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Abstract: The applicability of carbon-based foams as an insulation material in the thermal
protection systems (TPSs) of space vehicles is considered using a physical analysis and
computer modelling. The heat transfer through the foam is considered through its solid
phase and the gas residing in the foam pores via conduction and radiation. As the cellular
structure of the foam prevents a large-scale motion of the gas, thermal convection is neglected
as a heat transfer mode. The results obtained show that, although the gas-phase conduction and
radiation can be ignored at near-room temperatures and at sub-atmospheric pressures, their
contributions at high temperatures and at near-atmospheric pressure become very significant.
It is also found that one can derive an analytical expression for the effective thermal conductivity
(a parameter that combines the contributions of both conduction and radiation) as a function
of temperature and pressure. Such an expression is shown to be valid for quite large ranges
of temperature, pressure, and insulation thickness and, due to its mathematical simplicity, is
very suitable for use in computationally intensive large-scale thermo-mechanical analyses of

the entire TPS of a space vehicle.
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1 INTRODUCTION

Despite their utmost importance, thermal protection
systems (TPSs) for space vehicles are not often in the
public view. The general public typically hears about
heat shields and shuttle tiles only during manned
spacecraft missions, especially if such missions are
unsuccessful as in the case of the Columbia shuttle
in February 2003. The principal function of a TPS is
to keep excessive aerodynamic heat from destroying
or damaging a space vehicle and its occupants and
cargo.

Four different types of TPSs are generally used on a
space vehicle [1]: (i) carbon—carbon composite TPS
for the nose cap and leading edges, (ii) rigid porous
ceramic tiles for windward and leeward surfaces,

*Corresponding author: 241 Engineering Innovation Building,
Clemson, SC 29634-0921, USA.

(iii) quilted ceramic blankets, and (iv) organic felt
blankets. The last two are used for portions of the
leeward surface subjected to the lowest heating
rates. The rigid porous ceramic tiles are very effective
thermal insulators, but they suffer from a number of
shortcomings, primarily (a) they are susceptible to
low- and high-velocity impact damage due to their
inherently limited strength and toughness and (b)
they are hygroscopic and, thus, need to be water-
proofed before each launch to minimize water
absorption (prior to or during launch, or during
re-entry) which compromises the tile’s insulation
properties. Consequently, typically about 40 000
man-hours of maintenance between the flights is
needed to inspect and replace damaged tiles and to
water re-proof them. To reduce the cost of launching
the payloads to low-earth orbits, new TPS concepts
are being considered which entail less between-
flight inspection and repair. Among the new, TPSs
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are the ones based on the use of metallic TPS panels.
A typical metallic TPS panel consists of an outer and
inner metallic honeycomb-core sandwich panel and
a metallic side closure around the perimeter of the
panel. The panel is filled with insulation and
mechanically attached to the vehicle structure. The
insulation filling is typically comprised silica- or
alumina-based fibrous insulation, multi-layer filling
consisting of alternating stacks of thin gold-coated
ceramic/composite foils and fibrous insulation
layers, metallic foam (e.g. nickel foam), etc. [1].
Such metallic TPS possesses superior impact resist-
ance relative to that encountered in porous ceramic
tiles and does not require waterproofing. In addition,
it ensures lower maintenance and life cycle costs of
the launch vehicles. Such metallic TPS is currently
being considered for thermal protection of most of
the windward surface area except for the nose and
the leading edges [1].

Recently, a new carbon-based foam called
CFOAM® was developed which possesses an excel-
lent combination of thermally insulating, mechan-
ical and physical properties [2]. CFOAM® s
produced by Touchstone Research Laboratory, Ltd.
from high suphur bituminous coal using a proprie-
tary technology and it is available in two principal
microstructures: (a) an open-cell, reticulated micro-
structure and (b) a closed-cell microstructure.
CFOAM?® is currently being considered as insulation
filling for the metallic TPS panels and for backside
insulation of the carbon-carbon TPS sections of
the nose cap and the leading edges.

The objective of this work is to ascertain, through
basic physical considerations and computer model-
ling, the suitability of the CFOAM® as a TPS insulat-
ing material in space vehicles. To accomplish such a
challenging goal, one must understand, on the phys-
ical grounds, the phenomenon of heat transport
through a porous material such as CFOAM®. In gen-
eral, the transfer of heat through a porous material
is quite complex phenomenon, because it typically
involves all three standard modes of heat transfer
[3]: (a) convection through the gas residing in the
foam pores; (b) conduction through both the solid
and the gaseous phases of the foam, and (c) radiation
of the foam cell wall/ligament surfaces. The relative
contributions of these three modes of heat transfer
vary as a function of the local conditions of tempera-
ture and pressure, and they are also affected by the
microstructure of the foam itself. Although it is criti-
cal to understand the underlying physics for each of
the heat transfer phenomena mentioned above and
their roles in controlling thermal response of a
foam, it is equally important, when one deals with
the design of an entire TPS system, to be able to
define an effective thermal conductivity of the foam
as a function of the local conditions. Such effective

thermal conductivity can be readily implemented
into a large-scale (e.g. finite element) thermo-
mechanical analysis of such a TPS or its components.
Therefore, the objective of this work is two-fold: (a)
to quantify relative contributions of different heat
transfer mechanisms in CFOAM® under various
conditions during a vehicle re-entry and (b) to
develop an analytical expression, which can be
used to compute the effective thermal conductivity
under the given local conditions of temperature
and pressure, suitable for incorporation in large-
scale analyses of the performance of a TPS system
in the space vehicle.

Modelling of the heat transfer through porous
foam-like materials has been the subject of intense
research over the last few years [4-17]. For the most
part, the focus of the prior modelling studies was
heat convection and conduction as the mechanisms
of heat transport. However, at temperature above
approximately 700K, thermal radiation between
foam cell walls/ligaments becomes significant. This
is particularly important in the present case in
which a TPS panel can experience temperatures as
high as 2000 K during the flight of a space vehicle.

The organization of the paper is as follows. A brief
overview of the basic heat transfer mechanisms in a
foam-like material, the corresponding governing
equations, and the boundary conditions associated
with a vehicle re-entry are presented in section 2.1.
The effect of foam microstructure on the heat
conduction path is discussed in section 2.2. A
simple kinetic-theory-based model for heat conduc-
tion through the gaseous phase is presented in
section 2.3. The computational method used to
solve the boundary value problem at hand is briefly
discussed in section 2.4. The genetic algorithm
optimization method used during derivation of an
analytical expression for the effective thermal
conductivity is briefly reviewed in section 2.5. The
results obtained in this work are presented and
discussed in section 3. The main conclusions result-
ing from this work are summarized in section 4.

2 COMPUTATIONAL PROCEDURE

2.1 Governing equations — initial and
boundary conditions

Heat transfer through the TPS porous CFOAM® insu-
lation is treated as a one-dimensional problem in
which the heat is transferred by conduction (both
through the solid phase of the foam and through
the gas residing within the foam porosity) and by
radiation. Natural convection is neglected on the
ground that the foam structure partitions the gas
into small packets and limits a large-scale motion
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of the gaseous phase. The heat transfer hence gover-
ned by the one-dimensional energy conservation
equation is

oT 9 [, oT\ g,
T _ 9 (o1 _ %4 1
PCr 8x< 8x> ox ()

and by the radiative heat transfer equation for a
plane-parallel isotropically scattering, homogeneous,
grey (frequency-independent) medium with azimu-
thal symmetry [3] is
aT 1
It 4, @ ’
——+1=4(1 - T°+—- |1 2
=40 =T +5 [ rdy @
-1

where p is the foam density, C, the solid-phase mass
heat capacity, k the thermal conductivity, T the temp-
erature, ¢ the time, x the spatial coordinate, g, the radi-
ant net heat flux, u = cos 6, # an angle between the
radiation intensity vector I and the x-direction, 8 the
extinction coefficient (a sum of the absorption and
scattering coefficients), » the albedo of scattering (a
fraction of the incident energy scattered or, equiva-
lently, a ratio of the scattering coefficient and the
extinction coefficient), and o the Stefan-Boltzmann
constant (5.6704 x 10~ W/m?* K*).

The radiation model used in this work is highly
simplified. This was done to obtain the first-order
contribution of heat radiation to the heat transfer
through CFOAM®. This simple model was deemed
justified because a number of radiation parameters
for CFOAM® are not well established, and had to
be set to the values found in other similar carbon-
based foams. It should also be noted that the
radiation behaviour (e.g. the spectral radiation
characteristics) of CFOAM® is not well established
at the present time. Therefore, it is assumed that
CFOAM® is radiatively non-selective and the
grey-body approximation is used. Once more accu-
rate radiation parameters become available for
CFOAM®, a new more sophisticated radiative
model can be introduced.

Although a mathematical treatment of the simple
radiation model can be found in many standard text-
books dealing with thermal radiation [3, 18], a brief
mathematical description of this model is presented
in this section to help the reader follow the basic con-
struction of the mathematical model for heat transfer
through a porous material. Equation (2) is obtained
from the radiant power conservation equation,
which states that the gradient of the radiation
intensity is equal to the net change in the volumetric
radiant power density, where the latter has four com-
ponents: (a) an emission term, (b) an absorption
term, (c) an in-scattering term, and (d) an out-
scattering term. In equation (2), the second term on

the left-hand side corresponds to a sum of the
absorption and out-scattering terms, whereas
the two terms on the right-hand side correspond to
the emission and in-scattering terms, respectively.

Equation (2) is an integro-differential equation
which does not have a closed form solution. Hence,
several approximations have been proposed to
simplify the solution of this equation. In this work,
the so-called spherical harmonics approximation
initially proposed by Jeans [19] is used, within
which the radiative intensity is assumed to be
expandable in an infinite series as

0 2 1
I:Z TZ: P, x), m=0,1,2,--- (3)

m=0

where P, (u) and ¢,,(x) are the Legendre poly-
nomials and a set of complimentary unknown func-
tions, respectively.

By taking advantage of orthogonality of the
Legendre polynomials and limiting the summation
in equation (3) to only the first two terms (the
so-called P; approximation), the following system
of two ordinary differential equations is obtained

1 d

E.ﬂ+(1—w)¢0 — 4(1 — w)oT* @)
and

1 diy _

E._+3¢Il =0 (5)

In addition, from the orthogonality condition for
P, (w), which yields

1
%mzhjmmwmmw/ ©)
4

and setting Py(u) = 1 and P;(u) = u, one can define
the incident radiation G(x) as

1
Gx) = Pp(x) = J I(x, w)du (7)
-1

and the net radiation flux g.(x) as

1

J wl (x, w)du 8)
21

g:(x) = ¢ (x) =

Furthermore, by differentiating equation (5) and
combining it with equations (4), (6), and (7), the fol-
lowing second-order ordinary differential equation

JMDA53 © IMechE 2005

Proc. IMechE Vol. 219 Part L: J. Materials: Design and Applications



4 M Grujicic, C L Zhao, S B Biggers, ] M Kennedy, and D R Morgan

for incident radiation is obtained

*?G
Ere 38°(1 — »)(G — 40T 9)

Equations (1) and (9) now represent a coupled
system of two differential equations (one partial,
Equation (1), and one ordinary, equation (9)) with
respect to two unknown functions: T(x, ) and G(x).
To complete the definition of the one-dimensional
heat transfer problem through a foam-like material,
the following initial and boundary conditions are
assigned to equation (1)

T, t =0) = Tinit (10)
ar 109G .

gix=0,t) = —ka TR (inner surface, x = 0)

(11)

Tx=L,1t) = T,,(t) (outer surface, x = L) 12)

where T,,;; is the constant initial temperature, L the
total insulation thickness, T, the temperature of
the outer surfaces given as a function of time, and
g the total flux. The boundary conditions defined
by equations (11) and (12) denote that the tempera-
ture of the outer surface is controlled by the aerody-
namic heating, whereas that of the inner surface is
governed by the local zero-flux (adiabatic) condition.
The use of the adiabatic condition yields the highest
temperatures at the inner surface and, hence, the
selection of a minimum thickness of the TPS insula-
tion, to be discussed later, is conservative.

The following boundary conditions for diffuse
emitting and reflecting surfaces are assigned to
equation (9)

% =0 (inner boundary, x = 0) (13)
and
G__ %2  9G
3:8(80ut/2 — &out) OX
= 40T2, (outer boundary, x = L) (14)

where &,,,; denotes the emissivity of the outer insula-
tion surface and equation (13) is the special case of
equation (14) corresponding to a zero value of the
emissivity. The boundary conditions defined in
equations (13) and (14) are obtained from the con-
dition that the net radiative heat flux at an insulation
surface is a difference between the intensity of
inside-the-foam radiation reaching the surface and
an emitted radiation intensity from the surface.

A simple schematic of the one-dimensional
boundary value problem defined in this section is
given in Fig. 1.

2.2 Pure-conduction thermal conductivity of
the foam

As stated earlier, heat conduction through CFOAM®
is considered as a combination of heat conduction
through the solid phase of the foam and heat
conduction through the gas within the pores of the
foam. The resulting ‘pure-conduction’ thermal
conductivity, k, is hence a function of thermal con-
ductivities of the solid phase and the gas. In addition,
the foam microstructure affects its pure conduction
thermal conductivity. Although this function is
generally not known, k must lie between a lower
bound, k; 5 (corresponds to an in-series arrangement
of the solid phase and gas relative to the direction of
heat conduction), defined as

_ ksolid kgas
eksotia + (1 — &) kgas

kig (15)

and an upper bound, kyg (corresponds to the
assumption that the solid phase and the gas are
arranged in a parallel manner with respect to the

Tout(t)a qcond(t) = qr,in(t) = qr,out(t)
x=L

q(t)=0 q(t)=0

x=0
q(t)=0, q.(t)=0

Fig. 1 A schematic of the one-dimensional boundary
value problem associated with heat transfer at
a specific location of the TPS of a space
vehicle during re-entry. Please refer to the text
for an explanation of the symbols
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direction of heat conduction), defined as
ku = Skgas + (1 — €)ksotia (16)

where e denotes porosity of the foam (a ratio of the
porosity volume and the foam volume) and the
subscripts solid and gas are used to denote the two
constituent phases of the foam. Generally, effective
thermal conductivity is defined as weighted sum of
its lower and upper bounds as

k = (1 —A)kLB +AkUB (17)

where A is a weighting factor. Following Sullins and
Daryabeigi [20-22], A is set to 1, to ensure a conser-
vative selection of the minimum thickness of the TPS
insulation.

Thermal conductivity of the solid phase in a
porous material is generally different from that of
the same material in the bulk form, k.5, due to the
fact that the solid phase of a foam consists of thin
cell walls or struts whose thickness may become
comparable with the phonon mean free path and
due to wall/wall (strut/strut) contact resistance con-
tribution to thermal conductivity of the solid phase.
It is generally assumed that kyoiqg = F(e)kpu, where
F(e) =1 for e = 0 and F(e) decreases continually as
¢ increases. The F(e) function was determined in
the present work using an experimental value for
thermal conductivity of CFOAM® at the room temp-
erature and at the atmospheric pressure.

Based on the analysis presented above, the
conduction-only thermal conductivity of the foam
can be defined as

_ Fkbulkkgas
k=0-4 [stbulk +a- s)kgaj Ak
+ (1 — &) Fkoui] (18)

2.3 Thermal conductivity of gas

Although thermal conductivity of the bulk solid
phase generally shows weak temperature and
pressure dependencies, thermal conductivity of the
gas is typically a very sensitive function of both
temperature and pressure. Following Sullins and
Daryabeigi [20—22], thermal conductivity of the gas
phase is defined as

_ kgas,o
@“_@mwmmZ—wm@wy+nuﬂ%mn (19)

where kg, is the temperature-dependent thermal
conductivity of the gas phase at the atmos-
pheric pressure, « a thermal accommodation factor

(a fraction of gas molecules which come into thermal
equilibrium with the solid phase during collision
with the surface of the solid phase), y a constant-
pressure over constant-volume specific heat ratio,
Pr the Prandtle number, and Kn the Knudsen
number. Parameters ® and ¥ depend on the
gas-phase regime, that is, on the magnitude of the
Knudsen number: for Kn < 0.01 (i.e. for the conti-
nuum regime), ®=1 and ¥ =0, and thus
Kgas = kgas0; for 0.01 < Kn < 10 (i.e. for the transition
regime), ® =1 and ¥ = 1; and for Kn > 10 (i.e. for
the free molecular regime), ® =0 and ¥ = 1.
The Knudsen number is defined as

Kn:s (20)
where the gas molecular mean field path, A, is
defined as

KT

_ 21
«/ETrPdg el

and the characteristic length scale for gas molecules
in a reticulated porous medium, §, is defined as [20]

wD

8:4(1—8)

(22)
where Kp is the Boltzmann constant, P the pressure,
dg the gas collision diameter, and D the thickness of
the cell wall (strut).

A list of thermophysical parameters for the solid
phase in CFOAM® and for the gas (air) used in the
present work is given in Table 1.

2.4 Computational method

The system of two governing non-linear differential
equations (equations (1) and (9)) subjected to the
initial and boundary conditions, equations (10) to
(14), is implemented in the commercial mathemat-
ical package FEMLAB [23] and solved for the two
dependent variables (temperature and radiation)
using the finite element method. The FEMLAB pro-
vides a powerful interactive environment for model-
ling various scientific and engineering problems and
for obtaining the solution for the associated (station-
ary and transient, both linear and non-linear)
systems of governing partial differential equations.
The FEMLAB is fully integrated with MATLAB, a
commercial mathematical and visualization package
[24]. As a result, the models developed in the
FEMLAB can be saved as MATLAB programs for
parametric studies or iterative design optimization.
In this work, an optimization algorithm known as
the genetic algorithm is implemented in the
MATLAB and used to derive an analytical expression

JMDA53 © IMechE 2005

Proc. IMechE Vol. 219 Part L: J. Materials: Design and Applications



6 M Grujicic, C L Zhao, S B Biggers, ] M Kennedy, and D R Morgan

Table 1 Thermophysical properties of CFOAM® and nitrogen gas used in the present work

Equation where

Property Symbol Unit Value first used
CFOAM® density p kg/m® 270 Equation (1)
CFOAM® specific heat G J/kg K 700 Equation (1)
CFOAM® thermal conductivity (1 — &)F(&)kpuix W/m K 0.225 Equation (1)
CFOAM® emissivity Eout N/A 0.85% Equation (14)
CFOAM® porosity & N/A 0.88 Equation (15)
CFOAM?® albedo of scattering ) N/A 0.8° Equation (2)
CFOAM® extinction coefficient B m ! (10.23 — 1.77 x 1073 T)p° Equation (4)
CFOAM® thickness of the cell wall D m 0.014 x 1073 Equation (22)
Collision diameter for nitrogen gas dg m 3.74 x 10710 Equation (21)
Specific heat ratio for nitrogen gas y N/A 14 Equation (19)
Thermal accommodation o N/A 1 Equation (19)
factor for nitrogen
1 atm-pressure thermal conductivity Kasso W/m K 1.3 x 107173 —45x 107872 + Equation (19)
of nitrogen gas 9.4 x 107 °T+0.0014
Prandtle number of nitrogen gas P, N/A —21x107°7134+55 Equation (19)

x 1077T%-0.00038 T+ 0.79

aThe value for emissivity is obtained by setting it equal to that in graphite [18].
bDue to a lack of experimental data for the albedo of scattering, o, and for the extinction coefficient, 8, the values of these two radiation
parameters are set equal to their counterparts in a graphite/epoxy composite [28]. No information is currently available regarding the

effect of foam ligament diameter on these two parameters.

for the effective thermal conductivity of a porous
material. Such effective thermal conductivity
accounts for heat transfer by both conduction and
radiation.

A brief overview of the genetic algorithm is given in
the section 2.5.

Standard mesh sensitivity and model robustness
analyses are carried out following the procedure out-
lined in our recent work [25]. The results of these
analyses validated that the model developed is
mesh-insensitive and robust but the results are not
be presented here for brevity.

The governing differential equations, equations (1)
and (9), and the boundary conditions, equations (11)
to (14), are implemented in FEMLAB using the
so-called ‘general form’ for non-linear partial differ-
ential equations. Within this approach, the boundary
value problem (like the one at hand) is cast into the
following forms

dijuj +V-T'i=F
over the computational domain, and
-n-I''= Gi—l—%vm
aui
the Neumann boundary conditions and/or
(24)
the Dirichlet boundary conditions

(25)

(23)

0=Rpy

where i, j=1, 2,... is the number of differential
equations in the system, u are dependent variables,
a raised dot is used to denote the time derivative,
V. is a divergence operator, d; is a coefficient

matrix, I', F, G, and R are, in general, functions of
the spatial coordinates, the dependent variable or
space derivatives of the dependent variables, and v
is the Lagrange multiplier. Furthermore, I' is a flux
vector while F, G, and R are scalars. In the present
case, the two dependent variables are defined as a
normalized temperature: u; = T* = T /T, and a nor-
malized radiation u, = G* = G/40T#, where T, is a
reference (room) temperature. The boundary value
problem defined by equations (1), (9) to (14) is
then cast as follows to be consistent with FEMLAB
general form

aT* 9 [, OT* 1 9G*
ot + ax* ( ox* + 3BL(1 — w) 3X*) (26)
a 8G* _ 2 2 % *\4
= <8x*> =382(1 — ) [*[G* — (T*)"] 27)
L oT* 1 aG* .
_ W_mw_o atx* =0 (28)
Tout(t) *
0= m atx* =1 (29)
ox*
aG* 3380utL 4
f— el — Tou T - * t * = 1
B T 22 g /TG Aty
(31)

where * =4(1 — w)o-Ta‘/pCpLTo is the normalized
time, x* = x/L the normalized distance along the
insulation thickness, and k* = k/4a-T§L(1 — w) the
normalized thermal conductivity.

The solution of equations (26) and (27) subjected
to the conditions defined by equations (28) to (31)
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gives rise, after conversion to the dimensional
quantities, to the variation of T and G with x and ¢.
These relations at long enough times, combined
with equation (10) can be used to determine the
steady-state total (conduction plus radiation)
heat flux. This value of heat flux combined with
the overall through-the-thickness temperature
gradient and the Fourier expression for heat flux
are next used to determine the effective thermal
conductivity of CFOAM®. Such ‘effective’ thermal
conductivity combines the contributions of conduc-
tion and radiation to the heat transfer through
CFOAM"®.

2.5 Genetic algorithm for parameter assessment

The procedure presented in the previous section can
be used to compute the effective thermal conduc-
tivity at any (mean) temperature and pressure.
When one analyses the thermal performance of a
TPS panel or such performance of the entire TPS
system on a space vehicle during a complete flight
(or re-entry) which involves major variations in
heat loads and the atmospheric pressure, one gener-
ally prefers to have an analytical expression for the
effective thermal conductivity as a function of temp-
erature and pressure. Derivation of such expression
is given in section 3.2.

In this section, a brief description of the optimi-
zation method used to determine the unknown
coefficients in an analytical expression for the effec-
tive thermal conductivity of a porous material as a
function of temperature and pressure is given. The
coefficients must be selected so that the deviation
of the effective thermal conductivity predicted by
such an expression from its counterpart obtained
using the finite element procedure described in the
previous section is minimal over a wide range of
temperatures and pressures.

The question then becomes how to efficiently
search the coefficient space for the values which
give rise to a global maximum in the objective func-
tion (defined as a negative sum of squared differ-
ences between the values of the effective thermal
conductivity predicted by the analytical expression
and by the finite element method).

A review of the literature identifies three main
types of search methods: (a) calculus-based; (b) enu-
merative, and (c) random methods. Despite being
very fast, calculus-based methods suffer from two
main drawbacks: (i) they are local in scope, that is,
they typically locate the maximum which is highest
(best) in the neighbourhood of the current search
point and (ii) they entail the knowledge of derivatives
of the objective function whose evaluation (even
through the use of numerical approximations) in

multimodal and potentially discontinuous search
spaces represents a series limitation. In enumerative
search methods, values of the objective function
are evaluated at every preselected point in the
research space, one at a time. These methods
generally require evaluation of the objective function
at a large number of preselected points, which
tends to make them inefficient and not very
useful for problems of even moderate size and
complexity.

Owing to the aforementioned shortcomings of the
calculus-based and enumerative search methods,
the genetic algorithm [26], one of the random
search methods, is used in this work. A detailed
comparison of the code development time and
computation time required by the genetic algorithm
method and by other calculus-based/enumerative
methods was not carried out here. However, we
observed that the simplex method (a calculus-
based method and our initial choice) did not
always give the global optimum.

Through (binary) coding, the genetic algorithm
creates a parameter string (a chromosome set) for
each considered point (individual) in the search
space and uses the Darwinian principle of ‘Survival
of the Fittest’ to ensure that chromosomes of the
fittest individuals are retained (with a higher prob-
ability) in subsequent generations.

At the beginning of the genetic algorithm search
procedure, a random selection of the coefficients is
used to create an initial population of individuals
(parameter sets) of size n in the search space.
The fitness (i.e. the objective function) is next com-
puted for each individual based on how well each
individual performs (in its environment). To gener-
ate the next generation of individuals of the same
population size, the genetic algorithm performs
the following three operations: (1) selection, (2)
crossover, and (3) mutation. Within the selection
process, individuals who are fit are selected (as
parents) for mating, whereas weak individuals die
off. Through mating, the parents’ create a child
with a chromosome set that is some mix of the
parents’ chromosomes. Mixing of parents’ chromo-
somes during child creation is referred to as cross-
over. To promote evolution, a small probability is
used to enable one or more child’s chromosomes
to mutate (change). The process of child creation
and mutation is continued until an entirely new
population (of children) of size n is generated.
The fitness of each child is determined and the
processes of selection, crossover, and mutation
repeated resulting in increasingly stronger gener-
ations of individuals. A logic flow chart of the
genetic algorithm is shown in Fig. 2. Few important
details about parameter coding, selection, cross-
over, and mutation are given below.
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Initial Random
Population

Y

Calculate Fitness for Each Individual
(i.e. for Each Chromosome Set)

v

»| Select and Mate the Fittest Parents

L]

Perform Crossover Operation to
Obtain Chromosome Set of Child

v

Perform Low Probability Mutation Operation
(Alters Chromosome Set of Child)

¥

Repeat Until Entire Population
Size is Replenished with Children

'

Repeat for New Generation

v

Very Fit Individuals are Obtained

Fig. 2 A genetic algorithm flow chart

2.5.1 Binary parameter coding

The total number of possible equally spaced values
of each parameter (within the selected range) is
first defined. The number of possible values is
typically set to 2", where nm is a positive integer.
Each possible value of a parameter is next coded
using a binary format. For example, when the total
number of possible values of a parameter is
2'5 = 32 768, that parameter is coded using a string
of fifteen 0s and 1s. Binary representations of all
the parameters of an individual (a point in the
search space) are then attached to form a long
string (chromosome set).

2.5.2 Tournament selection

Random pairs are selected from the population and
the stronger individuals of each pair are allowed to
mate and create a child. This process is continued
until a new generation of size n is repopulated.

2.5.3 Single-point crossover

Within this process, the chromosome set of the first
(stranger) parent (e.g. 10101010) is mapped into
that of the child. Then a crossover point is randomly
chosen to the right of which the chromosome set
of the second parent (e.g. 11001100) overwrites the

chromosome of the first parent, for example. If
the crossover point is exactly in the middle of the
chromosome, the child’s chromosome set for the
case at hand is 10101100. The probability for
single-point crossover P, is typically set to 0.6.
This implies that the probability that the child
would retain the entire chromosome set of the first
parent is 1.0 — Pcyoss = 0.4.

2.5.4 Uniform crossover

In this case, the crossover can take place at any (and
all) points of the parents’ chromosome sets and the
child can end up with any combination of its parents’
chromosomes. The probability for uniform crossover
is also typically set to 0.6. It should be noted that,
in this case, it is quite unlikely that the child would
inherit the entire chromosome set of either of its
parents.

2.5.5 Jump mutation

In this process, one or more child’s chromosomes
can mutate and the child can end up with a chromo-
some not present in either parent. Consequently, the
jump mutation can cause one or more parameters
to jump from one side of the range to the other.
The probability of jump mutation is generally set
equal to the inverse of the population size,
Pouw=1.0/n.

2.5.6 Creep mutation

In this type of mutation, the value of one or more
child’s parameters is changed by a single increment
but must remain within the prescribed range. The
probability for creep mutation is also typically set
equal to the inverse of the population size.

2.5.7 Elitism

This operator is used to prevent a random loss of
good chromosome strings during evolution. This is
accomplished by ensuring that the chromosome set
of the best individual generated to date is repro-
duced. If the best individual is not replicated after
the entire population of a new generation is gene-
rated through the processes of selection, crossover,
and mutation, then the chromosome set of the best
individual is mapped into a randomly selected
child in the new generation.

The genetic algorithm optimization method dis-
cussed here was implemented in MATLAB. Details
of this implementation can be found in our previous
work [27].
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3 RESULTS AND DISCUSSION

3.1 Transient analyses

To examine the suitability of CFOAM® in TPS appli-
cations and determine its minimum thickness
required to maintain the temperature of the alumi-
nium space vehicle structure below the maximum
acceptable exposure temperature of 450 K, a transi-
ent heat transfer analysis defined by equations (1)
and (9) to (14) is carried out in this section. Towards
that end, the T, (t) function in equation (12) is set
equal to the time-dependent radiation equilibrium
temperature profile at a point on the windward sur-
face for a typical vehicle re-entry trajectory. Such a
temperature profile is taken from Ref. [1] and is
depicted in Fig. 3. In addition, the pressure profile
for the same typical re-entry trajectory of the vehicle
as reported in Ref. [1], Fig. 4, is used in the present
work. The radiation equilibrium temperature is
defined as the temperature of the outer surface
which corresponds to the condition when the aerody-
namic convection-based input heat flux is balanced
by the surface (emission) radiation flux (i.e. it corre-
sponds to the condition in which the conduction
flux into the insulation is not considered). The
radiation equilibrium temperature, thus, represents
the maximum surface temperature for a given input
heat flux and for a given surface emissivity.

The results of the present transient heat transfer
analysis through a CFOAM® insulation during a typi-
cal re-entry trajectory of a space vehicle are shown in
Fig. 5. For ascertaining the minimum thickness of the
CFOAM® insulation needed to protect the vehicle’s
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Fig. 3 A typical radiation equilibrium temperature
profile associated with a specific location of
the TPS of the space vehicle during re-entry
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Fig. 4 A typical pressure profile associated with the
re-entry of a space vehicle

aluminium structure, the maximum exposure
temperature for the structure (450 K) is also indi-
cated in Fig. 5. The results displayed in Fig. 5, show
that a 6-in (152.4 mm) thick insulation is sufficient
to maintain the temperature of the bottom surface

550

500 |-

A
a
o

5in
(127.0mm)

Temperature, K
'S
[=3
o

LU LA N N B R

350
(152.4mm)
300
L L L L I L L L I L L L L I 1 L L L I 1 L L L l
2500 500 1000 1500 2000 2500
Time, s

Fig. 5 Variation of the temperature at the bottom
surface of a 5-in (127mm) and a 6-in
(152.4 mm) thick CFOAM® insulation during
the space vehicle re-entry associated with the
temperature and pressure profiles given in
Figs 2 and 3, respectively. The maximum
allowable exposure temperature (450 K) for the
aluminium structure of the vehicle is also
indicated
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of the insulation below 450 K. A 5-in (127 mm) thick
insulation, in contrast, does not meet this design
requirement.

Thermal analysis of the performance of various
foam-based TPSs is often carried out without
consideration of gas conduction or even the heat
transfer by radiation. Our model for combined
gaseous and solid-phase conduction and radiation
heat transfer enables us to quantify the relative
contributions of each of the three components of
heat transfer. The results of this calculation are
displayed in Fig. 6, where a 5-in (127 mm) thick insu-
lation is used. As stated earlier, such insulation is not
thick enough to protect the aluminium structure
from being exposed to temperature above 450K
when all the three modes of heat transfer are con-
sidered (the curve labelled ‘All Modes’ in Fig. 6).

To suppress radiation as a heat transfer mode, the
net radiation heat flux g, is set to zero in equation (1),
equations (9), (13), and (14) are not considered and
the resulting problem is solved using the same
finite element approach. The results obtained are
shown in Fig. 6, the curve labelled ‘Radiation Off
and indicate that if the radiation heat transfer is
not considered, the maximum temperature at the
bottom surface of the insulation would be underpre-
dicted by approximately 40 K.

550

500 Gas Conduction Off

Y
(2]
o

All Modes

Sin
(127.0mm)
Radiation Off

Temperature, K
Y
o
o
T I T T LI

w

a

o
!

| Solid Conduction Only
300 =

L L L L I L L 1 L I L L L I L 1 1 L I L L I
2500 500 1000 1500 2000 2500

Time, s

Fig. 6 Variation of the temperature at the bottom
surface of a 5-in (127 mm) thick CFOAM®
insulation. Labelled curves correspond to
the cases when some of the heat transfer
modes are not considered to assess their
contribution to the overall heat transfer
through the insulation. Please see the text for
an explanation of the labels

To exclude gas conduction as a heat transfer mode
and keep radiation, kg, is set to zero and equations
(1) and (9) to (14) solved. The result of this calcu-
lation represented by the curve labelled ‘Gas Con-
duction Off’ in Fig. 6 shows that gas conduction
also makes a contribution to the heat transfer
which is comparable to that of radiation.

If both gas conduction and radiation are excluded,
the curve labelled ‘Solid Conduction Only’ in Fig. 6,
the maximum exposure temperature of the alu-
minium structure is underestimated by as much as
80 K. In fact, one would arrive at a false conclusion
that a 5-in (127 mm) thick CFOAM® insulation
would meet the TPS design requirement that the
temperature of the bottom surface remains below
450 K. All these findings suggest that both
gas-phase conduction and radiation heat transfer
modes must be considered when assessing the
performance of porous or foam-like materials such
as CFOAM® in TPS applications.

3.2 Effective thermal conductivity

The heat transfer analysis carried out in this work is
one-dimensional in character and it is aimed at
assessing the performance of a CFOAM®-based TPS
at a single point which is located at a portion of the
vehicle surface which experiences spatially fairly uni-
form aerodynamic heating. Under such conditions,
the heat flow in the directions parallel with the
vehicle surface can be ignored and one can afford
to carry out a computationally intensive heat transfer
analysis using both the energy conservation
equation, equation (1), and the radiative transfer
equation, equation (2), and to consider explicitly
heat conduction through both the solid phase and
the gas. However, when one carries out a thermo-
mechanical analysis of an entire section of the
space vehicle or of the entire vehicle, one generally
prefers an analytical expression which enables
evaluation of the effective thermal conductivity as a
function of the local conditions of temperature and
pressure. If such effective thermal conductivity
function is obtained, the heat transfer analysis can
be carried out using only equations (1), (10), (11),
and (12) in which k is replaced with an effective ther-
mal conductivity, keg, which includes the effect of
both conduction and radiation, and the net radiation
heat flux term, ¢, is set to zero in equation (1).

To compute the effective thermal conductivity of
CFOAM® as a function of temperature and pressure,
the heat transfer problem defined by equations (1)
and (9) to (14) is solved under steady-state con-
ditions (0T/dt = 0) in equation (1). In addition, the
boundary conditions defined by equations (11) and
(12) are changed to read T(x=0, ¢) =Ty and
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T(x=1L, t)=Tou respectively, where both Tj,
and T, are constants. Likewise, the first boundary
condition for the radiant heat transfer equation,
equation (13), is changed to be of the form of
equation (14) with g4 and Ty, replaced with g,
and T;,, respectively. As the problem is now time-
independent, the initial condition defined by
equation (10) is not considered. To compute the
effective thermal conductivity at a given value of T
and P, a small temperature difference, AT = 0.1 K is
applied across the insulation (Tou = T+ AT/2,
Tin=T—AT/2), and the computed steady-state
heat flux, q, and AT used in the following equation

ko = -1 (32)

The results of this calculation are displayed as
a contour plot in Fig. 7 and show that the room-
temperature/atmospheric-pressure thermal con-
ductivity of CFOAM® reported by Touchstone
Research Laboratory Ltd [2] of ~0.25 W/mK is
reproduced. In addition, the results displayed in
Fig. 7 show that increases in both pressure and
temperature give rise to an increase in the effective
thermal conductivity. The effect of an increase in
pressure can be attributed to an increasing role of
gas conduction to heat transfer through the porous
insulation. An increase in temperature, in contrast,
promotes both heat conduction through the gas
and heat radiation.
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Fig. 7 The effect of temperature and pressure on the
effective thermal conductivity in W/mK of
CFOAM®. The effective thermal conductivity
combines the contributions of conductive and
radiative heat transfers through the foam

To further highlight the effect of the pressure, vari-
ation of the thermal conductivity with gas pressure at
four different temperatures is shown in Fig. 8. This
variation clearly delineates the three basic regimes
of gas conduction: (a) a rarefied gas (free molecule)
regime at the lowest pressures, (b) a transition
regime at the intermediate pressures and (c) a conti-
nuum regime at the highest pressure. In accordance
with equations (19) to (22), thermal conductivity
increases linearly with pressure in the rarefied gas
regime. In addition, in accordance with equation
(19), the effective thermal conduction is pressure-
invariant at high pressures (in the continuum gas
regime). Pressure levels at which the transition
between different regimes takes place appear to be
only weakly affected by temperature.

As explained earlier for large-scale thermo-
mechanical analyses of a space vehicle or its
sections, one prefers an analytical expression for
the effective thermal conductivity as a function of
temperature and pressure (for a given thickness of
the TPS insulation). To derive such an expression,
the results displayed in Figs 7 and 8 are fitted to the
following functional form

C+C
A
C—C
+=21 2 tan! (C; logP(mmHg) + C;) (33)
T

x 0.4; —_—
= i FEM 1000K
2 - — = Eq.(33)
g |
2 035
s 800K
T
5
o i 6in
g 0al (152.4mm) 600K
_ﬂ:’ =
=
2 i 400K
3
£ 0.25 -
= -

\\\\I\\\I\I\\I\\\II\\\\I\\\\I Ll

-4 -3 -2 -1 0 1 2 3

log (Pressure, mmHg)

Fig. 8 The effect of pressure on the effective thermal
conductivity of CFOAM® at different
temperatures. The curves clearly reveal the
three gas-phase regimes: a free molecule, low-
pressure regime, a transition, intermediate-
pressure regime, and a continuum high-pressure
regime
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where C;, C,, C3, and C, are quadratic polynomials of
temperature.

The functional form given in equation (33) is con-
sistent with the fact that at the high pressure (i.e. in
the continuum gas regime), k.s is independent of
pressure and that at the lowest pressure (the free
molecule regime), kg varies linearly with pressure
but its rate of change with pressure is very small
(approaching zero). The genetic algorithm method
described in section 2.5 is used to determine temp-
erature-dependent coefficients C;, C,, C3, and Cj.
The results of this procedure for a 6-in (152.4 mm)
thick CFOAM® insulation can be summarized as
follows

C) = 0.269 — 0.000116T + 2.54 x 107" T?
C, = 0.263 — 0.000198T +2.72 x 10~/ T*?
Cs = 1.76 + 0.000474T — 3.61 x 107" T?
Cy = 1.22 —0.00266T 4 1.06 x 107572

The effective thermal conductivity predicted by
equation (33) is displayed in Fig. 8 for comparison
with their counterparts obtained using the finite
element procedure for a 6-in (152.4 mm) thick
CFOAM® insulation. The agreement between the
two sets of results is quite good over a wide range
of pressure and temperature, suggesting that
equation (33) can be used to express the functional
dependence of the effective thermal conductivity
on pressure and temperature.

To test the applicability of equation (33) for
insulation with thicknesses different than 6in
(152.4 mm), the transient thermal analysis discussed
in the previous section is repeated using both the
explicit treatment of gas-phase conduction and
radiation, and using the analytical expression for
the thermal conduction for a set of insulation thick-
nesses between 2 (50.8 mm) and 10 in (254.0 mm).
The results of this calculation are shown in
Fig. 9. It is seen that the analytical expression for
thermal conductivity, equation (33), gives a quite
reliable prediction of the thermal response of
CFOAM® over a relatively large range of insulation
thicknesses.

It should be noted that the values for the radiation
parameters (e.g. the scattering albedo  and the
extinction coefficient 8) for the CFOAM® listed in
Table 1 were not measured but rather guessed
using the values of their counterparts in graphite.
Therefore, a sensitivity analysis is carried out to
determine the effect of variations in these
parameters on the calculation results. It is found
that +50% changes in these parameters give rise
to a maximum change in the local temperature

1000 -
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Fig. 9 Validation of the analytical expression for the
effective thermal conductivity of CFOAM® as a
function of pressure and temperatures,
equation (33), for use in the transient heat
transfer analyses associated with the re-entry
of a space vehicle

by ~3% and in the local effective thermal conduc-
tivity of ~5%.

4 CONCLUSIONS

Based on the results obtained in this work, the
following main conclusions can be drawn.

1. Heat conduction through a carbon foam material
like CFOAM® via gas-phase conduction and
radiation is not significant at sub-atmospheric
pressures and at near-room temperatures. How-
ever, the role of these two modes of heat transfer
becomes significant at high temperatures and
near-atmospheric pressures.

2. A failure to include heat conduction through the
gas phase and radiation during a thermal analysis
of the CFOAM® insulation during a vehicle
re-entry may lead to an underestimation of the
minimum insulation thickness required to protect
the underlying aluminium structure of the vehicle
from being exposed to temperatures exceeding
450 K.

3. It is possible to derive an analytical expression
for the effective thermal conductivity (which
combines the effects of heat conduction through
the solid and gaseous phases and via radiation)
as a function of temperature and pressure which
is valid over a wide range of insulation
thicknesses.
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APPENDIX

Notation

A weighting factor

GCo solid-phase mass heat capacity
d gas collision diameter

D thickness of the cell wall (strut)
G incident radiation

k thermal conductivity

Ky Boltzmann’s constant

Kn Knudsen number

p pressure

P Legendre polynomial of the mth order
Pr Prandtle number

q heat flux

T temperature

X spatial coordinate
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a thermal accommodation factor Subscripts

B extinctior} cpefﬁcient 0 quantity at atmospheric pressure

8 charactensjuc length scale for‘ gas r radiation-related quantity
molecules in the porous medium

€ porosity

& emissivity o _ Superscripts

0 angle between the radiation intensity
vector I and x-direction bulk bulk-solid quantity

A gas molecular mean field path g gas quantity

p foam density solid solid-phase quantity

o Stefan-Boltzmann constant * normalized quantity
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