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Abstract

The objective of this internship was to study the physical prop-
erties of a thermal protection used for a space probe to be launched
for a mission to Mars. The protection is composed of two main com-
ponents. The topmost part is a cork derivative that deteriorates via
ablation and pyrolysis in order to reduce the amount of heat trans-
ferred to the vehicle's main body. The junction between the ablative
layer and the spaceship is ensured by a sandwich material composed
of two carbon skins separated by a grid of Aluminium honeycomb cells.

In a �rst part, numerical models of variable complexity were created
to simulate the properties of the sandwich material (thermal conduc-
tivity, speci�c thermal capacity). The models' results were then com-
pared to experimental measurements to upgrade Astrium's databases
concerning similar products with new values for the physical properties
of the studied materials. The results obtained by both the model and
the experiments were found to be in accordance, which justi�es the
validity of the simulation, and the choices made for the values of phys-
ical properties. In addition, a thorough consideration of the in�uence
of phenomena neglected was performed to justify the stability of the
numerical computations.

In a second time, a staggered coupled simulation was developed to
study the physical behaviour of the ablative protection. A thermal
simulation considered the ablation, pyrolysis and thermal conduction.
A mechanical simulation considered the swelling induced by the heat-
ing of the cork material. The results (temperature, swelling, density)
from infra-red experiments and plasma jet testing were compared to
the prediction of the coupled simulation. Although a substantial dis-
crepancy remained between experimental and numerical results, the
mere fact that a working program emulating at the same time ablation
and swelling gave results physically coherent was already a positive
advance in this domain.
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Nomenclature

T Temperature [K]
Ts Heat source temperature [K]
Tw Wall temperature [K]
ρ Mass density [kg/m3]
ρv Virgin material mass density [kg/m3]
ρc Charred material mass density [kg/m3]
H Mass enthalpy [J/kg]
q Conductive �ux vector [W/m2]
Q Volume heat source [W/m3]
Qrad Heat losses by radiation [W/m3]
Qconv Heat losses by convection [W/m3]
λ Conductivity coe�cient [W/(mK)]
c Heat capacity [J/(kgK)]
α Thermal di�usivity [m2/s]
hT Convection coe�cient in temperature [W/(m2K)]
hH Convection coe�cient in enthalpy [kg/(m2s)]
s Surface recession via ablation [m]
p Pressure [Pa]
ṁg Pyrolysis gas mass �ow [kg/(sm2)]
αD Generalized density
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Introduction

Thermal protections are an essential component of any viable spacecraft.
They ensure that the sensitive equipment and instruments are safely insu-
lated from the rash environment they �y around. For space probes launched
toward another planet, the need of protection is even stronger because of
the very intense heat �ux during atmospheric aerobraking and reentry ma-
noeuvres. These �uxes can amount to several megawatts per square meters,
hence the importance of an e�ective and reliable protection.

The insulating systems must be studied and tested prior to any mission
to avoid any risk of failure on a billion euros vehicle. But due to the extreme
conditions to consider, reproducing them proves complex, expensive and dan-
gerous. As a consequence, it is necessary to develop numerical simulations
reproducing as faithfully as possible these tests. Numerical calculations are
cheap and fast, allowing to perform a large number of experiments. But in
order to replace experimental testing, the validity of numerical studies must
be indisputable.

The objectives of many research departments is therefore to create and
improve numerical models of thermal protections. These models tend to get
quite heavy to reproduce the whole behaviour of the protecting material:
ablation, pyrolysis, swelling, heat conduction, etc. Thus, both elementary
and faithful experimental tests still need to be done in reduced number to
re�ne the numerical models and con�rm their reliability on a reduced �ight
domain.
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1 Background on the mission

1.1 Basic heat exchange equations

In order to study the thermal behaviour of a given material, the general
equilibrium equations governing heat exchange must be applied. A brief
summary of the main equations implemented within the numerical solver is
presented here [1]. When enough conditions are known, these simple equa-
tions prove su�cient to obtain the expected results for the program. The
following equations are used to solve a case of heat transfer without consid-
ering the alteration of the studied material. The phenomena of ablation and
pyrolysis is described later.

When satisfying the heat balance equation, the di�erence in conductive
heat �owing into and out of a control volume, must be equal to a source
term plus the capacitive heat caused by either the heating or the cooling of
the material. The instantaneous temperature distributions T (x, t) satisfying
the heat balance equations is given by:

∂ρH

∂t
= −∇ · q +Q (1)

In this equation, ρH is the material enthalpy, Q is a volume source terms
and q is the conductive �ux vector associated with the local temperature
gradient by Fourier's law:

q = −λi∇T (2)

The conductivity coe�cients λi and the enthalpy ρH are liable to vary
spatially piecewise (from element to element) and are explicitly
temperature- and/or time-dependent. Furthermore an internal heat supply
Q (volume source) can be de�ned or an internal heat loss (volume sink). Q
can vary both spatially (linearly over an element) and with time and
temperature. When introducing the following relation at constant volume:

c =
∂H

∂T
(3)

between the capacity and the enthalpy of the medium, the heat transfer
equation (1) can be written in the following form:

ρc
∂T

∂t
= ∇ · (λi∇T ) +Q (4)
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Two other key formulas to keep in mind are the simpli�ed expressions of
radiative and convective losses:

Qrad = σε(T 4
s − T 4

w) (5)

Qconv = hT (Tfluid − Twall) = hH(Ha −Hwall) (6)

1.2 Pyrolysis

The pyrolysis is the decomposition of an heated organic solid compound into
various gazes and a charred solid. Unlike oxidation or combustion, it occurs
without oxygen. A material is labelled as pyrolysable if exposure to a hot
�ux causes a strong emanation of gas from the material and consequently a
decrease of its mass density. This is a phenomenon that cannot be ignored
when studying atmospheric re-entry.

As the pyrolysis occurs, the material can be separated in three layers.
These three layers and their position are illustrated in Fig 1. Located at
the surface, the pyrolysed area is composed of the charred, consumed ma-
terial, porous and with a reduced mass density. The inner layer contains
the material that has not yet reacted, called virgin material. Between these
two layers is the material undergoing the pyrolysis. The molecular struc-
ture is altered by the heat, causing charring of the virgin material while a
considerable amount of gas is expelled. The created gas then goes through
the porous pyrolysed layer, resulting in a pressure gradient from the deepest
layers to the outer surface. It is assumed that thermal equilibrium between
the pyrolysis gas and the solid matrix is established.

Figure 1: Sketch of a pyrlolysing material

To create a mathematical model of the pyrolysis, three physical laws are
to be used [2]. First, the mass conservation, to express that the mass loss
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within the material corresponds to the created gas, which corresponds in a
one-dimensional problem to the following equation:

∂ρ

∂t
=
∂ṁg

∂x
(7)

The kinetic evolution of the pyrolysis can be expressed via the use of one or
several Arrhenius law(s). This law establishes the relation between the rate
constant k of a chemical reaction, its activation energy, and the absolute
temperature:

k = Ae
−EA
RT (8)

In the speci�c case where the pyrolysis is the reaction to consider, this
equation can be rewritten with the mass density of the material instead of
the rate constant:

−1

ρv
· ∂ρ
∂t

= A

(
ρ− ρc
ρv

)N

e
−EA
RT (9)

where the frequency A, order of reaction N and activation energy EA are
the three parameters required to de�ne the Arrhenius law. This law
depends on the chemical reaction(s) to consider, and illustrates the
temperature dependency of the speed of reaction. The frequency factor is
related to the number of impact between two atoms of a gas per second; it
is time independent.

In addition to the charring of the material, a recession of the surface can
also be observed. This is due to a phenomenon called ablation.

1.3 Ablation

The name ablation refers to the physical and chemical reactions occurring
when a structure is exposed to stress and heating, like those corresponding
to an atmospheric re-entry for example. This phenomenon corresponds to a
mass transfer from the solid toward the surrounding �ow. The heating of a
re-entry vehicle can therefore be delayed by adding an ablative material on
the surfaces where the conditions are the most severe. Figure 2 shows the
evolution of the material's surface while the upper layer is recessing due to
the ablation, and charring due to the pyrolysis.
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Figure 2: Surface recession during ablation

Ablation can be caused by three di�erent sources [3], [4]. Mechanical
ablation is directly induced by the friction of the �ow on the material. It is
even more extensive when coupled with pyrolysis, since the charred material
on the surface is rendered frail by both structural degradation and pressure
gradient. Chemical ablation refers to the reactions between the material
itself and either the �uid around it or some gases created by internal trans-
formations of the material. There are other forms of ablation, for example
due to the change of phase of the ablative protection or by mechanical fric-
tion and shear stress.

If s(t) represents the recession of the surface of the material, then it can
be written as the sum of the mechanical, chemical and phase change ablation:

s(t) = sm(t) + sc(t) + sϕ(t) (10)

The mechanical ablation is given by the formula:

∂sm
∂t

= a(τ + bp)e−
Te
Tw (11)

where Te is the activation temperature, a and b are empirical constants.

The chemical ablation can also be determined as a function of the tem-
perature, the pressure, and the mass of gas expelled by the various chemical
reactions occurring at the interface between the �uid and the solid material.
As for the phase change ablation, the phenomenon only appears after a
given thermodynamic state is reached. This state is speci�c to the material
undergoing the ablation.

1.4 Swelling

The two previous phenomena, pyrolysis and ablation, are physico-chemical
reactions causing a recession of the surface and an consumption of the ther-
mal protection system. They are strongly dependant on external factors,
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such as the aerodynamic �ux surrounding the heatshield, its shape, and the
rigidity of the pyrolysed material in contact with the external medium.

The swelling on the other hand is a mere result of an internal decompos-
ing and cellular rearrangement within the material, induced by a signi�cant
increase of temperature of the pyrolysing layers. Swelling is quite complex,
since it is depending on the internal structure of the material. In our case,
the thermal protection system is Norcoat Liege, which is basically made of a
phenolic resin matrix, containing a large amount of Liege aggregates. Con-
sequently, the intensity of the swelling depends on the form and size of the
cork cells inside the aggregates, the number and size of those aggregates,
and also the physical and chemical properties of the resin surrounding them.
Because of all these parameters to take into account, the models of swelling
are developed from empirical theories, such as those established by Clark in
1973 [1].

During a previous study conducted in Astrium, a model reproducing the
swelling of the material by implementing a dilation of the thermal protec-
tion system was studied. It was a mere simpli�cation, since the introduced
dilation is a reversible phenomenon whereas swelling is permanent.

The choice of this simpli�cation was done because no numerical imple-
mentation was available in the software used by Astrium. The current version
however has been adapted, and the swelling can now be simulated in di�er-
ent ways [5]. The choice was made to use one Arrhenius law (9), to govern
the swelling in the model. By introducing the generalized density αD inside
this equation:

αD =
ρv − ρ
ρv − ρc

(12)

a �rst order di�erential equation is obtained, allowing to determine an
empirical estimate of the swelling as a function of time and temperature:

1

L

∂L

∂t
=
∂αD

∂t
= A

(
ρv − ρc
ρv

)N−1

(1− αD)Ne−
EA
RT (13)

where L represents the dimension of the studied material in the direction of
the �ux.

In order to determine the coe�cients governing this second Arrhenius
law (frequency, reaction order and activation energy), thermo-mechanical
experiments were conducted on cork specimens, with a chosen temperature
evolution.
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2 Tools

2.1 SAMCEF Field

SAMCEF Field [11] is a software allowing the design, modelling, analysis
and results post-processing operations of mechanical and thermal systems.
The geometry is either created in the SAMCEF Field modeler or can be
imported. The software allows the user introduce and de�ne material data
of any created system (material behaviour, thickness, mechanical and ther-
mal properties, etc), as well as boundary conditions, loads and constraints
between parts of the system.

The software's solver however is not quite satisfactory and proves to
be insu�cient. The created numerical problems must as a consequence be
exported to another module, SAMCEF Mecano. After analysis completion,
standard graphical tools can be used to visualize 2D or 3D analysis results on
the initial or deformed geometry (temperature and density evolution, nodal
displacement, etc).

2.2 SAMCEF Mecano

SAMCEF Mecano [11] is the software containing the solver that used for
every numerical simulation presented here. These simulations can be either
a model created via SAMCEF Field, then exported to Mecano, or a model
entirely created by the user in the form of a .dat �le. This software can only
be used in a Unix environment, and its interface much much more complex
to handle. The solver is much more e�ective however, and contains a large
number of side units that are not present with SAMCEF Field, allowing to
investigate critical phenomena such as cavity convection and radiation, or
mechanical swelling for example.

SAMCEF Mecano's non linear Finite Elements solver is more advance
than Field's solver, and is therefore essential for complex models including
ablation, pyrolysis and other advanced thermal phenomena.

2.3 SAMCEF BOSS and Supervisor

BOSS Quattro [11] is a task manager that can be used to conduct a para-
metric study, sensitivity analysis or optimization of any numerical problem
created in another SAMCEF software. BOSS presents a graphic interface
where the di�erent parameters to be studied or optimized inside the program
are imputed as variables. Constraints to be respected and sensitivity of the
research method are also to be chosen. The software is equipped with sev-
eral algorithms to carry out the simulations: convex linearisation, diagonal
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quadratic approximation, generalised method of moving asymptotes, gener-
ally convergent method, etc.

The numerical problem to be optimized is called inside a loop, and BOSS
tunes in the variables within a prede�ned interval to �nd the optimal val-
ues. The principle of such a loop is illustrated in Fig 3. In the case of this
study, BOSS is used to retrieve optimal values of two physical properties in
order to match the thermal response of two numerical models. Therefore,
the variables are the thermal conductivity and heat capacity, the constraint
being to minimize the gap between experimental and numerical result.

Figure 3: Diagram of the optimization loop inside BOSS

Supervisor [11] is another task manager, used to pilot several simulations
working in parallel, and exchanging data. While BOSS only calls the solvers
sequentially and as subroutines, Supervisor launches the simulations as it
keeps running, transmitting data from one simulation to the other. In this
study, Supervisor was used to run a thermo-mechanical cosimulation: the
thermal program computes the behaviour of a Norcoat-Liege plate subject
to a strong heat �ux (heating, ablation, pyrolysis) while the mechanical
program adds a swelling e�ect due to heating and/or an external mechanical
load.
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Figure 4: Diagram of the coupled simulation with Supervisor

As depicted in Fig 4, the basis of the coupled simulation is to transmit the
temperature result from a thermal computation as an entry of a mechanical
computation. The next operation is to obtain the displacement calculated by
this mechanical simulation and inject it in a new thermal simulation. This
step is then repeated until the �nal time step is reached.
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Part I

Sandwich structure study
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This part is focused on the heat transfer within the sandwich structure
placed between the ablative protection and the main body of the space probe.
In addition to its main mechanical role, this structure is to act as a secondary
layer of insulation, and delay the heating of the payload. Simplistic numerical
models of similar structures already exist in Astrium's database, but the
validity of these models was never investigated. Therefore, completely new
models need to be developed. A series of experiments were then conducted
on real specimens to verify the precision and validity of the new models.

3 Experimental set-up

Three specimens were tested during this campaign. Each sandwich structure
is composed of aluminium honeycomb cells trapped between two carbon resin
skins. The specimen 2 and 3 have the same honeycomb diameter and average
cell thickness, only the height of the cells and carbon skin are di�erent. The
�rst model however has a larger cell diameter, and a thinner mean thickness,
which explains its reduced mass density. The main dimensions and properties
of these three specimens are summarized in Table 1:

Specimen 1 Specimen 2 Specimen 3

Cells diameter 4.7 mm 3.2 mm 3.2 mm
Cells height 23.8 mm 22.6 mm 21.4 mm

Aluminium honeycomb Tinsel thickness 19 to 25 µm 26 to 33 µm 26 to 33 µm
Equivalent mass density 32 kg/m3 72 kg/m3 72 kg/m3

Model name AG5 4-20 AG5 3-28 AG5 3-28

Carbon skin height 0.6 mm 1.2 mm 1.8 mm

Table 1: Characteristics of the test specimens

3.1 Laboratory set up

The three specimens were equipped with six temperature sensors. Three
were placed on the upper skin, starting for the center and outwards along a
diagonal, with a regular spacing. Three other were placed symmetrically on
the lower skin. The position of the thermocouples is indicated on the sketch
in Fig 5, with an order of magnitude for the specimen's dimensions. Fig 6
is a simple picture of the upper side of specimen 1, with the TCs glued and
wired.
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Figure 5: Sketch of the temperature measurement points

Figure 6: Picture of the specimen with thermocouples

After the sensors were correctly implemented, a heating resistor was glued
on the upper skin to simulate the heat conduction from the topmost thermal
protection. A test specimen equipped with such a heating patch can be
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observed in Fig 7. The operator could control the temperature imposed
to the upper surface of the test specimen by changing the voltage on the
resistor. This constraint was also cross checked with the measurements from
the thermocouples on the upper skin.

Figure 7: Picture of the specimen with heating patch

In order to have an experiment conducted in an environment as isolated
as possible, the three specimens were placed in a large casing. They were
hanged in mid-air thanks to four very thin cables to minimize as much as
possible the losses by heat conduction. The temperature of the medium
inside the casing was measured to ensure it remained relatively constant,
and to verify that thermal equilibrium was achieved at the beginning of
the experiment. Fig 8 is a picture of the casing where the experiment are
conducted, with the three specimens hanged properly inside.
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Figure 8: Picture of the specimens before testing

3.2 Scenarios

The specimens were tested for two scenarios. The purpose of the �rst scenario
was to reproduce the heating created during the atmospheric reentry. In
addition to obtaining the measurements required to assert the precision of the
numerical model, this experiment also served as a validation of the specimen,
i.e. it would certify that the given sandwich material can withstand the
loads associated with the reentry manoeuvre. The scenario therefore needed
to be as close to the actual heating occurring during the probe's mission.
It consisted of a signi�cant heating at the beginning, followed by a level
temperature around 150 degrees Celsius, and then the temperature decreased
slowly. The adopted temperature pro�le for scenario 1 is illustrated in Fig
9.
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Figure 9: Temperature pro�le for scenario 1

The second scenario was a simple sequence of short increases in temper-
ature, followed by levelled conditions until a steady state was reached. The
duration of those levels was therefore likely to change depending on the spec-
imen studied or the abilities of the heating controller device. The role of this
scenario was to provide data on the thermal behaviour of the specimens for
simpler constraints. The height of the levels would allow to re�ne the values
of both the conductivity of the honeycomb material and also the losses by
radiative and convective transfer. The climbing rate of the temperature re-
sponse would permit to retrieve a proper value of the mass capacity. Figure
10 gives an estimate of the temperature imposed for this second scenario.
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Figure 10: Temperature pro�le for scenario 2

3.3 Computing conditions

The temperature measured by the sensors �xed on the upper face of the outer
carbon skin was entered as a constraint for the numerical simulation. The
only heat losses considered were those due to the convection and radiation
�uxes on the lower face of the inner carbon skin. The specimens have been
covered with a black paint in order to obtain a known emissivity during
the tests. The convection coe�cient are given by the simpli�ed formula
of natural convection from the lower face of a horizontal hot plate for the
ambient pressure [6]:

h = h0 0.59

(
∆T

L

) 1
4

(14)

where L is a characteristic length of the plate and h0 is a factor added to
take into consideration the decrease of the convection with the pressure.

3.4 Negligible phenomena

In the 3D model, the convection and radiative transfer due to the air trapped
inside the cells have been neglected. Their in�uence is relatively small in
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comparison with the conduction within the walls of a cell. This can be shown
by a simple hand calculation. Let's consider a single Aluminium hexagonal
cell with carbon skins on the top and lower edges to close the cavity. The
upper carbon skin is heated from 300 to 330 K, and the heat transfer to the
lower carbon skin via convection, radiation and conduction is studied.

The radiation term is simply obtained via Stefan-Boltzmann's law (5).
The convection term is computed thanks to (6). In order to obtain the
convection coe�cient, both the vertical Aluminium faces and the horizontal
carbon faces must be taken into consideration:

Qconv =
1

Stotal
(Svertical ·Qvertical + Shorizontal ·Qhorizontal) (15)

The convection coe�cient for a horizontal hot plate is given in (12).
Similar empirical results exists for a horizontal cold plate, or a vertical
wall. The convection coe�cient for the whole cell can then be evaluated, as
well as the convective heat transfer.

The conduction term is obtained via (2), since the conductivity of the raw
Aluminium is known beforehand. The results of these simpli�ed calculations
are summarized in Table 2.

radiation convection conduction

3.058 µW 3.642 µW 107.1 µW

Table 2: Comparison of heat transfer phenomena

These three values illustrate that the convective heat transfer dominates
the two other forms. However, in order to have another proof of the predom-
inance of the conduction, a numerical model for this particular case study
will be developed.
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4 Numerical models

4.1 Three-dimensional model

The objective of this model was to reproduce as faithfully as possible an el-
ementary element of the sandwich structure. This model contains 18 hexag-
onal aluminium cells. The height and diameter of these cells is known. The
mean thickness of the cells however is chosen to match the mass density of
the actual honeycomb structure, within the boundaries of the characteristics
datasheet.
Two carbon skins have been added, respectfully above and under the hon-
eycomb cells. A 0.2 mm layer of adhesive is also included between the two
materials, to represent the Redux 340U(SP) binding the carbon skins onto
the hexagonal cells. The height of the adhesive layer was later adjusted to
retrieve a correct volumic mass once the real specimens have been properly
studied and measured. Fig 11 consists of two snapshots of the 3D model,
one showing the whole structure, with the hexagonal cells and carbon skin,
another focusing on the meshing of the Aluminium cells.

Figure 11: Sketch of the three-dimensional numerical model

The main constraint on the model was the meshing of the hexagonal
structure. The number of meshes needed to be su�cient to reproduce prop-
erly the heat transfer from the vertical membranes to the upper face of the
adhesive layer. Di�erent functions creating an assembly of the two struc-
tures have been studied. Indeed, it was possible to glue either the hexagonal
cells onto the adhesive contact surface, or to glue this surface onto the cells.
Oddly, the choice appeared to have some in�uence on the results, as shown
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on Fig 12. A temperature constraint has been imposed on the top of the ver-
tical element, and the heat transfer to the horizontal surface depending on
the choice of gluing was examined. In conclusion, it was decided to glue the
cells onto the adhesive, which corresponds to the right of the �gure, because
it provided a more realistic heat transfer.

Figure 12: Comparison of assembling functions

After the hexagonal structure was meshed properly, the adhesive and
carbon skins had to be provided with an adapted meshing, so that the nodes
created on the cells would correspond to nodes created on the contact surface.
The superposition of those nodes can be veri�ed on Fig 13. Again, the
number of nodes needed to be su�cient to allow realistic computations,
but this number also had to remain limited to reduce computation time.
Eventually, the length and width of these layers were divided in 16 equals
elements, and nodes were placed accordingly.
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Figure 13: Meshes on the adhesive/aluminium interface

In the end however, this model was quite heavy in terms of computation
time, and was therefore ill-suited in case of numerous or lengthy calcula-
tions. For example, a simulation corresponding to the second scenario would
require more than a hour to compute. This delay was unacceptable for a
program that had to be re�ned depending on the conducted experiments.

Consequently, an equivalent one-dimensional model was developed on the
basis of the 3D model by �tting its thermal answers on elementary temper-
ature input solicitations. This model would compute much faster, allowing
to launch a large number of simulations in a reasonable amount of time to
match the experimental results.

4.2 Single cell model

This was a very simple model, considering only a single hexagonal cell with
carbon skins on top and bottom to close the cavity. A new meshing was
adopted to increase the accuracy of the model. A snapshot of the model
with the chosen meshing for the cell is depicted in Fig 14.
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Figure 14: Sketch of the single cell model

A �rst series of computations studied the amount of heat conveyed by
the air trapped within the cavity compared to the basic conduction through
the walls. Another series of computations focused on the e�ect of mutual
radiations exchanged by all the faces forming the cell.

The results of this series of simulations con�rmed the conclusion of the
hand calculation, i.e. the conductive transfer was entirely predominant and
the error introduced by neglecting cavity convection and radiation remained
in the range of numerical approximation. The slight in�uence of the convec-
tion can be assessed in Fig 15, where the results obtained with or without
considering the cavity convection heat transfer are almost identical.
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Figure 15: In�uence of the cavity convection

4.3 Optimized two-dimensional model

In this model, the aluminium honeycomb structure was replaced by a uniform
material, with reduced mass density. Otherwise, the general structure of the
sandwich material remained the same, with an aluminium layer, trapped
between two carbon skins, with adhesive layers between the two species.
Temperature independent values were taken for the conductivity and capac-
ity of the honeycomb-equivalent material, while the properties of the other
materials were the same. Fig 16 is a cartoon representing the 2D model
implemented in this study.
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Figure 16: Two-dimension model of the thermal protection

This model was then implemented in BOSS Quattro. The conductiv-
ity and mass capacity of the honeycomb-equivalent material were chosen as
variables to optimize [7]. The constraint that governed the task manager
was to minimize the disparity between the temperature on lower face com-
puted by either the 3D or the 2D model. Eventually, this would create a
two-dimensional numerical model with physical properties matching those of
the three-dimensional, faithful model.

This step was not per se an objective at the beginning of the study, but
it clearly became a necessity given the complexity of the 3D model to de-
velop a lighter, handier model, whose results could be easily compared to the
experimental ones, while still reproducing real physical properties. Another
thing to note is that due to the overwhelming in�uence of the conductivity
relatively to the capacity on the response of the material, only the conduc-
tivity was obtained accurately via this optimization. Therefore, a manual
optimization was implemented, and proved even more precise to obtain val-
ues of the mass capacity for the honeycomb-equivalent material.

The manual optimizations operated as following [8], [9]: the 3D model
was subject to successive short heating bursts, separated by long steady
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states. The conductivity was tuned in manually to choose the height of the
level on the temperature response, which gave results similar to the BOSS
optimization. The capacity having an in�uence on the slope of the temper-
ature climb, it could a proper value could also be obtained by matching the
temperature response. Although it might seem old-fashioned, this method
proved to be quite satisfactory to determine the actual properties of the
material. However, it would obviously be more suited in case the physical
properties were assumed to be temperature dependent.

Figure 17: Comparison of the results obtained by the two models created

Figure 17 illustrates the temperature response of both 2D and 3D model
to the same hot face constraint. This justi�es the e�ciency of this method:
the temperature on the lower face obtained either by the three-dimensional
model or the optimized two-dimensional model are extremely close, especially
given the relative error that could appear from the di�erent simpli�cations
already made in the simulation. The 2D model can therefore be considered to
reproduce faithfully the complete 3D model while being considerably lighter
and more adapted to numerous computations.
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5 Exploitation

5.1 Comparison of model and experimental results

The temperature measurements by the thermocouples located at the center
of the specimen were stored. These thermocouples only were chosen so that
the border e�ect could be neglected and the simpli�ed model of unidimen-
sional temperature gradient would be su�ciently accurate. In reality, due
to losses on the lateral faces and geometrical constraints, the temperature
pro�le on the structure was far from uniform. Figure 18 shows the temper-
ature measured during a scenario by the three thermocouples on the lower
face. The red curve corresponds to the TC in the center of the specimen,
the green curve is the one closest to the edge, and the blue the intermediary
TC. This illustrates the strong decrease of temperature as the thermocouple
moves further away from the center of the specimen, due to losses on the
sides of the specimen.

Figure 18: Temperature evolution on the lower face for 3 thermocouples

The temperature on the upper face of the model was then implemented
as the constraint piloting the numerical simulation. The temperature on the
lower face was entered as an external function, in order to be compared with
the temperature calculated by the model. From that point, the only changes
allowed on the program were the parameters and the precision required from
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the solver.

The graphics presented in Fig 19 to 21 illustrate the experiment which
should be the closest to the real aerocapture of the probe for the three
specimens: scenario 1 with a low pressure, around 10 mbar. On the pictures,
the red curve represents the temperature measured on the upper face, which
also serves as a constraint on the numerical model. The blue curve represents
the temperature measured by the thermocouple at the center of the lower
face. The green curve is the uniform temperature on the lower face computed
by the numerical model.

Figure 19: Scenario 1 on specimen 1
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Figure 20: Scenario 1 on specimen 2
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Figure 21: Scenario 1 on specimen 3

5.2 In�uence of pressure

Each specimen was tested for two di�erent pressure values, �rst at ambient
pressure and then around 10 mbar. The comparison of the results would
determine the in�uence of the pressure on the convective loss. Finally, two
scenarios were tested for a pressure of 200 mbar to study the validity of the
convection model.

From a bibliographic study [10], it was decided to consider a simple de-
pendence of the convection coe�cient as the square root of the pressure. In
reality however, these values had to be corrected, because the pressure inside
the test casing could not be maintained stable at 10 mbar, but was rather
increasing slowly up to 40 mbar in end of experiment. For the experiments
at 200 mbar, the void was obtained by continuous pumping of atmosphere
from the casing, causing there again pressure variations. The pressure factor
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was therefore corrected as presented in Table 3.

Pressure 1 bar 200 mbar 10 mbar

h0 1 0.44 0.2

Table 3: Convection coe�cient modi�cation to account for pressure

The choice of these values might seem arbitrary, but their validity was
con�rmed by the fact that it worked properly for both scenarios and for the
three specimens tested, although they were not realized simultaneously.

5.3 In�uence of the sandwich structure

On the three specimens tested, two di�erent structures were chosen for the
hexagonal cells, the model 4-20 and the model 3-28. As a consequence, the
diameter and thickness of the cells was di�erent. The physical properties
of the resulting material, and especially the mass density, conductivity and
capacity would not be the same.

In a �rst time, these properties were supposed to be proportional to the
mass density. The values from a pre-existing model with di�erent mass den-
sity were taken and corrected with the mass density ratio. A model was
developed with these new values but was unable to predict accurately the
experimental results. This model was then re�ned to be closer to reality.
The conductivity was considered proportional to the mass density ratio, but
the capacity was considering proportional to the square of same ratio. Again
the results were disappointing.

Finally, the values of the conductivity and capacity were taken from
the optimized 2D model, and the comparison between experimental and
numerical results proved quite satisfactory. In addition, the specimen 2 and
3, which both include the 3-28 honeycomb model worked properly in the
numerical simulation with the same values.

5.4 Sensitivity on the carbon skin model

The database containing physical properties for most of the materials studied
or produced by Astrium contains several models for the carbon skins used
for thermal protection. For this project the model 225 was chosen, because
its mass density corresponded perfectly to the material used for the actual
specimens. There are other models available in the database, some more ac-
curate, and other more up to date. As a consequence, the question of which
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model to choose for the simulations has arisen. However this choice should
not have a strong in�uence on the results, since the physical properties are
very close from one model to another. But to be certain that the in�uence
of a chosen set of properties remains in the accepted margin of error, new
simulations were implemented.

The response to the �rst scenario at ambient pressure of the three speci-
mens was studied. Figures 22 to 24 depict the temperature on the lower face
of the structure for two sets of properties concerning the carbon skins. The
blue line corresponds to the model 225, the one actually used in the rest of
the study, while the green line corresponds to the model 241, an updated
version of the carbon skins. Those two results are then compared to the
experimental value in red.

Figure 22: Carbon skin sensitivity on specimen 1
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Figure 23: Carbon skin sensitivity on specimen 2
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Figure 24: Carbon skin sensitivity on specimen 3

So, as illustrated by the graphics, the results obtained by the two set
of properties are very close, and the di�erence between the two curves is
negligible with regards to the error when approximating the experimental
result. The choice of material 225 for the whole study is relevant, but if
another material was to be used in further development, the validity of this
study would not be challenged.

5.5 Sensitivity on the adhesive layer thickness

In order to be as faithful as possible when reproducing the 3D model, the
height of the adhesive between the honeycomb cells and carbon skins was
considered. At the beginning an arbitrary thickness of 2 mm was chosen for
this layer. Once the actual test specimens arrived in the lab, their height,
width and length were measured. These values were implemented in the 3D
model. The specimens were also weighed, and the mass of the numerical
model was calculated for comparison. The thickness of adhesive was mod-
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i�ed to obtain same mass for both the real and simulated specimen. The
modi�cation of the initial value of 2 mm were in fact quite small.

The in�uence of the adhesive layer thickness was studied anyway, to see
how it would modify the behaviour of the model, and in which amount.
Figure 25 and 26 show the modi�cation of temperature on the lower face
if the original value of 0.2 mm of adhesive is either doubled or halved for
scenario 2 on the �rst specimen.

Figure 25: In�uence of the adhesive thickness of the results
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Figure 26: In�uence of the adhesive thickness of the results, close-up view

These graphics illustrates �rst that when increasing the thickness of ad-
hesive, the lower face is heated faster and the level temperature is slightly
higher. This is simply because the epoxy adhesive is an insulator, with a
conductivity much lower than the carbon skin. Secondly, the fact that sim-
ply having an order of magnitude for the thickness would be enough, because
when considering the whole scenario, the error relatively to the experimental
results never exceeds 2 degrees, for a total heating of almost 80 degrees. Fi-
nally, this series of computations comfort the idea that the thickness chosen
for the rest of the study is the best choice of the three.
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Part II

Ablative and swelling thermal

protection study
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The �rst part consisted of the study of a material sandwich which com-
poses the backbone of the probe. This material is quite resistant to mechan-
ical constraints. But in order to survive atmospheric reentry, the probe must
also be protected by a material able to dissipate the excessive heating and
protect the structural integrity of the spaceship once confronted to the very
high heat load associated with planetary entry. Hence the necessity to equip
the probe with a heatshield.

This shield can be decomposed in two main parts: the front shield, which
have to cope with the strongest �ux. It requires a large amount of material,
and an aerodynamic shape because of stability constraints. The rear and
back shield is a much lighter version. Since in hypersonic regime, backward
�ows occur at low pressure and enthalpy, the heat �ux is reduced and as a
consequence, the ablation phenomenon is negligible. A thin layer of material
is often su�cient to ensure the integrity of the vehicle.

The main criteria when deciding which material to adopt for the thermal
protection system are the heat resistance, dissipation, and obviously aerial
weight. Indeed, the material needs to resist ablation and decomposition to
avoid excessive heating of the sensible parts of the probe. This is a one
shot material, which means it can be deteriorated during the operation. As
a space-grade material, it also need to be as light as possible, to increase
the available mass for the payload without changing fuel requirements. As
a consequence, the material chosen for the heatshield is Norcoat Liege. It
is composed of agglomerates containing a large number of cork wood cells,
bathed in a phenolic resin matrix. This is a very light and insulating material,
plus it is well adapted to the creation of various geometrical shape: the thin
sheets or �at cylinders used for experimental investigation, but also bulkier
bricks that will constitute the actual heatshield on the probe.

6 Experimental set-up

In order to reproduce the extensive heat �uxes that a thermal protection
system must face, there are two possibilities. The �rst is to place a test
specimen in front of a plasma jet. This experiment reproduces represen-
tative phenomenon occurring during atmospheric entry: the material is be
subject to ablation, pyrolysis and swelling. It is very expensive and complex
to implement. Another possibility is to create a strong heat �ux inside an
infra-red oven. This type of experiment is designed to get rid of the ablation
phenomenon, and consider only pyrolysis and swelling, but the �ight stagna-
tion heat �ux level cannot usually be reached. As a consequence, a plasma
experiment is better suited to implement local studies for the points of the
structure where the heat �ux is the strongest, and where ablation is decisive,

42



typically the front of the shield. An infra-red oven experiment is intended for
larger surfaces with a heat �ux relatively low in amplitude but high in en-
ergy, where pyrolysis is predominant, such as the rear and sides of the shield.

6.1 Infra-red oven experiments

The oven is composed of a series of infra-red lamps aligned vertically, as
depicted in Fig 27. The cork layer was �xed on a cooled aluminium support,
then placed in front of the lamps. The oven created a heat �ux with a value
close to 350 kW.m−2 for 75 seconds. During this experiment, a thermocou-
ple was inserted in the middle of the cooled Aluminium support, and the
luminance temperature of the hot surface was also measured. In addition, a
camera was placed on a side of the Norcoat Liege sheet. The images collected
were later be used to estimate the swelling of the material, to be compared
with the numerical value.

Figure 27: infra-red oven, close-up view

The dimension of the test specimen and the position of the thermocouple
(TC) are shown in the sketch of Fig 28. Since this experiment was supposed
to reproduce a grazing �ux with a negligible ablation phenomenon, the cho-
sen test specimen will was thin sheet of Norcoat Liege, with large dimension
in order to neglect border e�ects.
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Figure 28: sketch of an infra-red test specimen

The increase in the heat �ux occurred in two steps: �rst an abrupt
increase up to 100 kW.m−2, then a steady �ux for 15 s, followed another fast
increase until the maximal �ux value was reached. The �ux pro�le for the
infra-red experiment is given on Fig 29.

Figure 29: Heat �ux generated by the infra-red oven
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6.2 Plasma jet experiments

This series of experiment were intended to reproduce the strong heat �ux
on the front of the shield during an aerocapture mission. Both ablation and
pyrolysis had therefore to be taken into account, since the heat �ux was cre-
ated by placing the test specimen in front of a plasma jet. The experiments
took place in a con�ned and isolated space, both to ensure safety and to
create a low pressure medium, typically around 100 mbar.

A stagnation point geometrical con�guration was chosen in order to max-
imize the heat �ux on a relatively homogeneous region. The test specimen
was a cylinder of Norcoat Liege with smoothed edges, with a diameter of 50
mm, and a height of 20 mm. The specimen rested on an insulating glassy
support. The main characteristics of the specimen are reminded on the
sketch in Fig 30.

Figure 30: Sketch of a plasma jet test specimen

The available measurements were the same as those obtained for the
infra-red experiment: a thermocouple was inserted on the cold face of the
thermal protection, the luminance temperature of the hot surface was mea-
sured, and a camera recorded the shape evolution (aspect, roughness, etc)
of the heated wall over time.
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Two types of scenarios were implemented, with maximum values for the
heat �ux respectively of 400 and 800 kW.m−2. These heat �uxes are pre-
sented in Fig 31.

Figure 31: Heat �ux generated for the plasma jet experiments
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7 Numerical models

For the two experiments realized, corresponding numerical model were de-
veloped to study the precision of the results obtained by the model in com-
parison with experimental measurements. In both cases, the numerical sim-
ulations corresponded to a one-dimensional model, considering a large layer
of Norcoat Liege on a small Aluminium box, with a very thin layer of glue
between them. The �ux was considered unidirectional, acting only on the
upper face of the model. The losses on the cold face were in a �rst time be
neglected.

7.1 Infra-red model

This was a �rst approximation, very simple numerical model. It consisted of
5.5 mm of Norcoat Liege standing on a 2 mm Aluminium support. Between
them, a 0.3 mm layer of glue has been inserted. The size of the meshes has
been selected to ensure a good precision in the outer layers of Norcoat, where
ablation and pyrolysis occur. Further in the material, larger meshes were
selected to reduce the number of elements, and save computing time. Fig 32
presents a snapshot of the numerical model for the infra-red experiment.

Figure 32: Numerical model for the infra-red experiment

The heat �ux was applied on the upper Norcoat face only. To imple-
ment the �ux, the �uid temperature was calculated via an inverse Stefan-
Boltzmann law, and inserted as a parameter governing the simulation, in
order to retrieve the proper heating. The heat transfer was considered only
in the direction of the �ux. The ablation and pyrolysis occurred only on the
Norcoat Liege. Di�erent simulations were done in order to check the in�u-
ence of convective and radiative losses on the cold face of the Aluminium.
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Two numerical models had to be created and launched simultaneously
thanks to Supervisor. The thermal model applied the temperature and �ux
constraint on the specimen, and simulate the pyrolysis and conduction in
the Norcoat material, plus the heat transfer towards the Aluminium support
through the glue layer. The ablation was not taken into account in this
model, to acknowledge that this was an infra-red heating, and no friction
was applied on the upper face. The mechanical model used the tempera-
ture calculated by the previous model to pilot the swelling of the thermal
protection system.

7.2 Plasma jet model

Once again, a very simple, one-dimension model was chosen. The model
was therefore very similar in its conception to the infra-red one. It was
composed of 18 mm of Norcoat Liege, on the 0.3 mm of glue and 2 mm
Aluminium support. A snapshot of the created model can be seen in Fig 33.
The simulation concerned a small area in the middle of the test cylinder, to
neglect the in�uence of the geometry on the applied heat �ux. The �ux was
therefore considered uniform, and applied directly on the specimen, not via
the �uid temperature. Both the ablation and pyrolysis were simulated in
the thermal model. Again, a mechanical model ran in parallel to pilot the
swelling with the temperature increase.

Figure 33: Numerical model for the plasma jet experiments

Two sets of experiments were conducted, for the two possible values of
the heat �ux. Any losses on the lower face were neglected because of the low
pressure and especially the geometry of the test specimen, where the cold
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face was not in contact with the external medium. Moreover, the Norcoat
layer was so thick that it took quite some time for the heat wave to reach
the deeper layers of the material.

The objective was also to develop a two-dimension model, but this step
had to be cancelled due to a tight timeline in the end of the internship.
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8 Exploitation

For the di�erent experiments, the videos were studied in order to estimate the
size of the material, in order to determine its evolution due to ablation and
swelling. Then the temperatures measured were compared to those obtained
by the numerical models.

8.1 Infra-red model

The camera was placed on the side of the experiment, slightly higher than
the thermal protection system. By zooming on the side of the Norcoat plate,
its height was measured. When comparing to the initial value, the swelling
of the material during the experiment could be deduced. Fig 34 depicts four
pictures taken at di�erent time during the experiment, where the swelling of
the Norcoat plate can be observed.

Figure 34: Swelling measurement on infra-red experiment

The value obtained for the swelling was then compared result computed
by the numerical model as is shown in Fig 35. Some parameters of the
numerical simulation, such as the activation energy on the Arrhenius law,
were then tuned in to match both results.
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Figure 35: Comparison of simulated and measured swelling

The model also calculated the evolution of the nodal density on the sur-
face in function of time. On the graphic of Fig 36, it can be seen that, as the
pyrolysis occurs, the material becomes more and more porous. The density
diminishes as matter is expelled as gas and as the volume is increased due
to charred material.
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Figure 36: Density on the hot surface

Finally, the temperatures calculated by the model can be compared by
those obtained during the experiment. The hot face temperature on the
Norcoat Liege can be compared to the luminance temperature, and the cold
face temperature on the Aluminium, with or without heat losses, can be
compared to the value measured by the thermocouple.
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Figure 37: Hot face temperature

On Fig 37, a real discrepancy can be observed between the temperature
measured by luminance and the temperature calculated by the model. A �rst
justi�cation for this divergence is the value of the emissivity chosen for the
hot wall. In the numerical model, an approximate coe�cient is implemented.
The actual emissivity can be somewhat di�erent. Moreover, the surface
during the experiment do not remain plain due to the cracks and roughness
of the charred material. Another explanation for this gap is the smoke e�ect
during the experiment. Indeed, the pyrolysis gas expelled from the solid
matrix remains inside the containment, between the thermal protection and
the camera. Consequently, it darkens the atmosphere around the Norcoat
plate and shifts the measured luminance temperature, even if this opacity
do not change the value of the �ux hitting the Norcoat sheet.
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Figure 38: Cold face temperature

Figure 38 presents a comparison of experimental and numerical results
for the cold face temperature. This graphic illustrates that even consider-
ing thermal losses on the cold face, the �nal temperature are not in good
accordance with reality. This is due to a lack of knowledge of the complex
phenomena occurring in the end of the experiment. However, the �rst part
of the experiment, typically before the �ux is stopped, is emulated very faith-
fully by the numerical models. This is a very positive result for an simulation
taking into account both thermal pyrolysis and mechanical swelling.

8.2 Plasma jet model

For this experiment, the camera was placed on the side of the specimen,
which was more convenient to measure the height evolution of the material.
Both phenomena of ablation and swelling could therefore be observed. Once
again, the position of the recession surface was marked out, and compared
to the initial value thanks to the pictures shown in Fig 39. Unfortunately,
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the video only lasted while the test specimen was facing the heat �ux. As
a consequence, no detail was obtained about the behaviour of the specimen
after it exited the �ux. It is supposed it continued swelling for quite some
time, typically hours, as the heat propagated within the material, �nally
reaching the deepest layers of material.

Figure 39: Swelling and ablation on plasma jet experiment

Several numerical simulations were made for both the 400 and 800 kWm−2.
The objective was to obtain both a behaviour similar to the experimental
result when considering ablation and pyrolysis. A constraint to take into
account was that same activation energy had to remain high enough to en-
sure the swelling phenomenon restarted after the heat �ux disappeared. The
result of these di�erent calculations are gathered in Fig 40, and compared
to the experimental measurement.
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Figure 40: Swelling obtained by di�erent numerical models

Again, the simulation can be used to study the density on the thermal
protection surface. This time, the evolution illustrated in Fig 41 is a bit more
complex to interpret. Indeed, while the pyrolysis causes a large decrease
in the density, the frail and lighter material composing the interface with
the �ux is slowly eliminated by the ablation. While the charred surface
is eroded by the �uid, it is replaced by a deeper, denser layer, where the
pyrolysis reaction is less advanced. Finally, when the �ux stops, the ablation
disappears while the chemical degradation continues, causing once again a
decrease of the material's density.
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Figure 41: Density on the recessing surface

Another interesting point to study is the evolution of density and tem-
perature within the material. In the graphics of Fig 42 and 43, the abscissa
axis no longer represents the time, but the position, measured from the bot-
tom of the Norcoat block. Density and temperature are measured at 50, 150
and 250 s, which means around the maximum of the �ux, shortly after the
�ux is stopped, and a little while after the �ux is stopped.
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Figure 42: Density within the material
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Figure 43: Temperature within the material

From Fig 42 and 43, three remarks can be done. First, they illustrate
again the predominance of ablation on swelling, as the maximal height is
considerably smaller in the end of the simulation. Another point to notice is
that the density distribution does not vary that much between 150 and 250 s,
except in a small layer of material, which corresponds to the pyrolysing area.
Finally, another interesting fact to notice is how negligible the temperature
increase is for the deep layers of Norcoat. This is due to an oversight of the
numerical model, which will be explained below.

While trying to compare the temperature measured on the cold face
to the numerical result, which are depicted in Fig 44, a strong divergence
appears. The numerical model gives almost no temperature evolution while
the �ux is hitting the upper face. There is in fact a heat transfer, but it
takes quite some time, almost 800 s for a 20 K increase. When reading the
thermocouple measurement, however, a similar increase takes less than 50 s.
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Figure 44: Cold face temperature problem

This inconvenient di�erence is due to the extreme simpli�cation of the
numerical model and of the problem's geometry. The heat �ux is considered
to be applied only on the upper Norcoat layer, and the heating of the un-
derneath material is therefore only due to internal conduction. In the real
experiment however, the whole test specimen is placed inside the heat �ux.
Consequently, a lot of heat is exchanged via the lateral boundaries. This
di�erence shows the limitations of the one-dimension model to describe the
plasma jet experiment, and justi�es the implementation of a two-dimension,
more complex model.

However, this coupled model allows to simulate experiments on a thermal
protection system while introducing both a swelling of the material and a
recession due to the ablation of the hot face. The model gives results in
accordance with reality, which is already quite and satisfactory.
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9 Conclusion

In this thesis, the thermal behaviour of a atmospheric reentry heatshield
has been studied. In the �rst part of the internship, the sandwich structure
supporting the decomposing material was investigated. Numerical models
of diverse complexity were created in order to obtain a �rst estimate of the
thermal properties of the material, especially the thermal conductivity and
mass capacity.

Then, test specimen were used to acquire experimental data on the heat
transfer inside the studied material. More faithful numerical models were
implemented, in order to verify that the simulated results were in accor-
dance to the reality. Eventually, the in�uence of the phenomena neglected
in these models was assessed, and the sensitivity of the results depending on
some parameters on which uncertainty existed was veri�ed.

This study showed that the developed numerical models gave results con-
sistent with the data obtained via experimentation on real test specimens.
The neglected phenomena were indeed proven negligible, and the models'
dependency on uncertain parameters remained low enough. Consequently,
the possibility to use these models for further study of the sandwich struc-
ture if the need arouse was approved.

In the second part of the internship, a study of the ablative and swelling
material from which the heatshield is composed of was realized. Infra-red
and plasma jet experiments were conducted to investigate the response of
several areas of the shield during the entry manoeuvre. Mechanical and ther-
mal models were introduced in order to reproduce the di�erent phenomena
occurring in the material: ablation, pyrolysis and swelling.

Although the gap between results obtained during these simulations and
experimental campaigns remained a little high, the success in implementing
a coupled simulation to pilot both swelling and thermal evolution proved
encouraging. The discrepancy between the results can be considered to be
mostly due to an oversimpli�cation of the problem while developing the
numerical computations, especially since the in�uence of the specimen's ge-
ometry and the thermal losses were completely neglected. However, the im-
plementation of working numerical models to simulate ablation and swelling
in a same computation remain an important advance in this domain, and
will provide a viable basis to re�ne in order to obtain eventually a faithful
simulation.
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A next step to continue the work presented here would be to introduce
new two-dimensional models taking into account for example the geometry
of the test specimen and the border e�ects. This should improve the pre-
cision of the numerical model, and diminish the gap between the numerical
results and experimental observations.

In addition, a more thorough investigation of the swelling during the
experiments is necessary. The �rst step would be to keep recording the be-
haviour of the test specimen during the �rst hours following the heating
period, as the swelling is continuing while the heat wave gradually reaches
the deep layers of material. Furthermore, a mean to estimate with higher
precision and in real time the position of the recession surface would be re-
quired, because the measurement error is for now quite signi�cant. Finally,
the insertion of several position and temperature sensors inside the test spec-
imen would be essential in order to optimize the experimental measurement
of the swelling and establish a temperature pro�le for the whole specimen.
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