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ABSTRACT

such as booms and trusses, impact attenuation devices,
habitats, and shields to protect spacecraft from thermal,

This paper presents the results of the design of an

light, or micrometeoroid/debris impingement III. The

inflatable rigidizable space structure. The structure is a

use of this process, associated with the inflatable

balloon, about 5 m in diameter, made of a composite

technology, presents many benefits over current state-

material that rigidizes by curing of the epoxy resin from

of-the-art mechanical technologies and is principally

which it is made, under the action of the typical thermal

attractive because the structures can be packaged into

loads of LEO orbits. The balloon is covered by a metal-

small

lic layer which must be a continuum electric conductor.

Reduced costs are realized both in development and

volumes,

thereby

reducing

program

costs.

An analysis will be presented of a one-dimensional

production as well as in enabling a smaller launch

continuum to validate the hypothesis that the thermal

vehicle size. Inflatable structures will reduce total

gradients through the thickness of the material are

system mass and complexity, thereby increasing system

negligible so that it is possible to study a two-

reliability 121.

dimensional model.

However

A model of the LEO orbit environment has been

essentially

space
different,

and

ground

which

conditions

strongly

affects

are
the

studied in order to define the thermal fluxes on the

polymerization process and properties of synthesized

structure surface. The considered thermal loads are: sun

materials /3,4/. In fact the thermal loads in free space

radiation, albedo radiation, earth radiation.

are very heavy and they may cause sharp temperature

The numerical simulation of the polymerization
process of the complete structure during the motion of

variations and a non-homogeneous thermal heating of
the structure with consequent

possibility

of crack

the system along the orbit was made considering several

initiation and residual stresses. Furthermore, there are

materials for the metallic cover layer (pure aluminum,

generally some parts of the structure that during the

pure copper, aluminum + oxide, copper + oxide). A

motion along the orbit are not sufficiently heated by the

different material for the metallic layer may influence

thermal radiation. In these parts, the polymerization

the polymerization process, because the different optical

process will be incomplete or will not start at all. These

properties of each material determine the thermal flux

low polymerization regions are expected to be much

on the composite.

more influenced by the space environment and they also
have different mechanical properties. This could be a
serious problem if the structure must support high
mechanical loads 151.

1 INTRODUCTION

Inflatable structures can be deployed in various
The production of composites by polymerization

orbits, rigidized in situ, and remain operational for years

of

without the concern of destruction by micrometeoroid

antennas, radar arrays, solar arrays, structural members,

and debris impacts, leaks of inflation gas, or damage

directly

in space

shows

promise

for building
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from other orbital threats such as radiation or atomic

The process of heat transmission is two-dimensional

oxygen exposure 161.

(the temperature gradient through the thickness is
neglected).
The inner surface of the composite is considered to
be adiabatic.

2 MATHEMATICAL MODEL OF THE

To justify the

POLYMERIZATION PROCESS

last hypothesis

stated

above,

a

polymerization simulation was carried out on a onedimensional system. The heat transmission through the

Assuming that all the resin molecules react with the
same heat of reaction, the total amount of heat generated
at the time t is necessarily

proportional to the number

of molecules that have reacted and, therefore, to the
polymerization degree.
In this way

thickness of an infinite plate was simulated. The plate
thickness is divided into ten layer. The metal outer
surface is simulated as a composite layer which has the
optical properties of the metal considered for the
coating. This layer is exposed to space environment and

the polymerization

degree can

be

expressed as:

is irradiated by the sun blades. The inner surface is
considered to be adiabatic. The simulation time is 300

a =

sec and the plate thickness is 0.2 mm. Figure 1 shows

Η

the results of this simulation.
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The polymerization process can be described by an
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polymerization of the resin.
If the temperature is assumed to be constant in an
infinitesimal time interval, considering the expression of
the Arrhenius constant Ki=Aexp(-E/RT), the function

Fig. 1:
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where the rate of polymerization is considered as a
function
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and

through

the

thickness of an indefinite plate.

f(T,a) can be typically written as:

da
~dt

Kr(l-a)"

=A-e*f

(I)

-{l-a)'

As shown in Figure 1, all the layers have reached
complete polymerization and the temperature gradient
through the thickness is very small so that it can be

To define the thermal model for the analysis, some
hypotheses were made:

easily neglected.
With these hypotheses, the equation of the heat
transmission is:

•

When the polymerization process starts, the balloon
The polymerization process is continuous.

5 ν ST" d
f K - T ) - ax X <3x_ + dy k

•

The viscosity effects are negligible.

wlPrHrRa+qassA-qirrA

•

The kinetic equation

is completely deployed.
•

does not

composite volumetric fiber ratio.
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depend

on

5T

"

(2)

the
where the thermal properties of the complete composite
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are:

3 NUMERICAL M O D E L O F THE
POLYMERIZATION PROCESS

1

w

ι

Ρ

Ρr

\

wr

wr

w m „,

Ρρ

Λ

Pmc,

Eqns (1) and (2) have been solved with the finite
differences method. Figure 2 shows the scheme for the

c p = w r (l - α ) · c p r + w r a c p p + w f c p f + w m c l c pmet

heat transmission.
With reference to Figure 2, the discrete equations
are:

k

k fI

Ε

k.

Ρ

...v.

«,(m,n)-a,-,(m,n)+[l-a,-,(m,n)]AeTT'(m'")At

(see the Appendix for the complete list of symbols).
The quantities q ass and q iri represent, respectively,
the absorbed thermal radiation and the amount of
thermal energy scattered by irradiation by the material

»yt

'm,n

_ "T-t-l

'm.n 1 -

4kAt
pcAx2

kAt
pcAx2"^"1"1'" +Ί " 1 + 1 · Π

+T

m,n+l] + p^faass

lirr)

itself. In particular:
These equations represent the system that will be
q ass
where q s ,

qajb

=

q s + qaib + qrad

numerically

and q rad are the fractions of energy due,

respectively, to the solar radiation, to the

albedo

radiation and to the earth radiation.

solved

to

simulate

the

polymerization

reaction. The boundary conditions for this system are:
T(x,y) = T 0

t<0

q(x.y) = tq ass (x,y) - qin(x,y)]

ζ= ο

The qirT is the heat amount irradiated by the balloon

q(x,y) = 0

ζ =1

to the environment due to its surface temperature. Its

a(x,y) = 0

t<0

expression is:
Because Equation 3 is in an implicit form, to make it
4
qirr sa0 T
=

stable it is necessary to introduce a stability condition:

where ε is the total hemispheric emissivity and Τ is the

At <

1 Ax Ay

surface temperature of the considered material.

Fig. 2: Model of heat transmission
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4 OPTICAL PROPERTIES

α λ (λ,Τ) are uniform in the whole wavelength

field.

Surfaces having such a property are called gray bodies
In the simulations, the hemispheric monochromatic

(Fig. 3).

emittance and the monochromatic absorption coefficient
of the metallic layer have been assumed to be equal. An
intuitive demonstration of this hypothesis is as follows:
a small body in a black cavity at

temperature Τ will

reach at equilibrium the same temperature Τ of the
cavity wall. In this condition, in accordance with the
second law of thermodynamics, the body radiates the
energy it absorbs. The equilibrium condition is given
by:
Ε λ = α λ G„x
where

G„x is the monochromatic

radiation

energy

incident on a unit of body surface unit in unit time. But
the incident radiation, depending only on the cavity
temperature, will be the same for any body in thermal
equilibrium

with

the

cavity,

irrespective

of

λ, μ

the

absorption coefficient of the body surface. Therefore,

Fig. 3:

for every wavelength the ratio between the absorption

Comparison between the emissive power of
the black and grey body with a real surface

coefficient and the monochromatic emissive power is
the same for every body at thermal equilibrium.
The absorption coefficient can be equal to 1 only for
a perfect absorber, i.e., a black body. So when α λ = 1,
we have Ε λ = Ε„λ and

= Ε ηλ . From these relations it

can be found that:

For the material we used, this approximation can be
considered good. In fact, as can be seen in Figure 4,
both copper and aluminum present a flat behavior of
ε λ (λ,Τ) and αχ(λ,Τ) with the wavelength.

ελΕ,,χ = α λ Ο η λ = α.χ Ε π λ

So for every wavelength and for every temperature we

5 RESULTS OF THE SIMULATIONS

have:
Four simulations on different materials have been
ε λ (λ,Τ) = α λ (λ,Τ).

carried out. The composite material was the same for all
simulations, while the metal layer changed. The four

This relation
equilibrium

has been

hypothesis,

but

obtained
is

also

based

on

the

materials considered for the coat are:

valid

if

the

•

Pure Aluminum

temperature varies and there are no physical variations

•

Oxidized Aluminum

of the surface properties (i.e. state variation).

•

Pure Copper

•

Oxidized Copper

Notice that the coefficient of total absorption of a
surface depends on the temperature and on the spectral
properties of the incident radiation. For this reason,

For each material, consideration has also been given

while the previous relation is always valid, the total

to the oxidized case, because the presence of even a thin

values of the absorption coefficient and emittance are

oxide layer could strongly affect the optical properties

generally different. They are equal

of the material
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if ε λ (λ,Τ)

and

surface with consequences on the
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thermal balance of the material. Figure 5 shows the

step of the calculation code, after Ά orbit and after Ά

influence of an oxide layer on the total hemispheric

orbit at the end of the insolation period. In all of the
following

emittance for copper.
—

graphics,

the

longitudinal

elements

are

reported on the x-axis and the latitudinal elements are

1 0

·

reported on the z-axis. The y-axis represents the values

I—
to

of polymerization degree for Figures 6 to 9 and the

Black 0 xide

values of temperatures for Figures 10 to 13. Figures 6 to
9 show that the final polymerization degree is strongly

0,8

Strc ngly Oxidiz ed
SI ightly Oxidied

influenced by the different optical properties of the

-

0,6

material surface. Although in any case there are some
parts of the balloon

that

do not reach

complete

polymerization, these parts, located around the poles of

0,4

the balloon, can have a very large dimensional variation
depending on the used material. As can be seen in

0,2

Figures 6 to 9, the use of pure aluminum for the coat
gives the best results in terms of extension of the region

Pui -e Cop per
I
ι
0

100

200

300

with low polymerization. Also, in the case of oxidized
400

500

. T, °C
Fig. 5: Total Hemispheric Emittancy for Copper

aluminum the results are sufficiently good. However,
because

aluminum

oxide

(A1 2 0 3 )

is an

insulating

material and it is very difficult to keep the metal surface
away

from

the

atmospheric

oxygen

during

the

manufacturing operation, the use of aluminum for the
balloon coating is not recommended. On the other hand,
A circular orbit with a height of about 1000 km

the copper guarantees the electric conductance of the

lying in the ecliptic plane was considered, so the

balloon surface, because the copper oxide (CuO) is a

insolation period is exactly half an orbit. The motion

conducting material. Measures must be taken to prevent

along the orbit has been divided into ten steps. For each

the formation of a thick oxide layer, because it may

simulation the situation will be presented after the first

reduce the extent of the polymerization reaction. Figure
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Balloon position along the orbit
Albedo

Sun Blades

Sun Blades

Sun Blades

Earth
Radiation

/

Albedo
+
Earth

Polymerization degree of each element of the mesh

Fig. 6: Epoxy Resin + Carbon Fiber Coated with Pure Aluminum

Fig. 7:: Epoxy Resin + Carbon Fiber Coated with Oxidized Aluminum

Fig. 8: Epoxy Resin + Carbon Fiber Coated with Pure Copper

14 summarizes the previous results, showing, during the

during the polymerization process. The profiles have a

polymerization process, the progress of the average

similar shape but a different scale. The reason for this is

polymerization degree of all the elements of the balloon

that, while the absorption process and the thermal load

as a function of the time.

are the same in all cases, the optical properties are, as

Figures

96

10 to

13 show the temperature profiles

noted above, very different depending on the material.
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Fig. 9: Epoxy Resin + Carbon Fiber Coated with Oxidized Copper
Balloon position along the orbit

Sun Blades

Albedo
+

Sun Blades

Earth
Radiation

Sun Blades

Albedo

/

/

Earth
Radiation /

Temperature of each element of the mesh

Fig. 10: Epoxy Resin + Carbon Fiber Coated with Pure Aluminum

Fig. 11: Epoxy Resin + Carbon Fiber Coated with Oxidized Aluminum

These differences are based principally on the fact that

absorption coefficient, but it also has a much higher

aluminum has a very low absorption coefficient in the

emission coefficient. In particular, there are very large

sun spectrum, but it already has a very low coefficient

differences between the cases of a pure aluminum coat

of emissivity at the temperature reached during the

and

process. On the other hand,

aluminum and pure copper are quite equivalent.

copper has a

higher

oxidized

copper, while the cases of

oxidized
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Fig. 12: Epoxy Resin + Carbon Fiber Coated with Pure Copper

Fig. 13: Epoxy Resin + Carbon Fiber Coated with Oxidized Copper

Pure Aluminum

•

Pure Copper

m- Oxidized Aluminum®- Oxidized Copper
Fig. 14: Average polymerization degree vs. time.
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5 CONCLUSIONS
The work carried out shows that the realization of
large structures in space, like a balloon five meters in
diameter, by polymerization directly in situ is a suitable
way to reduce the mission costs significantly by
reducing the structure volume at launch. The main

Science and Engineering of Composite

<pf

-

<Pmet 1
Ελ —
GnX ε λ (λ,Τ)αλ(λ,Τ)-

Materials

Fiber Volumetric Fraction
Metal Layer Volumetric Fraction
Material Thickness
Monochromatic Emissive Power
Monochromatic Radiating Power
Hemispheric Monochromatic Emittance
Hemispheric Monochromatic Absorbance

problems of this methodology are the correct definition
of the optical properties of the material surface and the
achievement of complete polymerization of all parts of
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