japan

An active thermal insulation system for protecting a structure from intense incident radiation flux is consid-
ered. The system consists of a high-porosity semitransparent material through which a gas is transpired. A
theoretical investigation is performed to study transient heat transfer by combined conduction, convection, and
radiation in a layer of a semitransparent porous medium which is subjected to a high-intensity irradiation and
injection of gas through the layer. Parametric calculations were performed and are reported in the paper. In the
presence of gas injection through the porous layer, the temperature profile is totally different from that in the
absence of injection, and the total heat flux through the layer vanishes within a small thickness. Drastic reduction
in time to reach steady-state conditions is also achieved by the gas injection. The thickness of the porous layer
and the radiation properties such as the single scattering albedo greatly affect the temperature distribution and

the insulation performance.

Nomenclature

b.f = backward and forward scattering fractions

Cpg» Cs = specific heat of gas and porous material,
J/kg K

dp = equivalent particle diameter of porous
media, m

EE, = radiation fluxes leaving front and back
surfaces of surroundings, ¢T¢, o774, Fig. 1,
W/m?

h. = effective heat-transfer coefficient of porous
media, W/m?K

kg = heat transfer coefficient at the front surface,
W/m2K

{ = thickness of porous layer, Fig. 1, m

k, = apparent conductance of porous slab,
q /(T —T,), W/mK

km, kg = thermal conductivity of porous media and gas,
W/mK

n, = apparent index of refraction, Eq. (16)

Nu, = Nusselt number based on particle diameter,
h.d,/k,

Ng, N, N, =radiation, heat advection, and convection
parameters, Eqs. (4), (5), and (6), respectively

Pr = Prandtl number of gas, pgrc,,/k,

qt,q” = forward and backward radiation fluxes, W/m?

qr = radiation flux, g* — ¢—, W/m?

qs = convective heat flux at front surface, Fig. 1,
W/m?

q; = total heat flux through porous media, Eq. (1),
W/m?
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Q, O, Q~ = dimensionless heat flux, Q =g /(E,—E,),
Q*=q*/(E\~E), Q" =q~/(E\~Ep)
Re, = particle Reynolds number, u,d,/v

T, T, = radiation source temperatures at the front and
back surfaces, Fig. 1, K

T;, T, = temperatures of porous media and gas, K

t = time, s

t* = dimensionless time, k,,t/(1 —¢)pc 2

us = superficial velocity of gas at entrance
temperature, m/s

X = dimensionless length, x/¢

Xp = thermal penetration depth at steady-state
condition, m

a = dimensionless heat-transfer coefficient,
l ds I f/(T] - Tz)km

B = source temperature parameter, (T1/7T5)*

€ = surface emissivity of solid cross section at
boundary, Fig. 1

bs, 0, = dimensionless temperatures of porous media
and gas, (T, — T)/(Th — 1), (T, — T))/(T1 - T»)

v = kinematic viscosity of gas, m?/s

Ds» Pg = true density of porous material and density of
gas, kg/m?

I = Stefan-Boltzmann constant, W/m?K*

o, = extinction coefficient, 1/m

T = optical depth, g.x

To = optical thickness, o.¢, Fig. 1

103 = porosity of porous media

Wo = single scattering albedo of porous media

I. Introduction

HERMAL protection and insulation are important for

the cooling of rocket nozzles and re-entry vehicles, protec-
tion of structures from high-intensity energy beams, and de-
sign of fusion reactors and furnaces for material processing.
Broad surveys of the cooling and protection techniques are
available.!> When the boundaries of the system are exposed to
a high-intensity irradiation and to a high-temperature environ-
ment, conventional insulating materials such as porous or fi-
brous media3# have poor performance. This is especially true
for steady-state conditions, because radiation heat transfer
predominates over conduction.



390 MARUYAMA, VISKANTA, AND ATHARA

Considerable benefit is realized in mass-transfer cooling
(transpiration, film, ablation) of thermal protection systems
from the heat blockage due to the injection of material into the
boundary layer.>¢ For example, as the ablating material sub-
limes the ablation products pass through the permeable matrix
and cause the desired heat-flux reduction. The advantages and
disadvantages as well as practical problems with the different
cooling methods and protection systems are well known® and
need not be repeated here. Suffice it to mention that the heat-
ing loads (i.e., heat flux and duration of pulse) for planetary
entry'?7 and Earth-based® systems are different and so are the
thermal protection system requirements. For example, it has
been well documented that for short re-entry times the ablative
systems are more efficient, whereas the transpiration and radi-
ation schemes become more efficient as the entry times in-
crease. In brief, the thermal protection system design depends
on whether the convective, radiative or both heat loads are
important and whether the duration of the load is short or
long. The subject of this paper is to evaluate a scheme for
protecting a structure from intense thermal irradiation over a
long time period.

A high-performance thermal protection system capable of
alleviating thermal damage can be achieved by using a semi-
transparent, highly scattering porous medium composed of a
very fine structure through which a gas is transpired. The
radiation absorbed by the medium is transferred to the gas by
convection, which then transports a part of the heat away from
the porous medium by advection.

There have been many studies of combined conduction-
radiation heat transfer in porous media.® Heat transfer in a
porous solid irradiated by an intense solar radiation flux was
studied by Matthews et al.,!° and a thermal conductance model
was developed by Zumbrunnen et al.!' A unique high-temper-
ature heat-transfer augmentation scheme using porous media
was proposed by Echigo,!? and the application of this concept
to combustion was studied by Echigo et al.'?

Most of the studies concerned with transpiration cooling
were intended to reduce the convective heat transfer between
the ambient gas flow and the surface,’ and few studies such as
those of Epifanov and Leontjev'* and Schuster!s have treated
heat transfer inside the porous material with transpiration in
the absence of radiation. However, the authors could not iden-
tify any studies concerned with combined conduction-con-
vection-radiation heat transfer in porous media with gas tran-
spiration designed to thermally protect a structure.

In this paper, a theoretical investigation is performed to
study transient heat transfer by combined conduction, convec-
tion, and radiation in a layer of a semitransparent, scattering
porous medium which is subjected to high-intensity irradiation
at one face and through which a gas is transpired. Parametric
calculations were performed, and salient features of the ther-
mal protection system are discussed.

II. Combined Heat-Transfer Model

A one-dimensional layer of a semitransparent high-porosity
material as shown in Fig. 1 is considered. At the front surface
of the plane, porous layer is exposed to high-intensity thermal
radiation, and a low-temperature gas is injected through the
back face of the layer. The radiation source at the front sur-
face is characterized by temperature 77, and the inlet gas tem-
perature and ambient temperature at the back face is 7,. The
front surface is subjected to a convective heat flux g, either
from the exhaust or ambient gas.

For simplicity of the analysis, the porous material is as-
sumed to be gray, and the thermophysical properties of the
material and the gas are considered to be independent of tem-
perature. The total heat flux g, through the porous plane layer
is given by

aT,
qr = —kn ?xfs + gr — Cpepotts (T, — T>) 0y

The first and second terms on the right-hand side of Eq. (1)
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Fig.1 Schematic of the physical model.

represent the conductive and radiative heat transfer, respec-
tively, and the third term accounts for advective transport of
energy by the transpired gas which flows through the porous
medium. Since the heat capacity of the gas per unit volume is
of the order 1/100-1/1000th of the porous medium, the tran-
sient term in the energy equation of the gas can justifiably be
neglected. Also, the gas is considered to be radiatively nonpar-
ticipating. The mass flux p,u, appearing in Eq. (1) is constant
through the layer even though the gas is subjected to a large
difference in temperature.

It is assumed that the porous medium can be represented by
a packed bed of spherical monodisperse particles of diameter
d,. With this assumption, the surface area of the porous
medium per unit volume becomes 6(1 —¢)/d,, and the heat is
transferred from the particles to the transpired gas by convec-
tion. Introducing dimensionless parameters defined in the
Nomenclature, the governing energy equations for the porous
solid and the gas can be expressed as

30, _ 8%, 30k a0,
3t~ axz Negx tNeox @
30
5}%— = _Ng(os"og) (3)
where
N. - LT oI+ TP+ T @
R k(T =To)/2 (km/?)
CpgPelist k, ¢
=281 | £ __)p
N, . <k,,, z rRe, ®)
? Nu
N, =61 —¢)<;p> Frie, ©)

As shown in Fig. 1, the surroundings of the layer are at
ambient temperatures 7, and T, and the front and back sur-
faces of the porous layer are subjected to the isotropic irradia-
tion from blackbody sources at temperature T; and T, respec-
tively. If the porosity of the medium is uniform and if the
fraction of the cross-sectional area of the solid material on the
surface of the porous slab is (1 —¢), a fraction of the irradia-
tion is absorbed by the solid cross section of the layer, and the
remaining fraction penetrates into the medium. The absorp-
tion and emission of radiation by the solid exposed to the
irradiation affect the boundary condition on the front and the
back faces. Assuming that there is convective heat transfer at
the front surface, the thermal boundary condition for the tem-
perature of the porous medium is as follows:

%, __t(1-9) _
"X T k(T —Ty) es"[Ti‘ T (0)]
£g,

+ at X =0 Q)
km (T —T>)
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The inlet gas temperature is assumed to be the samie as that of
the ambient temperature of the back face T3, and the initial
temperature of the porous medium is assumed to be 7. Then,

L%, ai-9) . B
i ot [T 1)— T2] atX=1 (8
6, =0, at X =1 ©
6, =6, =0, fort*=0 10)

In the present analysis, with some extrapolation of the par-
ticle Reynolds number range, the empirical formula proposed
by Huber and Jones' is adopted for the estimation of the
effective heat-transfer coefficient:

u, = 0.054Re) %, 0.7<Re, <16 an
The validity of the abové equation and the comparison with
the other empirical correlations are discussed in the litera-
ture.!’

There have been many approximate methods proposed for
predicting the radiant heat flux gz. Menguc and Viskanta!®
have assessed the validity of several different methods by com-
paring the predictions with the exact solution, and the two-flux
approximation was found to yield sufficiertly accurate results
for all optical thicknesses and scattering functions considered.
As a consequence, the two-flux approximation is adopted in
the analysis of the radiative transfer:

1dQ+ + +

2 o (100" wbQ  + (1=w)Ey (1)

1dQ~ ‘

3 = —(-Fe)0 whQ + U0 E, (13
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Fig. 2a Transient temperature distribution in porous media (radia-
tion source temperature 771 =2000 K, inlet gas temperature 7> =300 K,
thickness of the layer {=10 mm, Re, =5.0, and a=0).
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Fig.2b Transient temperature distribution in porous media without
gas injection (71=2000 K, {=10 mm, Re, =0, and a=0).
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where
n2oT?
Ey= ——= 14
5 19
Equation (2) and Egs. (12) and (13) are related by
d .
B 2y~ w0~ Q* ~ Q" +2Ey) as)

The index of refraction n, appearing in Eqs. (12) and (13)
needs special treatment when the material, such as a porous
medium, is inhomogeneous. In the present analysis, the effec-
tive index of refraction n, as originally derived by Max-
well-Garnett is calculated from the following expression!®:

n? = n2 n? +2ng +2(1 — ¢)(n2 —ng)
‘ nZ+2nk —(1—¢)n? +n?)

(16)

Recalling the gray assumption and the discussion of the
boundary conditions in Egs. (7) and (8), the boundary con-
ditions for the radiative fluxes can be expressed as

ot = [¢+es(1 4>)] at7=0 an

EE

Q" = [¢+es(l ¢)] atr=1, 18)

EE

where the internal reflection by the solid boundary for the
radiation incident from inside the material is neglected.

The solution of Egs. (2), (3), (12), and (13) was obtained
numerically using a finite-difference scheme with an iterative
procedure. Discussion of the present model and the numerical
procedure is available elsewhere.!”?

III. Results and Discussion

Porous zirconia was chosen as the medium for the numerical
calculations. The working fluid was selected to be air at 30 K
and 1 atm. There are few sources of data available in the
literature for porous materials for which both thermal and
radiation properties were measured or estimated. A high-
porosity, high-temperature porous material used by Matthews
et al.! was chosen as a porous medium. The thermophysical
and radiative properties of the porous medium are listed in
Table 1. The porosity, ¢=0.9, and characteristic particle di-
ameter, d, =100 pm, were assumed.

_ Transient Temperature Distribution

The transient temperature distributions in the porous
medium with gas transpiration are plotted in Fig. 2a. In this
example, the temperature of the radiation source Tj was cho-
sen to be 2000 K so that the irradiation at the front surface
would be approximately 1| MW/m?. The Reynolds number,
Re, =5.0, corresponds to the superficial velocity of u;=0.79
m/s. For the purpose of comparison, the temperature distribu-
tion in the solid in the absence of gas transpiration through the
matrix (Re, =0) is also plotted in Fig. 2b.

Comparison of Figs. 2a and 2b reveals that the injection of
the gas through the porous layer not only gives totally different
temperature profiles, but also greatly affects the time to reach
steady-state conditions. If we define the time to reach steady
state ;s as

= (tx,x=0,1)| <107? (19)

at*

then the dimensionless times for Re,=5.0 and 0 are 2.25
x 1072 (27 s) and 6.2x10~! (750 s), respectively. A drastic
reduction in the time to reach steady state is found when a gas
is transpired, i.e., the dimensionless time is approximately 30
times shorter than in the absence of gas transpiration.
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Table 1 Thermophysical and radiation properties of porous zirconia

Thermophysical properties
¢ =1.75x10% J/kg-K
ps = 5.60 x 10° kg/m?
p =(1—d¢)ps = 5.6 X 102 kg/m> (where ¢ = 0.9 is assumed)
km = 8.2 %1072 W/mK (T = 600 K)
dp = 100pm = 10~*m (assumed)

Radiation properties

oe =8.969 x 10° m~!
b =0.2506

wo = 0.99

ns =1.6,n,=1.0

ng = 1.05, (n2 = 1.11)
es =0.35

In the present analysis, the steady-state thermal penetration
depth x, is defined as the thickness where the steady-state solid
temperature is reduced to a value of 6; = 0.01. If x,, is less than
the thickness of the porous layer ¢, the effective thickness of
the porous layer becomes x,,. If one recalls that the dimension-
less time ¢* is inversely proportional to £2 and compares the
steady-state temperature distributions in Fig. 2, one can con-
clude that the smaller the effective depth of the thermal pene-
tration in the porous layer, the shorter is the time to reach
steady state. The results suggest that for an active thermal
protection system both the insulation thickness and the heat-
up time are decreased significantly. The decrease in heat-up
time can shorten the turnaround time of large and even small
(i.e., used in new materials processing) industrial furnaces.

Steady-State Temperature Distribution and Heat Flux

The effects of gas injection on the temperature distribution
in the porous solid and gas are shown in Fig. 3. The boundary
conditions are the same as those employed to obtain the results
reported in Fig. 2. The injection of the gas greatly changes the
temperature distribution in the porous medium, relative to the
case without gas injection. Especially remarkable is the de-
crease of the back-surface temperature 6;(1), even for the very
low superficial gas velocity. Also, the temperature at the front
surface can be greatly reduced for Re, =5.0.

It can be noted from the temperature distribution for
Re, =5.0 that the thickness of the layer can be reduced to as
small as 5 mm without increasing the total heat-transfer rate at
the front surface. The large difference between the solid and
gas temperatures at the front surface implies that the assump-
tion 6, =0, adopted by some authors in the literature for heat
transfer in porous media is not appropriate for the present
problem when the porous material is exposed to a very intense
incident radiation flux.

Under steady-state conditions, the local dimensionless heat
flux [see Eq. (1)] is constant, i.e.,

1 80,

_ N,
Q=7 %t O Kb @0)

For this limiting case, the steady-state conductive, advective,
and radiative fluxes for Re, = 5.0 and 0 are plotted in Figs. 4a
and 4b, respectively. In the figure, Q.;and Q,, are the first and
third terms of the right-hand side in Eq. (20). The boundary
conditions given in the figures are the same as those in Fig. 3.
It is noted that the total heat flux through the porous layer
almost vanishes for Re, =5.0. The conductive heat flux is a
much smaller fraction of the total heat flux than the radiative
or convective fluxes, because the radiation transfer parameter
Ny is 65. On the other hand, the advective heat flux Q,, is of
comparable magnitude to the radiative flux. The radiative
fluxes Q@+ and Q ~ are unsymmetric (Fig. 4a). Each flux al-
most vanishes at X =0.3 (x =3 mm). This trend is similar to
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the temperature distribution shown in Fig. 3a. However, in the
absence of gas injection (Fig. 4b) the heat fluxes remain finite
at the back face. It is noted that for conventional insulation
(Fig. 4b), the heat transfer through the insulation does not
vanish (even though it is very small) to maintain the outer
surface at a desired temperature. However, the present active
insulation system (Fig. 4a) can eliminate heat transfer through
the system by maintaining the exposed front surface at a low
temperature.

Effects of Surface Heat Flux

In transpiration cooling, the transpired gas is intended to
reduce the convective heat transfer at the front surface.’ Many
existing studies are concerned with heat transfer between the
surface and ambient gas flow in which the injected gas is
assumed to be at the same temperature as the wall. This as-
sumption is appropriate if the particle diameter is small and

10

Fig. 3 Effects of gas injection on the dimensionless temperature dis-
tribution in the solid and gas (71 =2000 K, =10 mm, and «=0).
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Fig. da Steady-state dimensionless radiative fluxes @+, 0, con-
ductive flux Q.q, and advective flux Q., (Rep, =5.0, T1=2000K, /=10
mm, and a=0).
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Fig. 4b Steady-state dimensionless radiative fluxes 0+, 0, and
conductive flux Q.q without gas injection (Rep, =0, T1=2000K, (=10
mm, and a=0).
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irradiation is absent.!* However, for a porous layer subjected
to very high intensity irradiation on the front surface, the
thermal equilibrium assumption is not appropriate as shown in
Fig. 3, and low temperature gas [6,(0) < 0,(0)] leaves the front
surface of the layer. For this case, the heat flux might be
positive (from ambient to the surface) or negative (from sur-
face to ambient). There are no experimental data or analysis
for such a case, either for natural convection or for forced
convection.

The effect of dimensionless surface heat flux Q;[=gq.¥/
(T1— T»)k,,] on the solid temperature distribution is shown in
Fig. 5. Here, the dimensionless heat-transfer coefficient « is
chosen to be 10, which corresponds to a convective heat-trans-
fer coefficient of 82 W/m?K. In the figure, the value for the
case of o=0 is also presented. The effect of the surface heat
flux is to raise or lower the temperature near the front surface;
however, this effect is restricted to within 10% of the layer
thickness, and the remaining region is not affected by the
convective heat transfer at the front face. This fact implies that
the apparent thermal conductivity or the total heat flux is not
affected by the surface heat flux.

Effects of Other Parameters

The solid temperature at the front and back surfaces [6,(0)
and 6,(1)], the exit gas temperature 6,(0), and aparent steady-
state conductance k, are plotted for different parameters in
Figs. 6-9. The dimensionless apparent conductance is related
to the dimensionless total heat flux Q, by

ko/ky = NRQ, (03))

Figure 6 shows the effects of gas-injection velocity on the
temperatures in the gas and solid and on the apparent conduc-
tance. The solid temperatures at the two faces of the layer
[6,(0) and 6,(1)1, along with k,/k,,, increase with a decrease in
the gas velocity. The exit gas temperature 6,(0), on the other

1.0 T

o)
o} 0.5 10

X

Fig. 5 Effects of convective heat transfer at the front surface on the
steady-state temperature distribution in the solid for a«=10.
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Fig. 6 Effects of gas-injection velocity on solid temperature at the
front [65(0)] and back [65(1)] surfaces, exit-gas temperature 0, (0), and
dimensionless apparent conductance k;/k, (I1=2000 K, {=3 mm,
and a=0).

THERMAL PROTECTION SYSTEM AGAINST IRRADATION 393

hand, has a maximum around Re, =0.7 (4;=0.11 m/s). This
maximum is due to the convection heat-transfer coefficient
model between the solid particles of the porous bed and the gas
[i.e., Eq. (11)]. In the absence of gas injection (Re, =0), the
apparent conductance is 1.6 times higher than the thermal
conductivity of the solid matrix. Once the injection starts, the
conductance decreases to about one-seventh of the thermal
conductivity of the solid for Re, >2. Further increases in the
gas-injection velocity do not affect the conductance. This
trend is similar to that of the temperature of the solid at the
back surface.

Figure 7 shows the effects of the porous-layer thickness. If
the layer is more than 5 mm thick, the exit-gas and the front-
surface temperatures are constant, and the heat transfer
through the material is completely eliminated. This thickness
corresponds to the thermal penetration depth discussed in
Figs. 3 and 4. Abrupt changes in surface and gas temperatures
are observed for a layer less than 3 mm thick. The increase in
the apparent conductance is also significant. This is due to the
fact that the material is not thick enough to attenuate the
incident radiation flux and that the surface area is too small to
transfer the absorbed energy by convection to the gas. In order
to utilize the proposed active insulation system, a certain thick-
ness of the porous layer is needed, although it may be very
small compared with that of the conventional insulation.’

The effects of the intensity of incident radiation flux g, are
shown in Fig. 8. In the figure, two different parameters,
B8=(T\/T»)*, where T,=300 K, and E, =0T}, are used as the
abscissas. The particle Reynolds number and layer thickness
are chosen as 3 (us=0.47 m/s) and 3 mm, respectively. A sud-
den increase in k,/k,, is evident for high heat fluxes, especially
for 3> 104, Also, the front-surface temperature is quite high in
this range. This is due to the fact that the thermal penetration

To
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Fig. 7 Effects of the porous-layer thickness ¢ on solid temperatures
at the front and back surfaces, exit-gas temprature, and dimensionless
apparent conductance (Rep = 3.0, T1=2000 K, and «=0).
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Fig. 8 Effects of radiation source temperature 71 on the solid tem-
peratures at the front and back surfaces, exit-gas temperature, and
dimensionless apparent conductance (Rep, =3.0, {=3 mm, and a=0).
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1= wy

Fig. 9 _Effects of single-scattering albedo w, on the solid temperature
at the front and back surfaces, exit-gas temperature, and dimension-
less apparent conductance (Rep =3.0, T1=3000 K, T1/T>=10, (=3
mm, and a=0).

depth is too large, and the layer is too thin to attenuate the
incident radiation flux. A material having a larger scattering
albedo is more effective for reducing the front-surface temper-
ature, as will be shown in Fig. 9. For such a high-temperature
condition, use of a dissociating gas might be effective to in-
crease the heat capacity of the gas.

The preceding results are for a porous material having a
single scattering albedo of w, =0.99. The albedo is considered
to be a model parameter while the remaining parameters are
the same as those given in Table 1. The calculated surface
temperatuers and apparent conductance are shown in Fig. 9.
When (1 —w,) is small, the radiation absorbed by the material
is small, and so is the exit-gas temperature. The predicted con-
ductances are rather large; however, the surface temperature
of the material remains low for small (1 —-w,). The opposite
can be said for large (1 —w,). These trends are closely related
to the radiant energy absorbed by the material and the thermal
penetration depth. When (1—w,) is small, the penetration
depth is large, but the energy absorbed by the material and
transferred to the gas is small. On the other hand, the thermal
penetration depth is small for large (1 —w,), and there is not
sufficient depth (area) to transfer the absorbed energy to the
gas by convection. The results show that there is a maximum
gas temperature at (1 —w,) = 0.1. It is noted that there is little
difference in conductance and front-face temperature for
albedos in the range 0.5 <w, <0.9.

IV. Conclusions

A theoretical investigation of transient heat transfer by com-
bined conduction, convection, and radiation in a layer of a
semitransparent porous medium was performed. Gas injection
through the layer not only changes the temperature distribu-
tion in the solid matrix, but also substantially shortens the time
necessary to reach the steady-state condition. When the gas is
injected, the time required to reach steady state is approx-
imately 30 times shorter than that without gas injection.

Heat-transfer rate through the insulating boundary vanishes
with the gas injection, while maintaining the boundary at a
very low temperature. This condition can be achieved within a
5-mm-thick layer for an incident radiation flux of 1 MW/m?
and gas velocity of 0.8 m/s. Under steady-state conditions,
when the front surface is subjected to high-intensity irradia-
tion, the conductive heat flux is small compared with the radia-
tive and advective fluxes.

There can be a large temperature difference between the
solid at the front surface and the exhausted gas. This fact
suggests that the assumption of thermal equilibrium between
the gas and the porous solid is inappropriate for the present
problem where the porous material is exposed to a very intense
thermal radiation flux.

Gas-injection velocity and layer thickness (even though it is
very thin) substantially affect the front-surface temperature of
the solid and the insulation performance. However, convective
heat transfer at the front surface only affects the temperature
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distribution within 10% of the layer and does not affect the
insulation performance. The single scattering albedo of the
porous material strongly influences the performance of the
insulation. The front-surface temperature is low for large
albedos, whereas there is little difference in the characteristics
for albedos between 0.9 and 0.5.

When the radiation source temperature and irradiation be-
come large (i.e., larger than 5.0 MW/m?), larger layer thick-
nesses and larger albedos are required in order to achieve good
insulation and thermal protection.
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