e LIEGE université m/ e
b Library '

https://lib.uliege.be https://matheo.uliege.be

Master thesis and internship[BR]- Master's thesis : Thermo-mechanical
modeling of composite materials subjected to fire[BR]- Integration Internship

Auteur : Dethier, Victor

Promoteur(s) : Noels, Ludovic

Faculté : Faculté des Sciences appliquées

Dipldme : Master en ingénieur civil en aérospatiale, a finalité spécialisée en "aerospace engineering"
Année académique : 2021-2022

URI/URL : http://hdl.handle.net/2268.2/14528

Avertissement a l'attention des usagers :

Tous les documents placés en accés ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément
aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), I'utilisateur du site peut lire, télécharger,
copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les
indexer, s'en servir de données pour un logiciel, ou s'en servir a toute autre fin Iégale (ou prévue par la réglementation
relative au droit d'auteur). Toute utilisation du document a des fins commerciales est strictement interdite.

Par ailleurs, I'utilisateur s'engage a respecter les droits moraux de l'auteur, principalement le droit a l'intégrité de I'oeuvre
et le droit de paternité et ce dans toute utilisation que I'utilisateur entreprend. Ainsi, a titre d'exemple, lorsqu'il reproduira
un document par extrait ou dans son intégralité, |'utilisateur citera de maniere compléte les sources telles que
mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du
document ou son résume) nécessite l'autorisation préalable et expresse des auteurs ou de leurs ayants droit.




a # LIEGE

université

UNIVERSITY OF LIEGE
FACULTY OF APPLIED SCIENCE

Thermo-mechanical modeling of

composite materials subjected to fire

Master’s thesis carried out to obtain the degree of

Master of Science in Aerospace Engineering

Author: Victor DETHIER
Internship supervisor: Michaél BRUYNEEL (GDTECH)
Academic advisor: Prof. Ludovic NOELS

ACADEMIC YEAR 2021-2022



Abstract

Composite materials, and especially Polymer Matrix Composites, are increasingly used
in engineering applications such as in aerospace or marine structures. The environments
in which they are used can be prone to fire events. However, the fire resistance of Poly-
mer Matrix Composites is rather poor. This is explained by the fact that the polymer
matrix reacts to fire and undergoes pyrolysis. Premature failures are therefore occurring.
It is thus important to be able to model the thermo-mechanical response of composites
subjected to fire in order to prevent these failures. This type of modeling, including
pyrolysis, is not available nowadays at some companies working on composite materials.

It is therefore useful to investigate this subject.

In this work, the physics related to composites in fire are first explained. The most
used thermo-mechanical models are identified. A common feature between them is the
use of a two-step analysis. First, a thermal analysis is performed. It is then followed by
a decoupled mechanical analysis. This work is focusing mostly on the thermal part. A
thermal model developed by Henderson et al. is found to be a reference in that domain.

The classical mechanical models are also briefly explained.

Using the finite element software SAMCEF, the thermal model is solved. The detailed
methodology required to use correctly the software is given. Some adaptations of the
formulas and the material properties are done. A methodology used to perform a short
mechanical analysis is also given. The results from the thermal model, and more specifi-
cally the temperature distributions, are compared to experimental and analytical results
found in the literature. They are not very conclusive in the first instance. The value of
the matrix decomposition energy must be increased in order to improve the results. It is
also shown that some properties must be tuned to fit the experimental curves when the

material data is not precisely known.

Eventually, a short and simple mechanical analysis using elastic and advanced material
laws is performed and some results are interpreted. It is nonetheless limited by the lack
of knowledge about both the thermal and mechanical properties for a same composite

material. Therefore, only generic results are obtained. They cannot be over-interpreted.
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Chapter 1
Introduction

This master thesis consists in the thermo-mechanical modeling of composite materials
subjected to fire. It is realized as part of an internship at the company GDTECH. In this
chapter, a short summary is made about the general context and the main motivations
regarding this subject. Then the objectives of the work, jointly defined with the company,
are detailed. A first preview of the methodology used to achieve these objectives is

presented. Eventually, the outline of this master thesis is given.

1.1 Context and motivations

Composite materials, and especially Polymer Matrix Composites (PMC), are increasingly
used in engineering applications such as in aerospace or marine structures. Another com-
mon name for PMC is Fiber Reinforced Polymer (FRP). As their names suggest, PMC
or FRP are composed of a polymer matrix in which are present reinforcing fibers. There
exist many resin-fiber combinations used in the industry. These materials present a high
strength-to-weight ratio, which is their main advantage. They allow therefore to have
lightweight structural elements that comply with the mechanical properties required by
the application. In the aerospace industry, for example, some fuselage and wings com-
ponents are nowadays made with composite materials. They are chosen at the expense
of regular isotropic materials such as aluminum for the purpose of weight and, even-
tually, fuel consumption reduction. PMC materials also present other advantages such
as a good resistance to corrosion and fatigue. Moreover, composite materials allow for
creating complex shapes which is a limitation for metal parts. It therefore requires less
assembly processes. All these advantages justify the use of PMC in the aerospace and

marine industries [1-3].

Although PMC are competitive materials, they are also known to have several draw-
backs compared to regular isotropic materials. Among these drawbacks, mention can be

made about the high cost of constituents materials and manufacturing. Composite mate-
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rials also present a risk of delamination upon shocks. This often leads to the replacement
of the entire component since local repairs are difficult to achieve. Another important
concern about PMC is their poor fire resistance and high flammability. Indeed, since

they are composed of an organic matrix, they react to fire.

PMC materials are sometimes used in environments where they are prone to be sub-
jected to fire. In aircraft, ships or even offshore platforms, fire can develop and reach
structural elements made in composite materials. The occurrence of fire leads to the ma-
trix degradation and decomposition through a pyrolysis effect. It releases smoke, toxic
fumes and generates a large amount of heat. Besides that, the resulting temperature in-
crease leads to thermal softening. Both the polymer matrix degradation and the thermal
softening alleviate the PMC’s mechanical properties. This causes loaded structures to
deform and eventually fail. All these fire consequences constitute a serious hazard for
the affected structure, but also for the people on board [4]. It is therefore important to
consider the fire properties of PMC when they are used in dangerous environments. The
characterization of the thermal response and degradation as well as the decrease of the

mechanical properties is crucial in order to avoid incidents.

1.2 Objectives

As explained at the beginning of this chapter, the master thesis is realized as part of
an internship at the company GDTECH. The objective of this internship is to model
the thermo-mechanical behavior of PMC materials subjected to fire thanks to the finite
element software SAMCEF [5]. The thermo-mechanical model is decoupled which means
that first a thermal analysis is performed and then the resulting temperatures are used
in a mechanical model. This type of analysis has never been done at GDTECH and they
are therefore not able to model these kinds of problems. The goal is thus to initiate
this modeling for the company and to prove that it is feasible, especially regarding the

thermal part which is really not mastered at GDTECH.

The first objective is to understand the physics behind the thermal response of com-
posite materials exposed to fire (one-sided heating). The different processes occurring in

reality have to be well understood in order to develop an accurate model.

Then, the second objective is to represent accurately the time-dependant thermal re-
sponse of the composite material subjected to fire. This requires the use of a thermal
model representing the physics of the problem identified in the first objective. It is aimed
at predicting the matrix degradation and the internal temperature distribution in a com-
posite sample. Note that this is the main objective because thermal models including

pyrolysis have never been used at GDTECH. Therefore, they would like to focus on
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this type of problems and apply it to mechanical models that they already have in their

database.

The last objective is to apply the temperature distribution obtained thanks to the
thermal model to a mechanical model already used by the company. It allows to show
that a complete thermo-mechanical modeling can be performed with SAMCEF to simulate
the temperature-dependent mechanical response of a PMC sample. The main goal is to
show that a transfer of the temperature distribution from the thermal to the mechanical
model can be done and to verify if the results are consistent. A complete mechanical
modeling is not the objective because of time constraints and a lack of experimental data

in the literature to validate the results.

1.3 Preview of the methodology

The most used models coming from the literature are first identified. They all consider a
two-step analysis involving first a thermal and then a mechanical model [6, 7|. Many ther-
mal models have been developed in the past years [6, 7|. They are more or less complex
depending on the processes that they take into account. The one that is considered as a
reference to predict the thermal response is a model developed by Henderson et al. [§].
It is a rather simple model but which represents nonetheless accurately the thermal be-
havior of composites exposed to fire. It takes into account the most important processes
that are involved in the composite response to fire conditions. This model is governed
by an energy equation and a continuity equation (mass conservation). It is based on the
material thermal properties which are temperature-dependent but which also depend on
the state of decomposition in the material. Moreover, this model presents the required

boundary conditions that have to be defined.

Regarding the mechanical part, not a lot of research has been done in the literature
since the objective of this master thesis is not to focus on the mechanical modeling. Some
mechanical models have nonetheless been identified in the literature in order to see what
is done in practice. Some simple analytical models have been found [4, 9]. They mainly
consider the decrease of the strength due to temperature. They are used to calculate the
time-to-failure of composite samples. There also exist very complicated models that are

beyond the scope of this work [7].

In order to model the thermal response using SAMCEF, the model from Henderson et
al. [8] is used as a reference (most used model in practice). The way a thermal problem
is solved by the solver is identified. Then, the heat transfer and continuity equations
(including pyrolysis) implemented by default in the software are compared to the one

used in the reference model. They are adapted (if needed) to stick to this model. The

3
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materials properties required by SAMCEF for this type of problem are identified. The
mesh, the thermal loads and the boundary conditions are then defined. Moreover, the
time integration parameters are chosen according to the problem. Experimental and an-
alytical results for the thermal response of composites exposed to fire are used to validate
the results obtained with SAMCEF for these same composites. They come from two dif-
ferent publications [4, 10| using the reference model developed by Henderson et al. [§].

Some materials parameters are adapted if needed based on a sensitivity analysis.

Once the thermal response is correctly represented, the resulting time-varying tem-
perature distribution is imposed in a decoupled mechanical model. The goal is here to
present a simple and rapid analysis since it is not the main objective of the work and that
not a lot of time is dedicated to it. As done for the thermal part, the geometry and the
mesh are created. Then, the loads and boundary conditions are chosen. Eventually, the
material is defined with temperature dependent properties. Note that it was difficult to
find publications about this subject giving enough information about both their thermal
and mechanical properties of materials. It is therefore complicated to perform a complete
valid thermo-mechanical analysis for a specific composite due to this lack of information.
The temperature distribution obtained thanks to the thermal model for the material used
in [4] is thus applied to another material available in the database of GDTECH, for which

the mechanical properties are known.

1.4 Outline of the thesis

In Chapter 2, a review of the multi-physics models found in the literature is made. The
most used models are discussed in details, including the materials definitions. The com-

mon assumptions made in practice are explained.

In Chapter 3, the methodology used in the thermal modeling using the software SAM-
CEF is presented. The geometry, material definitions, boundary conditions and the time
integration are discussed. After the modeling of the thermal part, the modeling method-

ology used for the mechanical part is detailed.
In Chapter 4, the thermal model is validated based on two different publications com-
ing from the literature. The methodology explained previously is applied and the results

are discussed. Some materials parameters are tuned to adapt the numerical model.

In Chapter 5, the application of a temperature distribution in a mechanical model

and the resulting mechanical response are analyzed and discussed.

In Chapter 6, the conclusions and some perspectives for further works are presented.



Chapter 2

Multi-physics models

2.1 Introduction

A lot of research has been conducted on composite materials subjected to fire since the
1990s. The first studies focused mainly on the fire properties of the PMC such as their
flammability, the heat release rates and the smokes properties. Researchers also focused

on the polymer composites flammability reduction [11-14].

Then, more researches have been undertaken about the structural properties of poly-
mer matrix composites during exposition to fire. These researches aimed at analyzing
and modeling the fire-under-load behavior of PMCs. Mouritz et al. [6] made a general
review of the different structural response models developed for PMC materials subjected
to fire. The models have been assessed thanks to experimental tests carried out to this

end.

When PMC materials are exposed to fire, four different types of processes take place.
These are either thermal, chemical, physical or failure processes. It is important to take
them into account in order to accurately model the structural response of the exposed
PMC. Before going into the details, the three first types of processes are listed in Tab. 2.1
and represented schematically in Fig. 2.1. The thermal, chemical and physical processes
occur during exposure to fire of PMC materials no matter the presence or not of loading.
On the contrary, the failure processes are load-dependent. They also depend on the pro-

cesses presented in Tab. 2.1 which influence the mechanical properties of the material.

These four processes are not well separated from each other. An important coupling
between them is present. Indeed, as it can be seen in Tab. 2.1, the thermal and chemical
processes are for example really interdependent. The relation between these two types of
processes and the physical processes is less straight forward but exists. All these interac-
tions make the structural behavior of PMC difficult to model.
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Fire processes

Thermal Chemical Physical

Heat conduction from fire | Matrix viscous softening Thermal strains
through the composite

Heat generation Matrix melting Internal pressure
(exothermic) or accumulation
absorption (endothermic)
from the matrix
decomposition

Heat convection (cooling) | Matrix decomposition Pores creation
from the hot gases and
moisture vapors

Heat generation from Matrix volatilisation Matrix cracking
oxidation (char + fibers)

Heat generation from Char formation, growth Delamination
flammable volatiles’ and oxidation
ignition
fibers oxidation fiber-matrix debonding
Char-fibers reactions Surface ablation

Table 2.1: Listing of the thermal, chemical and physical processes occurring in PMC
exposed to fire [6]. The failure processes are not presented.

As it is explained above, the thermal, chemical and physical fire processes are cou-
pled. This leads to a complex thermo-mechanical behavior of the composite materials
when they are subjected to fire. In practice, it is really complicated to model such inter-
actions. Therefore, most thermo-mechanical models are based on a two-step analysis [6].
First, the thermal response is computed thanks to a thermal model in order to obtain an
accurate solution for the temperature distribution. Then, this temperature distribution
is used in a mechanical model in which the material properties are influenced by the

temperature. This leads to a simpler analysis than if all the couplings had to be taken
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into account. The results obtained thanks to this kind of two-step analysis present a good

agreement with the one obtained experimentally [6].

Both the thermal and the mechanical models found in the literature are discussed in
the next sections. The focus is put on the thermal models since it is the most important

part of this master thesis. Then a short presentation of mechanical models is made.

heat conduction

volatile gas flow +

surface radiant

FIRE emissivity — heat convection
delamination
matrix cracking
ignition of flammable fibre-matrix debonding
volatiles

viscous softening, creep &
melting of polymer matrix
exothermic/endothermic
matrix decomposition

decomposition
reaction front

virgin
material

Figure 2.1: Schematic representing the different processes occurring in the
through-thickness direction during fire exposure of a PMC. From Mouritz et al. [6].

2.2 Thermal models

The structural behavior of PMC materials subjected to fire has been modeled by several
researchers in the past years. The first step in the modeling is about the correct repre-
sentation of the thermal processes taking place in reality. The main goal is to accurately
determine the temperature distribution inside the material. It also allows to characterize
the decomposition state inside the material. As specified by Mouritz et al. [6], the PMC

thermal modeling is therefore a crucial stage.

Multiple thermal models exist in the literature. These models are more or less com-
plex. They take into account multiple transient processes which depend on the temper-
ature through the material. They are either chemical or physical and are governing the
PMC thermal response. These processes as well as the temperature at which they occur

in the case of fiberglass composites are presented in Fig. 2.2. It is important to note that

7
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the temperature ranges given in Fig. 2.2 may vary with the type of matrix and the fire
conditions. Among all these processes, at least three are always present in the thermal
models used in practice: heat conduction, matrix pyrolysis and gas flow. It is the case in
the models developed by Henderson et al. [8] and Gibson et al. [15], in which only these
three processes are considered. In addition to those mentioned above, other processes
such as the thermal expansion/contraction and the increasing gas pressure are taken into
account in different thermal models although they influence less the composites thermal

response |16, 17].

Matrix pyrolysig
Craéking

| Char formation |

| Gas flow |

|Fibre—char reactions|

Gas pressure

| Thermal expansion | |Therma| contractionl

| —

| Heat conduction
1 : I : I : I : | : I

0 250 500 750 1000 1250 1500

Temperature (°C)

Figure 2.2: Temperature-dependent processes occurring inside fiberglass PMC
laminates. From Mouritz et al. [6].

A significant majority of the developed thermal models assume one-sided heated ma-
terials. Most of them are thus one-dimensional models considering the temperature vari-
ation only in the through-thickness direction. Indeed, it is very important to know how
the temperature evolves in that direction. Moreover, regarding the fire itself, it is in most
cases simulated by a regulated radiant heat flux or by an imposed surface temperature [6].
The fire expansion as well as the fire-composite interactions are hence not represented.
However, more sophisticated models have been developed in order to simultaneously sim-
ulate the fire dynamic behavior and its interaction with the PMC exposed surface [18-
20]. These models use Computational Fluid Dynamics (CFD) techniques that allow to
represent the complex heat flow coming from the flames. The CFD simulation results are
then coupled with the finite element representation of the PMC material. This enables
to properly model the boundary conditions variations at the fire-exposed surface. Nev-
ertheless, as explained previously, most existing models do not take into account these

fluid dynamics interactions.
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2.2.1 Common assumptions

Many assumptions are made in the thermal models used in practice. However, making
these assumptions do not influence much the temperatures compared to the one obtained

experimentally.

First, as explained above, only three main processes are usually considered. The oth-
ers that are presented in Tab. 2.1 are not taken into account in the models. These three
main processes are: the heat conduction, the polymer matrix decomposition (pyrolysis)
and the gas diffusion coming from this decomposition. The matrix cracking, the pressure
rise, the thermal expansion /contraction and the fiber-char reactions are generally not rep-

resented in the thermal models because they influence much less the thermal response [6].

Then, it is usually assumed that there is a thermal equilibrium between the material
and the gases coming from the decomposition. These gases are also considered to behave

ideally and to be non-reactive [10].

Eventually, the composite material is viewed by the thermal model as being "homo-
geneous". This means that no distinction is made between the fibers and the matrix.
Indeed, the material thermal properties are generally defined for the composite as a

whole [7] (except for the matrix decomposition properties).

2.2.2 Energy equation

Many thermal models exist to simulate the thermal response of PMC materials subjected
to fire. Nonetheless, the model developed by Henderson et al. [8], has been one of the most
used models and is still used nowadays [21]. Therefore, this is the model that is mainly
explained in this chapter. It is governed by a one-dimensional energy equation charac-
terizing the global thermal response of the composite along its thickness. As specified
previously, this model considers three processes influencing the temperature distribution
through the material. These are the heat conduction, the polymer matrix decomposition
(pyrolysis) and the gas diffusion coming from this decomposition. Taking these processes
into account, the one-dimensional governing energy equation writes [8]:

% (mh 4+ myhy) = 6% </€LZ—Z) AxAA — % (mghy) Az — Q,-aa—T:. (2.1)
It is a non-linear partial differential equation with a control volume formulation. The
material properties depend on the temperature and on the decomposition state of the

material. They are discussed in details in Section 2.2.5.
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The different variables present in Eq. 2.1 are the:

e time ¢

e composite instantaneous mass m

e composite specific enthalpy A

e decomposition gases mass m

e decomposition gases specific enthalpy Ay
e through-thickness spatial variable x

e through-thickness thermal conductivity %k
e temperature T’

e control volume width Ax

e unit cross-sectional area AA

e decomposition gases mass flow rate 7,

e decomposition energy Q;

Another form of the energy equation is usually used in the thermal models. It is
obtained by applying the mass conservation equation to Eq. 2.1. The mass conservation
equation, also called continuity equation, is discussed in the next section and is written
as follows [8]: ‘

_om _ 8mgAx+ 8mg'
ot Ox ot

Applying this continuity equation to the energy equation given by Eq. 2.1 leads to the

(2.2)

other form of the energy equation represented by Eq. 2.3. The detailed mathematical

developments used to derive this equation are given in Appendix A.

oT om

%AI - E (Qz +h— hg) ) (2‘3)

oT 0 oT
(mC + m,C,) (

—=—|ki— )| AzAA —m,C
ot Oz Lam) 979
where C' and Cy are the composite and the decomposition gases specific heat capacities,

respectively.

As said previously, the thermal equation Eq. 2.3 developed by Henderson et al. [8] is
one-dimensional and non-linear. The first term on the right-hand side represents the heat
conduction process which occurs in the through-thickness direction. It considers classical
heat conduction and takes into account the fact that the thermal conductivity varies
through the material. The value of the thermal conductivity depends on the temperature
and also on the stage of the matrix decomposition. A detailed description of the thermal

conductivity is made in Section 2.2.5.2.

10
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The second term considers the heat convection due to the outflow of volatiles coming
from the polymer matrix decomposition. These hot gases flow out of the material towards
the heated surface through the char material. Since they are colder than the heated part,
they have a convective cooling effect on the material which explains the minus sign. More

information about the gas mass flow is provided in Section 2.2.3.

The last term stands for the heat generated or consumed by the polymer matrix de-
composition (i = p) and the carbon-silica reactions (i = ¢). The carbon-silica reactions
may occur between the fibers and the char region when the temperature is high enough
(~ 1000°C for glass fibers). It is therefore usually not occurring and the models consider
only the term @,. If the decomposition process is endothermic, this term is negative
which characterizes a heat consumption. This is the case for most polymer matrix. In
the presence of an exothermic reaction, this term would obviously be positive to charac-
terize a heat generation. As it can be seen in this last term of Eq. 2.3, the heat generated
or consumed by the polymer matrix pyrolysis depends on the decomposition reaction rate

expressed by %—T. This term is developed in Section 2.2.5.1.

The thermal model developed by Gibson et al. [15] has been and remains also used a
lot in practice. This is actually a slightly modified version of the model from Henderson
et al. [8] presented above. In this case, the thermal response of the PMC material is
described by the following equation:

ar o or oh dp
C—=— — | —-m = - = h—h 24
ST 8I<L8x> My ge o\ @t ), (2.4)
where p is the instantaneous composite density. Eq. 2.4 is directly obtained from Eq. 2.3
which is divided by the total volume V', assumed constant (no expansion considered).
Note that the through-thickness thermal conductivity is going to be simply written k& in
the rest of the text.

The three terms on the right-hand side of Eq. 2.4 represent the three main fire pro-
cesses presented previously, as in Eq. 2.3. Nevertheless, this thermal model from Gibson
et al. [15] does not consider the reactions between the char and the fibers. Therefore,
only the value of ), representing the polymer matrix decomposition energy is taken into
account in the last term. This model is thus able to predict the thermal response of the
PMC material up to temperatures below which these reactions do not occur (~ 1000°C
for glass fibers). The decomposition reaction rate of the polymer matrix in terms of den-

sity can also be represented by a term % based on the Arrhenius law (see Section 2.2.5.1).

It can also be noticed in Eq. 2.4 that the decomposition gases specific heat capacity

Cy is not present on the left-hand side. This is because it is considered to be already

11
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taken into account in the composite specific heat capacity C. Indeed, depending on how
C is measured in practice, it sometimes already includes the contribution of the heat
capacity from the gas present in the pores. In that case, the real expression for C' is
given by Eq. 2.5. This equation is valid under the assumption that the decomposition
gases and the gas present in the pores during the property measurement (air/nitrogen)
have the same specific heat capacity. This is not the case in reality but this assumption

is usually considered to be valid [22].
Vv
O~ [(J + %Cg} . (2.5)

As explained previously, both thermal models described by Eq. 2.3 and Eq. 2.4 are
used to estimate the time-dependant temperature distribution through PMC materials
exposed to fire. Experimental studies validated the models by showing that they could
accurately predict the temperature evolution at different locations in the material [4,
9]. For example, Feih et al. [9] compared experimental measurements to temperatures
predicted by the model from Gibson and colleagues [15]. They used PMC laminates made
of E-glass fibers (woven fabric) and vinyl ester resin with a [0/90] stacking sequence. The
samples were 9 mm thick and were exposed to a constant heat flux using a conical heater
(on one side). The heat flux, denoted ¢”, ranged from 10 kW /m? to 75 kW /m?. A good
correlation was observed between the predicted and measured temperatures as it can be

seen in Fig. 2.3.

2.2.3 Continuity equation

The energy equation governing the thermal response of FRP exposed to fire has been
described in the previous section. In order for the thermal model to be consistent, this
equation requires an additional relation related to mass conservation. Indeed, when the
polymer matrix is subjected to pyrolysis, it loses solid mass at a certain rate %—T. This
process releases decomposition gases. In that case, it is thus necessary to respect the
principle of mass conservation expressed by Eq. 2.6. It is called the mass continuity

equation and must always be verified [8].

8m_8mg 8mg
“ o T o M e

(2.6)

The mass loss rate %—T on the left-hand side of Eq. 2.6 is computed thanks to an
Arrhenius function explained in Section 2.2.5.1. The first term on the right-hand side
represents the spatial variation of the gas mass flow rate rh,. This gas mass flow rate
can be obtained thanks to the Darcy law rewritten in Eq 2.7 [10]. The last term in
Eq. 2.6 stands for the storage rate of gas mass m, into the material. The continuity

equation Eq. 2.6, combined with Eq. 2.7, allows calculating the gas mass flow rate during

12
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Figure 2.3: Evolution of the time-varying temperature at the hot, middle and cold
faces of a glass/vinyl ester laminate for different values of the heat flux q.
Experimental results (dashed lines) and predicted values (solid lines).

From Feih et al. [9].

decomposition.

: ymg OP
= — — 2.
Mg upAx 0z’ (27)

where v is the composite permeability, i the decomposition gases viscosity, ¢ the com-

posite porosity and P is the pressure. The composite permeability and porosity depend
on the material state of decomposition. These parameters are discussed later in Sec-
tion 2.2.5.7. Note that the pressure can be found thanks to Eq. 2.8 [10].

13
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RT
_ Py with My

P My
M, o= pAzAA’

(2.8)

where p, is the decomposition gases density, R the universal gas constant and M, the

decomposition gases molecular mass.

Some other thermal models, such as the one from Lattimer et al. [22], use a modified

version of the continuity equation given by Eq. 2.6, which is the following:

_dp _9my (2.9)

which is based on the following assumptions:

V = cst, (2.10)
mgy <K m. (2.11)

The mass conservation equation expressed by Eq. 2.9 is particularly convenient in
order to compute the gas mass flux 7). Indeed, Lattimer et al. [22] derived from it a
simple expression for the gas mass flux through the material. This expression is given by
Eq. 2.12. Decomposition gases are assumed to only escape the material through the face

exposed to fire. Moreover, it is assumed that the material does not expand.

) L
1y (¢, t) = 5 // pdx, (2.12)

where ’ is a specific location in the through-thickness direction and L is the composite
thickness. The density is known at any time and location in the material thanks to an
Arrhenius function representing the decrease in density and described in Section 2.2.5.1.

Therefore, obtaining the value of the gas mass flux is straightforward.

2.2.4 Boundary conditions

The thermal models also require appropriate boundary conditions in order to be accurate.
These have to be defined for both the exposed and non-exposed side of the composite ma-
terial. The existing models from different authors present identical boundary conditions
definitions [6, 10, 15, 22]. The boundary conditions involve a radiative and convective
component. Combined together, the radiative and convective terms represent the net
surface heat flux into the material. These boundary conditions are expressed by Eq. 2.13

and 2.14, respectively for the exposed and unexposed sides [22].

14
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oT
—k —|  =es (g — 0T20) + heonvo (Too — Tio) (2.13)
ax =0 7
or
k—| =¢e0(Ty —T.) + heonor (Too — Ts.p) - (2.14)
8$ x=L ,

with €5 being the composite surface emissivity, ¢ the Stefan-Boltzmann constant, h.yp,

the convection coefficient, T, the composite surface temperature and 7T, the surround-

/!

ing temperature (ambient). The effect of fire is represented by the radiative heat flux ¢”,.

Henderson et al. [10] give a more detailed expression of the boundary condition for
the exposed side. It is represented by Eq. 2.15.
aoT
—k—| =oe.a,T —e,0T5 o+ Peonvo (Too — Tap) (2.15)
Ox =0 ’ 7
where ¢, is the radiation source emissivity, 7, is the radiation source temperature and a
is the composite surface absorptivity. Note that the emissivity and the absorptivity of
the material usually depends on its state of decomposition. This parameter is discussed
in a following section (see Section 2.2.5.6).

The material exposed surface is often assumed to be a gray surface, its absorptivity
o, and its emissivity e, are equal [23|. Therefore, Eq. 2.15 can be rewritten as follows:
ar

k2 e (0TI B (T~ Too), 2.16)
=0

with qq = oe. T2 (2.17)

It can be observed that Eq. 2.16 corresponds to the boundary condition used in most
models, which is given by Eq. 2.13. Slightly different boundary conditions definitions
exist in the literature. For example, Yu and Zhou [24] developed a more sophisticated

model to simulate a flame heat flux.
Another important boundary condition imposed in the thermal models is the surface

pressure. It is usually the same for both the exposed and unexposed faces and is assumed

to be the atmospheric pressure.
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2.2.5 Material properties

Different thermal models have been presented in the previous section. They allow to
accurately predict the temperature evolution in PMC materials exposed to fire. These
models are based on thermal equations taking into account different fire processes. It was
shown that the most used models considered three of these thermal processes. They are
the heat conduction through the material, the heat convection from the volatile gas flow
and the heat absorbed (or generated) by the polymer matrix pyrolysis. In order to obtain
accurate temperature predictions, the material properties used in the thermal equations
(Eq. 2.3 or Eq. 2.4) must be known. These properties are the composite density, heat
capacity, thermal conductivity and enthalpy. There are also the volatile gas enthalpy,
the polymer decomposition energy, the emissivity, the absorptivity, the porosity and the

permeability.

The mentioned properties are temperature-dependent and they also depend on the
polymer matrix decomposition state. Knowing that, it is necessary to determine their
value, and this all across the expected temperature range. It must also be determined how
the properties evolve due to matrix pyrolysis. There is however often a lack of information
about some of these material properties because they are usually very difficult to measure
accurately over the temperature range of interest. They are therefore sometimes only
estimated which leads to some limitation of the models. Note that, as explained in the
common assumptions (see Section 2.2.1), the composite is considered as a whole in the
models. Therefore, the thermal properties are usually given for the entire composite
and not for the matrix and the fibers separately (except for the matrix decomposition

properties).

2.2.5.1 Density

The first material property to be addressed is the density, which changes over time due to
the polymer matrix pyrolysis. This is thus an important property to consider in the ther-
mal modelling of composite materials subjected to fire. Indeed, it influences the thermal
response since the pyrolysis reaction requires (or releases) energy and therefore leads to
heat consumption (or generation). Moreover, the matrix decomposition modifies the na-
ture of the material from a virgin to a charred state. This transformation influences other
material properties such as its thermal conductivity or heat capacity (see Sections 2.2.5.2
and 2.2.5.3).

Most thermal models use a relation based on the Arrhenius law to determine the
decrease in density. It directly results from a relation representing the mass loss rate.
Depending on the authors, this relation slightly differs. For example, Henderson et al. [§|
use Eq. 2.18 whereas Lattimer and colleagues [22] use Eq. 2.19. Both these equations

16



2.2. THERMAL MODELS

are expressed in terms of the composite instantaneous mass m, initial mass mg and final
mass mys. Another relation, given by Eq. 2.20, is also used by some authors [4, 9, 21].
This equation is expressed in terms of the polymer matrix instantaneous mass M, initial
mass My and final mass M.

%—T = —mq {—m ;Ignf} Ae™#r (2.18)
om m—m; " B
E = —(mo — mf) m Ae  RT, (219)
M M — M" E

The variables A, n and E are respectively the rate constant, the order and the activa-
tion energy of the polymer matrix decomposition reaction. The term my—my in Eq. 2.19
is called the initial mass of active material (or pyrolysable material). It corresponds to
the total mass that can be lost during the decomposition process. The term m — my in
Eq. 2.18 and Eq. 2.19 represents the instantaneous remaining mass of active material,
which can still be decomposed. The term M — My is equivalent to m — my but in terms

of the remaining mass of active polymer matrix.

In the case of a decomposition reaction involving the polymer matrix alone, the mass
loss rate equations given by Eq. 2.19 and Eq. 2.20 are almost equivalent. Indeed, the

following relations hold:

om  OM

_— = 2.21

ot ot’ (2.21)
m—my =M — My. (2.22)

If the polymer matrix is assumed to fully decompose, Eq. 2.19 and Eq. 2.20 are equal.

In that case, an additional relation holds:
mo —my = Mo. (2.23)

The different expressions used to represent the mass loss rate of decomposing com-
posites have been detailed. It allows to derive the corresponding relations in terms of
density. Assuming a constant volume, the density decrease rate is easily obtained. Note
that it represents exactly the same phenomenon as the mass loss rate but density is more
convenient than mass regarding the material properties definition. Eq. 2.24 is obtained
from Eq. 2.18, whereas Eq. 2.25 is obtained from Eq. 2.19.

8,0 P — Pe " __E
- _ RT . 2.24
at p’U |: pv :| Ae ( )
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% = —(py — pe) Li —ppcj Ae~ 7T (2.25)

Eq. 2.24 and Eq. 2.25 represent the decomposition reaction rate of the polymer ma-
trix. These equations are appropriate provided that pyrolysis occurs in one single phase.
As it can be noticed, the knowledge of both the virgin and fully charred composite den-
sities, respectively p, and p,, is required. By definition, the virgin composite density is
its initial density, before the start of the decomposition process. Regarding the charred
composite, its density is obtained by combining the fibers’ density (assumed constant)
and the remaining density of the charred polymer matrix. As an example, Feih et al. [9]
found that the remaining mass fraction (RMF) of a fully charred vinyl ester resin was

around 3 %. This value was obtained by conducting a thermo-gravimetric analysis.

In addition to p, and p., the matrix decomposition also depends on the decomposition
reaction parameters A, E and n presented earlier. They are determined thanks to a
thermo-gravimetric analyzer (TGA), which gives curves showing the evolution of the
polymer RMF as a function of temperature. The optimal values for the parameters A, £
and n are then found by fitting the curves on the experimental data. An example of TGA
curves for a vinyl ester resin is given in Fig. 2.4. It can also be noticed in this figure that
the decomposition reaction occurs at different temperatures depending on the heating
rate. The higher the heating rate, the higher the temperature at which decomposition
starts. It is explained by the fact that the material presents a thermal inertia.
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Figure 2.4: TGA curves obtained for a vinyl ester resin with different heating rates.
Experimental measurements (symbols) and curve fits (solid lines).
From Feih et al. [4].
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The decomposition state is generally represented in the different models by a variable
F called the virgin material relative mass fraction. Its value depends on the instantaneous
composite mass or density and is given by the following equation (assuming constant
volume):
p="""r _ P7Pe (2.26)
mo —myf  Pv— Pe

This variable represents the proportion of virgin material that is remaining in the sample
during the decomposition process. This is particularly convenient since F' takes values
between 1 and 0, respectively corresponding to a virgin and a fully charred state. Two

limit cases can be observed:
p=p, — F=1, (2.27)

p=p. — F=0. (2.28)

The virgin material relative mass fraction F' is used to perform interpolations between

the virgin and charred material properties. This is discussed in the next sections.

2.2.5.2 Thermal conductivity

The thermal conductivity k quantifies the ability of the material to conduct heat. It is
usually expressed in [W/mK]|. The heat conduction phenomenon in a solid material is
related to energy transfer between agitated atoms. In order to take place, a temperature
gradient must exist in the material. In that case, thermal energy is transferred from a
high energy to a low energy region (i.e. from high to low temperatures). This thermal
energy transfer is called a heat flux. The basic relation linking the heat flux ¢” to the
temperature gradient is the following [23]:
q = —k?)—z. (2.29)
As it can be seen in Eq. 2.29, the heat flux is directly related to the temperature
gradient through k. The higher the value of the thermal conductivity, the larger the heat
flux. In order to obtain the positive flux going from high to low temperatures (Z—Z < 0),
a minus sign is put in front of k. Regarding composite materials subjected to fire, the
most important thermal conductivity to consider is the through-thickness conductivity.
Indeed, the goal of the thermal analysis is to study how the temperature evolves across

the material between a hot face (exposed) and a cold face.

The composite thermal conductivity is temperature-dependent. Moreover, the po-
tential polymer matrix decomposition also influences the conductivity properties of the
composite. Knowing that, the thermal conductivity of a decomposing composite can be
defined by Eq. 2.30 [6].
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K(T,p) = F - ky(T) + [1 = F] - k(T), (2.30)
where:

kv(T) = kl(v) + k?g(v)T, (2.31)

/i)c(T) = kl(c) + kQ(C)T + ]Cg(c)TQ + k4(C)T3. (2.32)

As it can be seen in Eq. 2.30, the thermal conductivity is obtained by an interpola-
tion between the virgin and charred material conductivities, respectively k, and k.. Both
depend on temperature through coefficients (k) and k;cy). The coeflicients are usu-
ally obtained thanks to curve-fitting on experimental data, which are collected over the
temperature range of interest. The interpolation between the virgin and charred conduc-
tivities depends on the virgin material relative mass fraction F'. It therefore introduces

the dependency on the decomposition state in the expression of k.

Henderson et al. [10] also take into account the influence of the porosity on the thermal
conductivity. The expression used for thermal conductivity kgenderson in their model is
presented in Eq. 2.33. The composite material is indeed usually porous and its porosity
increases during decomposition. The resulting pores are filled with decomposition gases
and lower the thermal conductivity. Therefore, the overall thermal conductivity depends
on the conductivity of the solid material £ and of the decomposition gases k,, and also
on the composite porosity ¢. Note that k£ in Eq. 2.33 is obtained thanks to Eq. 2.30

presented earlier.
kHenderson = (b : kg + (1 - ¢) k. (233)

The thermal conductivity of the composite material can also be influenced by dam-
ages resulting from internal degradation. For example, delamination can occur at some
locations inside the material when the temperature increases. This leads to the creation
of gaps and cracks that act as a barrier against conductivity. If this phenomenon is not
taken into account in the thermal model, this could lead to temperature over-estimation.
Luo and Desjardin [25] established another formulation for the conductivity of degrad-
ing composite. This is expressed by Eq. 2.34 where the volume fraction of cracks is
considered.

k= (st/k/’v + ¢CT/kCT)_1’ (234)

where ¢, and .. are respectively the solid material and cracks volume fractions. k.,
stands for the thermal conductivity through cracks. This expression for the thermal con-

ductivity is similar to the one given in Eq. 2.33 taking into account the porosity.

Note that the thermal conductivity of the charred material k. is measured experimen-

tally. Therefore, it sometimes already includes the effect of porosity or delamination [22].
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2.2.5.3 Specific heat capacity

The specific heat capacity C' of a material quantifies its capability to store thermal energy
per unit mass. It is usually expressed in [J/kgK]. Multiplying C' by the density p of
the material yields the volumetric heat capacity pC, expressed in [J/m?K]. Tt is here the

ability for a precise volume of this material to store thermal energy that is quantified [23].

Similarly to the thermal conductivity, the specific heat capacity depends on tempera-
ture. Moreover, due to potential decomposition, the composite passes from a virgin state
to a char state. This also influences the heat capacity property of the material. Therefore,

exactly as for thermal conductivity, the specific heat capacity is defined as follows:

C(T,p) = F - C(T) + 1 - F] - Cu(T), (2.3

where:
C, = Cl(v) + CQ(U)T, (2.36)
C. = Cl(c) + CQ(C)T. (2.37)

Specific heat capacity for both the virgin C), and charred material C. has to be mea-
sured experimentally over the temperature range of interest. Based on the results, the

coefficients Cj(,y and Cj) are obtained thanks to curve-fitting methods.

The governing thermal equation given by Eq. 2.3 also requires the knowledge of the
decomposition gases specific heat capacity C,. Indeed, these gases are present in the
material pores or cracks and thus impact the overall heat capacity. Nonetheless, C, is
not used to express the material heat capacity in other thermal models. This is the case
in the one from Gibson et al. [15] or Lattimer et al. [22] for instance. As explained in
Section 2.2.2, they consider that the influence of (| is already taken into account in the
solid material heat capacity. It is valid provided that the decomposition gas and the
environment gas (present in pores during the properties measurements) are assumed to
have the same specific heat capacity [22]. Note that C, is nevertheless always present
in the term characterizing the convection, which comes from the gas flow through the

material.

2.2.5.4 Specific enthalpy

The specific enthalpy of the composite material h, or the decomposition gases hy, is a
thermodynamic quantity representing the total heat content per unit mass. It is usually
expressed in |J/kg|. As presented in Eq. 2.38, the specific enthalpy & includes the spe-

cific internal energy u and the product between the internal pressure P and the specific

21
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volume v [23].
h=u+ P (2.38)

In the models representing the thermal behavior of composite materials exposed to
fire, the specific enthalpy is obtained from the specific heat capacity [6, 8, 9, 15, 22].
Indeed, the values of h and h,, present in the thermal equations Eq. 2.3 and Eq. 2.4, are

defined as follows:

T

h:/ cdr, (2.39)
T’ref
T

hy = / C,dT, (2.40)
Tres

where T,.¢ is the reference temperature and C' is obtained thanks to Eq. 2.35.

2.2.5.5 Decomposition energy

The polymer matrix energy of decomposition @, also called standard heat of decomposi-
tion, is defined by Agarwal and Lattimer as the "difference of standard heat of formations
of active solid material and decomposition gas" [26]. It is usually expressed in [J/kg].
The heat of decomposition is negative if the decomposition process is endothermic. This
is usually the case for polymer matrix. Argawal and Lattimer describe a detailed method
in order to measure the value of Qp. This is done thanks to a simultaneous thermo-
gravimetric analyzer (STA). This STA simultaneously combines data from a differential
scanning calorimeter (DSC) and a TGA. The DSC measures the differential energy input
to the material sample and the TGA measures the mass of the sample. The standard
heat of decomposition remains difficult to measure accurately. Moreover, its value is in-

fluenced by the measurement method.

The term (@, + h — h,) present in the thermal equation Eq. 2.4 is called the heat
of decomposition. Another name used for this term is heat of pyrolysis. It represents
the thermal energy absorbed (if endothermic) or delivered (if exothermic), per unit mass

of volatile gases, during the decomposition process. When pyrolysis occurs, the mass

loss rate %—T in Eq. 2.4, initially equals to zero, becomes negative. It therefore activates

the contribution of the heat of decomposition to the thermal equation. Observed from
another perspective, the heat of pyrolysis modifies the composite apparent volumetric heat
capacity pCqyp, during decomposition. This is shown by rearranging the thermal equation
given here by Eq. 2.41 [22].

pCa—T—g(lﬂ

ory .,0h, 0Op
ot Oz
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This expression can be modified if the change in density is rewritten as follows:

o _ 0por
ot 0T ot

Eq. 2.41 therefore becomes:

o T <k8T)_m,,6hg

"ot ox \ Ox 99x’
where the apparent volumetric heat capacity is defined as:

0
pCapp = pC + (Qy + h — hg)a—;.

(2.42)

(2.43)

(2.44)

As it can be seen in Eq. 2.44, an endothermic decomposition process induces an in-

crease of pCypp. The material thus seems to have a larger heat capacity during pyrolysis.

This is illustrated by the red curve in Fig. 2.5 for an E-glass vinyl ester (EGVE) sample.

Note that in this figure, cqpp and c,,, are respectively the composite apparent and sen-

sible specific heat capacities. ¢, is seen as the actual composite specific heat capacity,

neglecting the effect of decomposition. It is thus similar to the term pC' in Eq. 2.44. ¢,

and cy are respectively the active material and inert filler specific heat capacities. In the

case of a EGVE sample, the active material is the vinyl ester resin and the inert filler is

the E-glass fibers. Inert means that the filler material is not subjected to decomposition.
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Figure 2.5: Specific heat as a function of temperature for a decomposing EGVE

sample. Heating rate of 20 K/min. From Agarwal and Lattimer [26].
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2.2.5.6 Emissivity and absorptivity

The composite surface emissivity £, and surface absorptivity o, are used to express the
radiative component of the thermal boundary conditions. For a given surface temper-
ature, the emissivity (resp. absorptivity) corresponds to the ratio between the energy
emitted (resp. absorbed) from a real surface and the energy that would be emitted (resp.
absorbed) if this surface was a black-body [23]. A black-body is an idealized material
being a perfect emitter (resp. absorber) which means that it emits (resp. absorbs) radi-
ations in all frequencies and incidence. By definition, its emissivity and absorptivity are

equal to 1. Both the emissivity and the absorptivity are dimensionless variables.

As explained in Section 2.2.4, the thermal models used in practice usually consider
gray surfaces [8, 22|. This means that the emissivity and the absorptivity are equal.
However, they can be smaller than 1. Moreover, they are usually defined dependent on

the decomposition state of the material. Therefore, they are computed as follows [8]:
es=F -, +(1—=F) e, (2.45)

as=F o+ (1—F)- g, (2.46)

where €, ,, and a, are the virgin material emissivity and absorptivity and where €, . and

o, . are the charred material emissivity and absorptivity.

2.2.5.7 Porosity and permeability

The thermal model developed by Henderson et al. [8] requires the knowledge of the com-
posite porosity ¢ and permeability v. The porosity is used in the thermal conductivity
definition (see Section 2.2.5.2) and in the Darcy’s law for the gas mass flow (see Sec-
tion 2.2.3). It is a dimensionless parameter ranging between 0 and 1 that represents the
proportion of pores inside the material. The permeability is also used in the Darcy’s
law and is expressed in [m?|. It indicates how easy it is for decomposition gases to flow

through the material.

Both the composite porosity and permeability depend on its state of decomposition
as for many other material properties. They are expressed as follows in the model from
Henderson [§]:

¢=F ¢+ (1—-F)- ¢ (2.47)
%l _ 7 om

where ¢, and ¢, are the virgin and charred material porosity, respectively. Regarding the
expression for the permeability, g is the initial (virgin) permeability and ¢ is a so-called

decomposition permeability factor.
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2.3 Mechanical and damage models

As explained earlier, the thermo-mechanical modeling of composites materials subjected
to fire is very often made thanks to a two-step analysis. The first step of the analysis is
the thermal modeling which is presented in details in the previous section. This thermal
part is based on various assumptions that have been explained and do not consider any
mechanical behavior in the composite. The second step is the mechanical modeling. A
presentation of the models used in practice in order to represent the mechanical response
is made in this section. However, since the mechanical part is not the main objective in
this work, the presentation of the existing models is brief. Moreover, a lot of material
data for high temperatures are lacking in the literature. It is therefore difficult to perform

a mechanical analysis accurately in the scope of this work.

The mechanical models require the knowledge of the temperature distribution ob-
tained thanks to a thermal model. The mechanical models can be divided into two
different parts. The damage models and the mechanical models (tension, compression)

as they are defined in [6].

2.3.1 Damage models

It was said earlier in Section 2.1, that multiple processes occur in the material during a
fire event. These processes were given in Tab. 2.1. The damage caused to the composites
materials exposed to fire are due to a combination of chemical and physical processes.
There exist different types of damage [6]: matrix decomposition, pore formation, delami-
nation and matrix cracking, fiber-matrix debonding and char formation. These are more
or less important depending on the through-thickness location into the material. They
are indeed present closer to the heated surface and less at the unexposed side of the
composites. These damages are not taken into account in the most used thermal models
(except the matrix decomposition) because they do not influence much the temperature
distribution resulting from an exposition to fire. However, these damage influence much
more the mechanical behavior of the composite materials when they are simultaneously

submitted to loading.

The damages are very difficult to model since they depend on a lot of different pa-
rameters that must therefore be known to represent the problem [6]. Some models exist
to take into account one type of damage that is important. This is the delamination
cracking due to thermal expansion, pressure and matrix softening. These models (ana-
lytical or finite elements models) representing the thermal expansion or the crack growth
of delaminated regions have been developed in the past years [6]. However, they require
the knowledge of many temperature-dependent material properties which are difficult to

measure and lacking in the literature. It is therefore difficult to use these models. Note
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that the ones considering thermal expansion are also able to predict the composite behav-
ior without loading. Indeed, the effect of the temperature alone leads to thermal strains.
A schematic of this behavior is shown in Fig. 2.6. It can be seen that the asymmetry in
the temperature distribution leads to a thermal moment. This is because the expansion

directly depends on the temperature and is therefore also asymmetric.

Thermal
. t
y Insulating momen
blanket /\' causeis
P curvature
X
A A
—_—
100 mm Thermal
Heat exposed force
source burning causes
zone expansion
—_—
Y y

Figure 2.6: Temperature induced deformations for one-sided heating of a non-loaded
composite sample [4].

The modeling of the matrix decomposition explained in Section 2.2.5.1 can also be
considered as a type of damage modeling. Since this process influences much more the
thermal response than the other damage processes, it is also taken into account in the
thermal model. The same definition, using the Arrhenius’ law, can be used in the me-
chanical model. It allows to take the effect of mass loss damage into account for the

structural behavior modeling of the composite.

2.3.2 Mechanical models

Most researches have been made about the mechanical modeling of composites subjected
to fire under compression loads. Less information is available regarding the behavior in
tension. This is explained by the fact that the main effect of the temperature increase
in the material is the reduction of the matrix properties. This thus influences more the
composite failure in compression than in tension [9]. In order to be brief, only the com-

pression case is presented in this section.
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The common feature between the models is the use of the previously computed tem-
perature distribution. Then, the mechanical properties are evaluated based on these tem-
peratures. They are usually assumed to decrease in a single stage as shown in Fig. 2.7.
This is mainly due to the glass transition of the polymer matrix. The compression
strength and Young’s modulus are the properties generally considered. They are ob-
tained thanks to experimental measurements for the temperature range covered by the
thermal analysis. The data resulting from these measurements are used to determine
coefficients in empirical formulas. An empirical formula used by Feih et al. [4] for the

compressive strength is given as an example in Eq. 2.49.
1.0
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Composite Mechanical Property, P(T)
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Figure 2.7: General decrease of composite mechanical properties with temperature [6].

oo(T) = (UC(") ZUC(R) LG ;UC(R) tanh (& (T — Tk))> x Ree(T)", (2.49)
where o,(,) is the composite compressive strength at room temperature, o.(g) is the resid-
ual compressive strength at high temperature. ® is a constant related to the temperature
range over which the strength is reduced. T}, is the temperature at which the compressive
strength is half the strength at room temperature. R,. is a scaling function that takes
into account the effect of the matrix decomposition. n is an empirical value used to adjust

the effect of the resin decomposition on the strength decrease.

In the most known mechanical models, there is often only the remaining compres-
sive strength of the material that is considered [6]. Knowing the temperature evolution
through the laminate, this remaining compressive strength can be calculated at different

locations using the previous formula. Integrating over the thickness L leads to the average
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compressive strength o,, as follows (Simpson integration technique):

S do = — 2 4 9 420 (2
g L/L/2 o(@)de = 3 1o (wo) + 40 (@1) + 20 (22) + -+ + 20 (42) (2.50)

+40 (xg—1) + o (x1)]
The failure is then assessed as follows:
e Failure when o,, reaches the applied compressive stress
e Failure of all plies simultaneously (not successively)
e Failure not dependent on creep (which depends on temperature)

This method for evaluating the mechanical behavior of a composite subjected to fire
is not very general. It requires a lot of experimental data in order to be used correctly.
Moreover, this model does not lead to a rigorous prediction of the mechanical behavior
of the material. It only leads to the evaluation of the time-to-failure from a global per-
spective without considering buckling. Indeed, this model is only valid for applied loads
that are smaller than the buckling load [4].

Some other works have been recently published on the mechanical modeling of com-
posites submitted to high temperatures [27-29|. They present more sophisticated models
using finite element methods. However, these models are much more complicated and
are beyond the scope of this master thesis, which focuses mainly on the thermal part.
Further works planned at GDTECH will be related to these mechanical models using the

thermal part studied in this master thesis.
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Chapter 3

Modeling methodology

3.1 Introduction

The theory governing the response of composite materials subjected to fire has been de-
scribed in Chapter 2. This type of problem can now be solved using SAMCEF. The
software contains different modules that are attributed to different types of analysis
(Amaryllis for thermal and Mecano for mechanical analysis). As for the models pre-
sented in Chapter 2, the thermo-mechanical analysis made in this work is decoupled.
First, the thermal response of the composite is computed using the modeling method-
ology presented in the next section (see Section 3.2). No mechanical considerations are
made in that part. Then, the time-dependent temperature distribution resulting from
this thermal analysis is used in a mechanical model. It is possible thanks to a specific
command available in SAMCEF. It is called .IT3 and leads to a mapping of the thermal
solution onto the mechanical mesh. This is explained in details further in this chapter
(see Section 3.3).

THERMAL Temperature distribution MECHANICAL

>

Amaryllis module Mecano module

Figure 3.1: Flowchart representing the two-step thermo-mechanical analysis.
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For both the thermal and the mechanical parts, the problem is defined in a so-called

bank file (.dat file) in command language. It contains all the information listed below

and required for the simulation. This file is pre-processed by a module named Bacon.

e geometry,

e mesh properties,

e type of problem to be solved,

e materials definition,

e loads & boundary conditions,

e time integration parameters,

e archiving parameters (not discussed here).

Once the Bacon module has completed the pre-process, different files are sent to the

analysis module to solve the problem. These are the SAMCEF-file (.sam file) containing

the data for computation and the database file (.sdb file). After the problem resolution,

three important files are created by the analysis module. Two of them, the .fac and .des

files, are necessary for post-processing. The other one, the results file (.res file), is the

analysis module output containing all the warning and error messages. It also contains

essential information about the iterative procedure and its convergence.

Eventually, post-processing of the simulation results is achieved through the Bacon

module. A flowchart summarizing a general analysis in the SAMCEF software is shown

in Fig. 3.2. Other files are also created during the simulation but these are not useful for

the user. More information can be found in the software documentation [30].

Procedure

.dat

|

samre.ini

BACON

.sdb

.sam

Solver

F.E. modeling

Jac

.des

y

BACON

F.E. analysis

Post-processing

Figure 3.2: Flowchart representing the most used files and the simulation stages.
Reproduced from the SAMCEF documentation [30].
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3.2 Thermal model

In the case of a thermal analysis involving pyrolysis, a module called Amaryllis in SAM-
CEF is used to solve the problem. The objective in this section is to reproduce the
reference model developed by Henderson et al. [8]. This model is indeed the most used
for this type of problem. Therefore it has been chosen to be the one used in this work
and adapted to the software. The results obtained with SAMCEF are then compared to

analytical and experimental results from two different publications [4, 10].

Before performing simulations for composite materials subjected to fire, some simpler
problems have been solved in order to get used to the software. This was also a good
way of verifying that the solver gives accurate results before going into more complicated
simulations. These small tests are not presented here since they do not bring useful in-

formation about the subject.

The next sections concern the general methodology to be used in order to represent
correctly a thermal problem in SAMCEF in accordance with the theoretical model [8].

Therefore, the same assumptions than the ones in that model are made:

e modeling of the three main processes only (conduction, gas convection and matrix

decomposition)
e no thermal expansion
e 1no damage modeling (e.g. delamination, matrix cracking)

e one-dimensional model

3.2.1 Governing equations

As explained above, the goal here is to obtain a model conformed to the Henderson
model [8]. In order to do so, the default governing thermal equation used by SAMCEF
must be equivalent to the one used in the theoretical model. The thermal governing
equation developed by Henderson et al. is rewritten in Eq. 3.1. The solution method
used to solve this governing equation is explained in another publication from the same

author [10] and is based the finite volume method proposed by Patankar [31].

oT om

SoAa = S (Qpth—hy).  (31)

or 0 oT
(mC + m,C,) <

The governing equation implemented by default in SAMCEF to solve a thermal problem
under the assumption of pyrolysis is:
oT 0
H,.

o (3.2)
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Assuming constant volume V', Eq. 3.1 becomes Eq. 3.3. Moreover, considering a one-

dimensional thermal analysis, Eq. 3.2 can be rewritten as Eq. 3.4.

Publication [8]

MO mCOT _ D (0T T Op
Vv ot~ or \Fag ) ~maCogy ~ gp (@ T h—ho), (3:3)
SAMCEF
oT 9 (, 0T\ 0k, dp

Both thermal governing equations expressed by Eq. 3.3 and Eq. 3.4 are very similar.
They are composed of four terms which have already been discussed in Section 2.2.2. It
can nonetheless be observed that some differences are present between these equations.
In order to have an exact analogy between the model from Henderson and the one in

SAMCEF, some parameters have to be adapted.

Regarding the continuity equation, it must also be defined in SAMCEF as in the

theoretical model. The one used in the by Henderson et al. [8] is explained in Section 2.2.3

and writes: 9 9 5
m 1y myg
- = Ax . 3.5
ot~ or " o (3:5)
A continuity equation is used by default in SAMCEF and is written as follows:
Vg +p=0. (3.6)
The term representing the variation of gas mass storage in the material (agzg) is not

present in the continuity equation from SAMCEF. This term can be activated thanks to
a specific command which is .TMB1. Thanks to that command the continuity equation
used in SAMCEF becomes identical to the one from the reference model. Note that this

continuity equation is linked to the Darcy law which is discussed later in Section 3.2.3.3.

3.2.2 Geometry and mesh

The first step in the problem definition is the geometry creation. As stated earlier, this
work considers the thermal response in 1D of composites subjected to fire. Therefore, a
material sample modeled in 2D is sufficient to represent the problem. It can take the form
of a simple rectangle as shown in Fig. 3.3. The height of the sample does not matter.

However, its length L must be equal to the thickness of the considered composite.
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Figure 3.3: Schematic of the sample geometry used in SAMCEF and representation of
the surrounding environment.

Once the geometry is created, it can be meshed. Since the problem is one-dimensional,
and that the geometry is a rectangle, the mesh is rather simple. A single element along
the height is sufficient. Indeed, the temperature in the material is constant perpendicular
to the flux. Several elements could be used on the height but it would not improve the

model. The simulation time would be longer and the results would be identical.

The mesh refinement is important in the through-thickness direction. A particular
attention must be drawn about the exposed side of the sample. At this location, the
transient temperature variation is expected to be large especially if the total thermal
load is applied directly. In order to accurately capture the temperature gradient, the
elements size Ax has to be small enough. The following condition must be ensured

regarding spatial discretization [30]:

Ax < §=K+/pt, (3.7)
where: .
B=— is the thermal diffusivity at the boundary. (3.8)

pC
0 is the penetration depth, also called the thermal conduction boundary layer. K is a
parameter taking values between 2 and 4 which depends on the type of boundary condi-

tion. t represents the elapsed time since the start of the thermal solicitation.

The conduction boundary layer corresponds to the area in which the total temperature
variation is confined. Eq. 3.7 expresses the requirement of having at least one layer of
elements inside this penetration depth in order to capture it correctly. This is illustrated
in Fig. 3.4 where the total radiation heat flux is assumed to be applied brutally at the

exposed face (step function).
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Figure 3.4: Schematic of a good spatial discretization Az, the penetration depth §
and the imposed radiation heat flux ¢”,, (on the left). Schematic of the resulting

rad
thermal response computed at the nodes close to the exposed face for a total thermal

load ¢, applied directly (on the right). Reproduced from [30].

If the condition is not respected, it leads to spatial oscillations as shown in Fig. 3.5.
In that case, the nodal temperatures close to the exposed face are lower than the initial
temperature during the transient phase. This is obviously not physically possible knowing
that heat is transmitted at the boundary. Nevertheless, the spatial oscillations fade out

after some time. Indeed, there always exists a time ¢ after which Eq. 3.7 becomes satisfied.

"
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Figure 3.5: Schematic of a bad spatial discretization Az, the penetration depth ¢ and

the imposed radiation heat flux ¢”,, (on the left). Schematic of the resulting thermal
/"

response computed at the nodes close to the exposed face for a total thermal load g,
applied directly (on the right). Reproduced from [30].

It can be noticed that the condition depends on the temporal discretization At and
especially on the size of the first time step. It indeed defines the first value that ¢ will have
at the beginning of the simulation. This governs the first value of § which is obviously the
most constraining. The first time step can be increased in order to have a larger value for o
at the first iteration. It would therefore reduce the requirement about Axz. However, sta-

bility considerations restrain the value of the time step. This is explained in Section 3.2.5.
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Eventually, the element type is attributed to the meshed geometry. It is automatically
chosen by SAMCEF. It depends on the type of problem that is specified to the software.
In this work, the elements are 2D membranes, called pyrolysis membranes. Note that a
membrane thickness must be imposed but does not influence the solution. The unknowns
are computed at the nodes. These are the temperature 1", the pressure P and the density
p. Fig. 3.6 shows a rectangular membrane element with the locations of the integration

nodes.

Figure 3.6: Schematic of one pyrolysis membrane used in SAMCEF (with the node
locations). Reproduced from [30].

3.2.3 Material definition

When the geometry and the mesh are properly defined, the material properties can be
attributed to the finite elements. In this work, these properties have to be defined in
such a way that the resulting model is identical to the one developed by Henderson et
al. [8]. It is assumed that all the required material properties are known. For example,
in a publication from the same author [10], they mention all the properties used in their

model to study the thermal response of a glass reinforced polymer.

It is first necessary to identify the parameters needed by SAMCEF for a thermal
analysis with pyrolysis. The pyrolysis membrane elements require the definition of two
different materials. One is the virgin and the other is the charred material. All the
properties required for a thermal analysis with pyrolysis in SAMCEF are presented in
Table 3.1.

Then, the solver module computes the properties of the actual material by interpo-
lating between both virgin and charred properties. The interpolation depends on the
stage of decomposition (if decomposition occurs) represented by the generalized density
a given in Eq. 3.9. It is equal to 0 for the virgin state and to 1 for the fully charred state.
Note that it is the opposite of the variables I’ presented in Section 2.2.5.2.

—1-F (3.9)
pv - pc

Note that sometimes the material properties are not given in details for the composites.

Therefore, it is required to slightly tune them in order to fit experimental thermal results.
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Material law Property Virgin | Charred
Density p [kg/m3| v v
: Specific heat capacity C' [J/kgK]
Fourier law OR Y Y
Specific enthalpy A [J/kg|

Conductivity k& [W/mK] v v
Gas diffusion coefficient K, [(kg.m)/(N.s)] v v

Gas specific enthalpy h, |J/kg] v

OR
Gas viscosity p [Pa.s| v
Darcy law

Permeability v [m?| v

Gas molecular mass M, [kg/mol] v

Gas specific enthalpy h, |J/kg] v
Porosity ¢ |-] v v

Activation energy £ [J/mol] v

Rate constant A [1/s] v

Arrhenius law
Order of reaction n [-] v
Pyrolysis heat H, [J/kg| v

Table 3.1: List of the material and decomposition gas properties to be introduced in
SAMCEF for a thermal analysis with pyrolysis. The symbol vindicates that the
property is required [30].

3.2.3.1 Volumetric heat capacity

The term on the left-hand side in the governing thermal equations represents the temporal
variation of the energy stored in the material. This term depends on the volumetric heat
capacity pC'. The density p and the specific heat capacity C' have to be defined in SAMCEF
for both the virgin and charred material. Knowing these parameters, the solver performs

the interpolation expressed in Eq. 3.10. This leads to the value of the actual volumetric
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heat capacity during decomposition.
pC = (1—a)-p,C, —a-pLC.. (3.10)

The volumetric heat capacity in the theoretical model is represented by Eq. 3.11. A

detailed explanation about that term is given in Section 2.2.5.3.

(mC + my,C,)

5 (3.11)

In order to have an exact correspondence between both models, the specific heat capacities
defined in SAMCEF are:

CEAMCEF — %pgcg + (1 _ Q)Cv + OZCC, (312)
CCSAMCEF — %pgcg + (1 _ O[)OU + OZOC, (313)

where the parameters on the right-hand side are assumed to be known and are temperature-
dependent (except the porosity). Note that the values of C,, C. and C, depend on the
temperature (see Section 2.2.5.3). The mathematical developments leading to these ex-

pressions are given in Appendix B.

Unfortunately, the solver does not allow the user to define the specific heat capacities
as a function of the variable ar. Some tests have shown that if different values for o are
imposed manually in Eq. 3.12 and 3.13, the results are not modified. This means that
this dependence on « can be assumed negligible. Therefore, it is chosen to use a = 0
(virgin material) for the virgin capacity and o« = 1 (charred material) for the charred

capacity. This leads to the following definitions:

CEAMCEF = %pgcg + C’U’ (3]_4)

CSameEr %pgcg + C.. (3.15)

C
In SAMCEF, it results in a linear interpolation between CS*MCEF and CSAMCEF ingtead of
a quadratic one if the dependence on a was possible. Note that the creation of a user-
subroutine in the solver could allow to take into account this dependence on «. However,

this is really difficult to implement and is not done in this master thesis.
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3.2.3.2 Thermal conductivity

The first term on the right-hand side of the governing thermal equations represents the
conductive heat flux spatial variation. This term depends on the thermal conductiv-
ity k. In SAMCEF, its value is obtained through an interpolation between the thermal

conductivities defined for the virgin and the charred materials. It is expressed as follows:
E=(01—-a) k,—a- k. (3.16)

The expression used for the thermal conductivity in the model developed by Henderson

et al. [8] is given by Eq. 2.33 in Section 2.2.5.2 and is rewritten here:
k=6 k,+(1—¢) (Fk,+[1— F]k) (3.17)

In order to correspond to the theoretical model, the virgin and charred thermal con-
ductivities defined in SAMCEF have to be adapted. Therefore, their values are expressed

as follows:

kEAMCEF _ kv + kg¢v _ kv [(1 _ Oé)@bv + Oéqbc] , (318)
ESNE = ke kgbe — ke [(1— @)y + ad] (3.19)

where the parameters on the right-hand side are assumed to be known and the conductiv-
ities are temperature-dependent (see Section 2.2.5.2). The mathematical developments

leading to these expressions are given in Appendix C.

As for the specific heat capacities, the solver does not allow the user to define the
thermal conductivities as a function of the variable . Some tests have also shown that
the terms depending on « in Eq. 3.18 and 3.19 do not influence the results. Therefore,
it is also chosen to use a = 0 for the virgin property and o = 1 for the charred property.

This leads to the following definitions:

ESAMOEE = | Ky by — Kp, (3.20)
ESMMOER = k4 ke — kethe, (3.21)

In the same way as for the heat capacities, the creation of a user-subroutine in the

solver could allow to take into account this dependence on «.

3.2.3.3 Darcy law

The second term present on the right-hand side of the thermal equations is related to the
heat convection due to the decomposition gases flow. As in the model from Henderson et

al. [8], the value of the gas mass flux 1y in SAMCEF is obtained by combining the con-
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tinuity equation to the Darcy law. This is explained in details in Section 2.2.3 regarding

the theoretical model.

In SAMCEF, the form of the Darcy law is the following:

it = k0L with k= Mal
g Ox

(3.22)
where Kp is called the gas diffusion coefficient.

It can be shown that the Darcy law implemented in SAMCEF is identical to the one
used in the theoretical model. This can be verified by mathematical developments that
are found in Appendix D. Therefore, no adjustment is needed for the material properties

required by this term.

Note that the porosity is defined as follows in SAMCEF:

¢ = (1 - )¢y + g, (3.23)

which is the same relation as Eq. 2.47 used in the thermal model developed by Henderson
et al. [8].

In SAMCEF, the permeability is calculated using the following equation:

¢

o (3.24)

Y=Y
where 7, (or 7o) is the virgin material permeability (initial). This definition is not exactly
equivalent to the one used in the theoretical model [8] and given by Eq. 2.48. However,
it is comparable. Since the permeability is said not to influence significantly the thermal
response, the default definition in SAMCEF is considered to be sufficient.

3.2.3.4 Arrhenius law

The last term on the right-hand side of the thermal equations represents the heat absorp-
tion (or generation) due to the polymer matrix decomposition. In SAMCEF, it is simply

represented by:

dp
ey 4 3.25
8t p ( )
In the model developed by Henderson [8], this term is written as follows:
0
- a—f (Qp+h—hy). (3.26)
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It depends on the density variation % which is defined by an Arrhenius law. In

SAMCEF, the density variation is computed as follows:

Op [
— =—p, Ae” ®T, 3.27
0 [ Pl e (3.27)
It can be noticed that it is exactly the same expression as Eq. 2.24 used in the theoret-
ical model from Henderson et al. [8]. Therefore, the Arrhenius’ law used by default in
SAMCEF does not have to be modified. The parameters A, £ and n, which are known,

can be directly attributed to the virgin material.

The heat of pyrolysis is denoted by the parameter H, in SAMCEF. In order to stick

to the theoretical model, the heat of pyrolysis must be defined in the software as follows:
H,=hy—h—Q,. (3.28)

The value of H), defined in SAMCEF is positive for an endothermic decomposition process.

3.2.4 Loads and boundary conditions

Once the geometry, the mesh and the materials are correctly defined, the thermal loads
and the boundary conditions can be applied. The ones used in the literature have been
presented in Section 2.2.4. The goal is here to reproduce the theoretical model developed
by Henderson et al. [8]. It is therefore important to impose equivalent loads and bound-
ary conditions to the model created in SAMCEF. First, the atmospheric pressure P, is
imposed on both sides of the sample. Then, the radiative and convective components of
the flux boundary conditions have to be defined separately. Therefore, they are explained

in two different sections.

It is important to mention that adiabatic boundary conditions have to be applied
at the top and bottom face of the sample in the numerical model. This is because the
sample only represents a slice of the actual composite exposed to a homogeneous heat
flux. The one-dimensional form of the model involves that no thermal exchange is al-
lowed at these two boundaries. Indeed, the temperature is only allowed to evolve in the
through-thickness and not in the transverse direction. In SAMCEF, the adiabatic bound-
ary condition is automatically set by default at the faces for which no other conditions

are imposed.
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3.2.4.1 Radiative component

Regarding the exposed face, the radiative component takes into account the flux simu-
lating the fire. In SAMCEF, it is possible to impose a radiative flux under the following
form:

¢ =0 (a,T} -, T)), (3.29)

in which ay, €, and T, have to be defined. Note that the surface emissivity and absorp-

tivity can be defined as a function of temperature and state of decomposition.

The expression given by Eq. 3.29 is similar to the one used in the theoretical model
(Eq. 2.16). Moreover, SAMCEF also assumes a gray surface by default. Only the value for
the emissivity has thus to be defined. The same value is automatically attributed to the
absorptivity. The radiative source temperature 7, is not usually given explicitly in the

problems’ data sets. Therefore, it must be defined according to Eq. 3.30 for which the

!

.q 15 generally imposed and thus known. A short mathematical development

value of ¢

leading to this equation can be found in Appendix E.

2
Smenr ¢ dred (3.30)
o

Regarding the unexposed face, the radiative component of the boundary condition is
defined similarly. However, no fire has to be simulated on that side. The value of T,

introduced in SAMCEF is thus simply the ambient temperature T 1.

3.2.4.2 Convective component

The convective component of the boundary conditions is expressed in the same way for
both the exposed and unexposed faces. In SAMCEF, the general form of the convective
heat flux is:

q" = heony (Too — Ts) (3.31)

in which Ay, and T, have to be defined for both faces.

Eq. 3.31 corresponds exactly to the convective boundary condition of the theoretical
model [8|. Therefore, the required parameters can be introduced as they are presented
in the publication. T, is the ambient temperature and is known. It was noticed that
usually no indications are given about the convection coefficient h..,, in the literature,
whether for the exposed or unexposed face. However, a coefficient for each face needs to
be introduced in SAMCEF in order to take into account a convective flux. For this reason,
it is decided to impose hypothetical values. They are adjusted in order to approach a

satisfying solution while remaining in an acceptable range.
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3.2.5 Solution method

The last step in the thermal problem implementation is the solution method definition
used to perform the time integration of the governing equation. It indicates to the soft-
ware how it must solve the problem. In SAMCEF, a huge amount of execution parameters
exist. Most of them are set by default and are suitable for classical problems. However,
they can all be modified by the user depending on the context. Since there are over 40
parameters that can be chosen, it is not possible to explain each of them in details. Only

the most important ones are presented in this section.

The first important parameter that must be defined indicates the type of analysis
required. In this work, it is a thermal transient response that needs to be computed.

Therefore, it must be indicated to the software.

Then, the imposed times have to be chosen. These are the times in [s|] at which
the response must be computed at least. It means that if an automatic time stepping is
chosen, the solver adjusts the intermediate steps in order to obtain a response at these

specific times.

The integration scheme is also a very important regarding the problem resolution.
In the Amaryllis module used in this work, the default scheme is the generalized mid-
point method [30]. It is a first order implicit time integration scheme which solves the
discretized thermal equation. This scheme assumes a constant variation of the temper-
ature between two time steps. It leads to another system of non-linear equations which
is then solved using a Newton iteration method. The iterative process takes place until

convergence of the solution is reached.

A parameter denoted v can be chosen to adjust the implicitness of the scheme. By
default, it is set to 0.5 and it corresponds to a specific time located at the middle of
two time steps. It can actually take values between 0.5 and 1 which always leads to a
unconditionally stable scheme. In the case of a v equal to 0.5, the midpoint method
corresponds to a Crank-Nicholson scheme. In this work, it has been chosen to keep the
value by default used for +. Indeed, this value seems to be the best considering the
trade-off between stability and convergence of the scheme. Further information about
the generalized midpoint method and its associated parameter v can be found in the

software documentation [30].

Once the integration scheme is chosen, the time step must be defined. As recom-
mended in SAMCEF, an automatic time step is used. It is chosen by the solver based on
two different criteria. The first one is the local truncation error of the scheme. The second

criteria is a measure of the non-linearity. In other terms, it is the optimum number of
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iteration in the Newton method. By default, this optimum number of iteration is set to 6

for one time step. It is found to be acceptable regarding the problem considered here [30].

Four aspects have to be taken into account when choosing a time step [30]:
e a too large time step can lead to integration errors,

e a too large time step can reduce the efficiency of the scheme if the problem is

non-linear (to much time required for the Newton scheme convergence),
e a too small time step can lead to very long computation times,

e a too small time step can lead to spatial oscillations.

The last aspect is directly related to the condition explained in Section 3.2.2 about
the spatial discretization. Indeed, it was explained that the penetration depth 6 has to
be larger than the element size Az at the loaded boundary. It was expressed by Eq. 3.7
which can be rewritten to give the following relation:

1 IOC 2
Eq. 3.32 shows that a minimum time step has to be respected in order to avoid the

presence of spatial oscillations in the response if Az is fixed.

3.3 Mechanical model

Once the thermal response of the composite material is known, a mechanical analysis
can be performed. The temperature distributions obtained thanks to the thermal model
described above are used as input data in the analysis. As explained at the beginning,
the thermal modeling was the most important part of this work. Therefore, only a brief
simple mechanical modeling is presented with fewer details than for the thermal part.
The main objective is to prove that thermo-mechanical modeling in SAMCEF is possible
and works correctly. It thus allows to show the effect of the temperature on the mechan-
ical response of a composite exposed to fire. Note that only the temperature evolution
is taken into account in the mechanical model. The decrease in density due to decom-
position is not considered. It is only taken into account in the thermal model because it

influences the temperature distribution but is actually not modeled physically.

The publications found in the literature do not give precise information about the
mechanical properties of the materials. It is thus difficult to create an accurate model
to represent their behavior. However, the main goal is here to present a mechanical
model based on a thermal response and not really to study a precise material. Therefore,

it has been decided to apply a temperature distributions obtained for a material (the
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one used by Feih et al. [4]) to another material for which the mechanical properties are
known. This is clearly not ideal since the thermal and the mechanical analysis are not
conducted on the same composite. Nonetheless, the mechanical model used here could
be easily adapted to a real problem provided that the thermal and mechanical properties
are known for a same material. This would lead to a thermo-mechanical analysis having

a real physical sense.

3.3.1 Geometry and mesh

In the same way as for the thermal model, the first step in the mechanical modeling is
the geometry creation. The problem is here considered in 3D so that deformations in
all directions can be analyzed. The sample is chosen to be a square laminate with the
same thickness as the one used in the thermal simulation. Indeed, the temperature are
transferred from the thermal to the mechanical model. Therefore, the thickness must
coincide in order to represent the problem correctly. A schematic of the geometry used

in the model is shown in Fig. 3.7.

fibres

Figure 3.7: Schematic of the sample geometry used in SAMCEF.

Once the geometry is created, it needs to be meshed. The mesh depends on the
number of plies present in the laminate. In the modeling of composite materials, a rule of
good practice is to use one element along each ply thickness [32]. The size of the elements
in the two other directions in space has to be chosen based on a convergence study as it
is done usually in practice. In this work, the convergence study is not performed due to

time constraint.
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3.3.2 Material definition

The next step in the mechanical modeling is the material definition. Contrary to the ther-
mal model, the composite is now defined using one material definition and not two (virgin
and charred). In this work, the laminate is orthotropic and made of 9 uni-directional plies

all oriented at 0°.

Two different materials models are used successively. The first one is a ply material
having elastic properties with no damage modeling and no hardening law. It allows to
perform a preliminary mechanical test. The properties defined in this model are the
stiffness and shear modulus, the Poisson ratios, and they are temperature-dependent.
These properties allow to construct the Hooke’s tensor representing the ply stress-strain
relation. The laminate is constructed by the software based on the Classical Lamination
Theory [33]. Note that the orthotropic thermal expansion coefficients are also taken into

account in the model.

Then, another material model developed by Ladevéze [34] is used. It is based on
Continuum Damage Mechanics, applied to orthotropic unidirectional PMC plies. That

material can consider (see Fig. 3.8):
e Non-linear behaviors along the fibers, in tension and compression (direction "1"),
e Failure of the fibers, in tension and compression,

e Non-linear behaviors in the matrix, up to failure, in directions "2" and "12" (shear),

including damage and permanent deformation.

In order to apply that material model to composites submitted to fire, it is necessary
to define the evolution of its different parameters with respect to temperature. Starting
from "classical" values of the model parameters for a composite material at room tem-
perature [32], the orthotropic elastic and non-linear parameters are made dependent of
the temperature, based on information found in the literature |27, 36, 37]. The evolution

of the damage variable in shear (d;2) and of the hardening law are illustrated in Fig. 3.9.

3.3.3 Loads and boundary conditions

This section presents the load and the boundary conditions applied to the sample in
order to perform a simple mechanical analysis. For the sake of simplicity, the plies are
all considered to be oriented at 0° with respect to the vertical direction (uni-directional
plies laminate). It has been chosen to show the effect of a constant compression loading
on the material. The problem could be entirely modeled by having two loads on both
the bottom and top side of the sample. However, thanks to symmetry, only half of the

problem can be modeled. Therefore, only the top of the composite sample is subjected to
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Figure 3.8: Non-linearities and damage evolution in the progressive damage model for
uni-directional plies [35]. di1, di2 and day are damage variables in fibers, shear and
transverse directions of the orthotropic ply, respectively.
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Figure 3.9: Evolution of the damage variable d;5 and of the hardening law as a
function of temperature [32].

a compressive surface load acting in the fibers’ direction. This can be done provided that
correct boundary conditions are defined at the symmetry plane. The load is increased
linearly up to its nominal value and then kept constant during the simulation in order to

avoid numerical instabilities.

Three boundary conditions are applied to the bottom face of the sample (symmetry
plane). First, all the nodes are fixed in the z-direction. Indeed, this is required to
represent the symmetry of the problem. Then, one corner node is blocked in the three
directions. Eventually, the other corner node on the same side of the sample is fixed

in two directions (z and z). The two last boundary conditions prevent the sample to
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translate or rotate on the zy-plane (symmetry plane). The reason for which the bottom
side cannot simply be totally clamped is that thermal expansion occurs in the problem.
Therefore, the material must be allowed to expand on the symmetry plane. A schematic

of the load and boundary conditions applied in the model is shown in Fig. 3.10.

surface load F

o Uy = Uy = U, =0
Y

Figure 3.10: Schematic of the load and boundary conditions imposed in SAMCEF.
The variable u represents a displacement.

3.3.4 Temperature distribution

The time-varying temperature distribution has also to be applied to the model in order to
represent the effect of fire. As explained several times, these are obtained thanks to the
thermal model. The Mecano module used in SAMCEF allows to apply a thermal distribu-
tion coming from an external file to the mechanical model. This is done using a specific
command which performs a mapping of the temperatures from the thermal mesh toward
the mechanical mesh. Indeed, in this work and also usually in practice, both meshes are
not identical. They both depend on different numerical considerations. As an example,
the thermal mesh requires a lot of elements in the through-thickness direction (for the

reasons explained in Section 3.2.2) whereas the mechanical mesh has only one element

per ply.

To illustrate the effect of high temperatures on the behavior of the sample, the choice
is made to impose the temperature distribution obtained for the material from Feih [4].
Only the 50 [kW/m?| heat flux is considered. It provides a large range of temperature
between the exposed and unexposed face of the sample. Note that it also leads to a
total pyrolysis of the material used by Feih [4]. However, since the material used in the

mechanical model is not the same material as in the thermal analysis, it is not correct to
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consider that it would be entirely decomposed here. Indeed, there is actually no knowledge
about the thermal response of the material used in this mechanical part. It is simply used

to show that the model can correctly take into account an imposed temperature profile.

3.3.5 Solution method

The goal is not here to study the mechanical model in details but only to show that it
can depend on temperatures computed in a previous stage. Since the analysis needs to
be short and simple, it was decided to keep the default parameters used in SAMCEF for

solving the problem.

The mechanical problem is solved by the Mecano module using classical finite element
analysis for non-linear mechanics [38]. A static response is computed which means that
inertia, friction and damping are omitted. Moreover, the time step is chosen automatically
by the solver based on the evaluation of the integration error. More information about
the solution method used in SAMCEF in the case of non-linear mechanics can be found

in the software documentation. [30].
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Chapter 4

Thermal model results

In the previous chapter, it has been explained how to correctly define in SAMCEF the
reference thermal model for composite materials exposed to fire developed by Henderson
et al. [8]. Once the problem is correctly set up, the simulation can be run and the results
are analyzed. In order to validate the numerical model, these results are compared to
experimental and analytical data presented in the literature. For the sake of complete-
ness, it has been decided to confront the model to two independent problems dealing
with composite materials subjected to fire. This allows to ensure its validity in different

conditions and for different material samples.

The first problem is taken from a publication written by Henderson and colleagues [10].
It involves is a glass- and talc-filled (60.5%) composite with a phenol-formaldehyde (phe-
nolic) resin matrix (39.5%). No information is provided about the stacking sequence
but since the material is assumed to be homogeneous it has no importance. The mate-

rial sample is 3 [cm| thick and is exposed to a radiant heat flux of 280 [kW /m?| on one side.

The second material is a glass-fiber (55%) vinyl ester resin (45%) composite. The
thermal response of this material under large heat flux is presented by Feih et al. [4].
In this case, the sample is 9 [mm]| thick and is tested under four different heat flux (10,
25, 50 and 75 [kW/m?|). This brings a additional validation for the numerical model. Tt
allows to check if the results that are obtained are acceptable independently of the flux

intensity for a same material.

An EXCEL sheet has been created in the frame of this work in order to allow for a
semi-automatic post-processing of the results. This gives the user a tool to analyze very
quickly the results without doing many manipulations. Indeed, the post-processing in

SAMCEF is very exhaustive but is not easy to use.
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4.1 Henderson et al.

As explained above, the numerical model used in SAMCEF is first assessed by comparing
the simulation results to the one obtained experimentally and theoretically by Henderson
et al. [10]. It is therefore required to model the equivalent problem in the software. This
is done according to Chapter 3, which presents how to define such a problem in SAMCEF.
Note that the results presented in the publication [10] are obtained thanks to the model
from the same author [8], which is adapted to SAMCEF (see Chapter 3). However, they
also introduced the effect of the thermal expansion in the model by using variable control
volume width. This is not the case in the model used in SAMCEF and it is therefore

considered as a limitation of the model.

4.1.1 Geometry and mesh

The considered composite is 3 [cm| thick. It is therefore required to have a 2D sample
with the same length. Regarding its height, the sample is chosen to be 1 [cm]| high but
this has no effect on the solution as explained in Section 3.2.2. The mesh is usually
refined at the exposed boundary and larger elsewhere. However, the computation time
for a thermal analysis in SAMCEF is rather short (about 2 [min| for this problem). It
is therefore useless to optimize the mesh size in order to reduce the computation time.
Knowing that, it can be chosen really fine over the whole domain to ensure a converged
solution. The geometry is thus uniformly meshed using 300 pyrolysis membrane elements

in the through-thickness direction and 1 along its height. This leads to a Az of 0.1 [mm)].

The mesh refinement, especially close to the loaded boundary, must satisfy a specific
condition in order to avoid the presence of spatial oscillations in the solution. This is
explained in details in Section 3.2.2. The condition is expressed by Eq. 3.7 which is

rewritten here below:

Arx < §=K+/ft, (4.1)
where: .
f=— is the thermal diffusivity at the boundary. (4.2)

pC
This condition can also be written differently as explained in Section 3.2.5 about the time
integration method. It is expressed by:
1 pC 2
Since it has been chosen to fix the value of Az to 0.1 [mm]|, it is rather the first time
step At that must satisfy the condition expressed by Eq. 4.3 to avoid spatial oscillations.
Based on the virgin (initial) material properties given in the next section and considering

K = 2 (most conservative), the minimum value for At can be calculated. It leads to the
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following condition:

At > 0.006 |s]. (4.4)

It has been decided to fix the first time step to 0.05 [s| which satisfies the condition. It
assumed to be small enough to ensure convergence during this first time step. Note that,
as explained previously, the time step is automatically chosen by the solver and adapted
in case the solution does not converge. The absence of spatial oscillations is verified in
the results section (Section 4.1.4).

4.1.2 Material properties

The material used here is a glass- and talc-filled (60.5%) composite with a phenol-
formaldehyde (phenolic) resin matrix (39.5%). Its properties required by the model are
given in the publication and rewritten in Tab 4.1. Moreover, the properties of the de-

composition gases are given in Tab. 4.2.

Virgin Charred
Density p [kg/m?] 1810 1440
0.9546 +8.42-107* x T
Conductivity k& [W/mK] 0.804 +28-10*xT | ..—4.07-107° x T?
45321079 x T3
Specific heat C' [J/kgK]| 1088.57 +1.09 x T 879.23+1.02x T
Porosity ¢ [-| 0.113 0.274
Permeability v [m?| 2.6-10718 1.14-1071°
Emissivity ¢, [-] 0.6 0.9
Absorptivity ay [+ 0.6 0.9
Decomposition parameters 0<a<0.44 0 M4<a<l
Activation energy E [J/mol| 2.6-10°
Rate constant A [1/s] 1.98 - 10%° (4,) 8.17- 10" (Ay)
Order of reaction n [-] 17.33 (n1) 6.3 (n2)
Decomposition heat @, [J/kg] -234304

Table 4.1: Material properties given in the publication from Henderson et al. [10] and
used in SAMCEF. The temperature 7" must be defined in [°C].

As it can be noticed in Tab. 4.1, there are two different values for the A and n param-

eters used for the Arrhenius’ law. Both parameters depend on the state of decomposition
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Thermal conductivity k, [W/mK]| | 2.99-1072+14-10* x T
Specific heat C, [J/kgK]| 2386.48 +1.05 x T’
Viscosity p [Pa.s] 1.48-107°4+25-108 x T
Molecular mass M, |kg/mol] 0.01835

Table 4.2: Decomposition gases properties given in the publication from Henderson et
al. [10] and used in SAMCEF. The temperature 7" must be defined in [°C].

of the material. Therefore, this has to be represented in the model. However, after sev-
eral attempts, it was found that the definition of an Arrhenius law having its parameters
changing with the decomposition state was not achievable. In order to be as close as

possible to the real material, a trade-off between both values of A and n had to be found.

4.1.3 Boundary conditions

Regarding the boundary conditions, the value of the ambient temperature and the ra-
diant heat flux simulating the fire are given. The radiative component of the boundary
conditions depends on the material emissivity which is also given in the material proper-
ties. As it is usually the case, no information is provided about the convection coefficient
heonw- It could be explained by the fact that it is difficult to measure and therefore not
possible to mention its value. A first approximation of 3 [W/m?K]| for the convection
coefficient is thus made in the first instance. This parameter is then adjusted if needed

to better fit the results. The boundary conditions are summarized in Tab. 4.3.

"
rad

a radiation source temperature 7;.. This is done thanks to Eq. 3.30. The radiation source

As explained in the methodology, it is necessary to convert the imposed flux ¢” . into

temperature is in this case 1490.28 [K].

Initial (ambient) temperature T, [K] 297.15
Initial (ambient) pressure P, [Pa] 101325
Radiant heat flux ¢/, [kW/m?| 280
Convection coefficient hpny [W/m?K]| 3 (unknown)

Table 4.3: Initial and boundary conditions given in the publication from Henderson et
al. [10] and used in SAMCEF.
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4.1.4 Results and discussion

In their publication, Henderson et al. [10] give the time evolution of the temperature at
different locations in the material. In order to validate the model used in SAMCEF, the
computed temperatures are compared to the one coming from this publication. Note that

the temperatures are computed in [K] but are presented here in [°C].

A first simulation is run with the parameters given in Tab. 4.1 for the material and
in Tab. 4.3 for the boundary conditions. It is decided to use the values A; and n; for the
Arrhenius’ law in the first instance. In order to see how these two parameters influence
the solution, it is interesting to analyze the mass loss in the material. This can be done
thanks to a graph showing the remaining mass fraction depending on the depth and the
time. The temperature profiles obtained with SAMCEF are shown in Fig. 4.1. As it can
be observed in this figure, the results are not fitting well the one coming from the pub-
lication. The graph giving the evolution of the RMF is given in Fig. 4.2. The different

curves resulting from the simulation are not conclusive.

Regarding this first simulation, it is important to verify that no spatial oscillations
are present in the solution. As explained previously in Section 4.1.1, the value for Ax
is 0.1 [mm]. The first time step is fixed to 0.05 [s] in order to satisfy the condition ex-
pressed by Eq. 4.3 and no spatial oscillations should be observed in the results. As shown
in Fig. 4.7, there are indeed no spatial oscillations in the solution at the beginning of
the simulation. There is not a temperature below the initial one (24 [°C|) close to the
boundary. Note that a test has been made to see what value the solver automatically
chooses for the first time step. It was larger than 0.05 [s| which means that the first At

fixed was not too large in order to ensure convergence.

Another simulation is performed for which only the parameters of the Arrhenius’ law
are modified. There are chosen to be A, and ny in this case. The resulting temperature
profiles and RMF evolution are shown respectively in Fig. 4.3 and 4.4. It can be seen
that the change of the Arrhenius parameters does not have a significant impact on the
temperature profiles. However, as expected, it influences a lot the material decomposition
since the curves in Fig. 4.4 are really different from the ones in Fig. 4.2. This brings an
interrogation about the model. Indeed, according to the governing thermal equation, the
change in mass should affect the temperature inside the material. However, this is not

the case here and this was not expected.

Therefore, it is interesting to see how the solution is changed if the influence of the
mass change is increased in the thermal equation. This can be done by increasing the
value of the decomposition heat (),. It thus results in a larger heat of pyrolysis H, in

SAMCEF which means that more energy is absorbed by the resin decomposition. Several
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tests have been conducted and it was found that the optimal value for @, is —4 x 10°
[J/kg|. @, seems not well interpreted by the solver. This parameter must thus be mod-
ified in SAMCEF to calibrate the numerical model. This is sometimes done in different
engineering domains for some parameters used in numerical models. In this problem, the
optimal value for (), is 17 times larger than the original one given in the publication.
Unfortunately, no explanation has been found to justify such a difference. The results can
even be slightly improved by adjusting the convection coefficient to 7 [W/m?K]. More-
over, the Arrhenius parameters A and n have been averaged in order to have a reasonable
trade-off between the two different laws existing for this material. The optimal value for
n was found to be 10 [-] and the one for A is 1.27 x 10** [1/s] (obtained thanks to a
geometric mean between A; and A,). The temperature profiles and the RMF curves
obtained after these changes in the numerical model are respectively shown in Fig. 4.5
and Fig. 4.6. Many simulations have been performed in order to optimize the model and

to get these results.

It can be seen in Fig. 4.5 that the increase of the decomposition heat influences sig-
nificantly the internal temperatures as expected (at 0.5 and 1 [cm]). These temperatures
are indeed lower. It comes from the fact that some thermal energy is absorbed by the
resin decomposition and is therefore not transmitted further in the material. Further-
more, Fig. 4.6 shows that the parameters A and n are indeed leading to a fairly good
approximation of the RMF at different times. It can also be noticed in this same figure
that most of the mass loss between 0 and 0.5 [cm| occurs during the first 200 [s| after
the solicitation. Regarding the mass loss between 0.5 and 1 [cm], it mainly takes places
between 200 and 400 [s|. This feature is reflected in the temperature profiles given in
Fig. 4.5 but in a very subtle manner. Indeed, the temperature curve for 0.5 [cm]| seems to
be slightly flattened between 50 and 200 [s]. The same observation can be made for the
1 [em] curve between 200 and 450 [s|. It represents the fact that, when decomposition
occurs between two different locations in the material, the temperature increase behind

this decomposition zone is slowed down.

A last comment has to be made about the differences between the publication and
the computed temperature profiles at 0.5 and 1 [cm]| after respectively 200 and 300 [s]
in Fig. 4.5. This could be explained by the fact that the resin decomposition is not
perfectly modeled because of the limitation on the parameters A and n. Another reason
could be the thermal expansion not taken into account in SAMCEF whereas it is considered
in [10]. In this model the volume is indeed assumed to remain constant. Moreover, this
assumption is used to adapt the material properties coming from the literature to the
form required in SAMCEF, in order to obtain a similar model (see Chapter 3). This could
also lead to discrepancies between the results coming from the publication and the one

that are computed
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Figure 4.1: Time evolution of the temperature at different depths into the sample
(0.1, 0.5, 1 and 2.9 [cm]) given in the publication [10] (analytical and experimental) and
obtained with SAMCEF (with A; and ny).
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Figure 4.2: Variation of the Remaining Mass Fraction (RMF) as a function of depth
for different times during the simulation given in the publication [10] (in colors) and
obtained with SAMCEF (in red with A; and n4).
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Figure 4.3: Time evolution of the temperature at different depths into the sample
(0.1, 0.5, 1 and 2.9 [cm]|) given in the publication [10] (analytical and experimental) and
obtained with SAMCEF (with Ay and ny).
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Figure 4.4: Variation of the Remaining Mass Fraction (RMF) as a function of depth
for different times during the simulation given in the publication [10] (in colors) and
obtained with SAMCEF (in red with Ay and ns).
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Figure 4.5: Time evolution of the temperature at different depths into the sample
(0.1, 0.5, 1 and 2.9 [cm]|) given in the publication [10] (analytical and experimental) and
obtained with SAMCEF (with A = 1.27 x 10%* [1/s], n =10 [], Q, = —4 x 10° [J /kg]
and Aeony = 7 [W/m?K]).
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Figure 4.6: Variation of the Remaining Mass Fraction (RMF) as a function of depth
for different times during the simulation given in the publication [10] (in colors) and
obtained with SAMCEF (in red with A = 1.27 x 10** [1/s], n = 10 [],

Q, = —4 x 10° [J /kg] and heomy = 7 [W/m?K]).
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Figure 4.7: Temperature distribution through the thickness of the sample close to the
exposed face after the first time step At of 0.05 [s|]. Results obtained for the material
from Henderson et al. [10] thanks to SAMCEF.
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4.2 Feih et al.

The second publication used to validate the numerical model used in SAMCEF is a publica-
tion from Feih et al. [4]. They present experimental and analytical results for a glass-vinyl
ester composite submitted to 4 different heat flux. The results from their publication can
therefore be used as a comparison with the one obtained thanks to SAMCEF for the same
problem. This is done similarly than in the previous section. The fact that 4 heat flux
are considered is very interesting. As explained briefly earlier, it allows to check if the
model is accurate no matter the thermal loading conditions and no matter the level of
pyrolysis. Note that they used the model from Henderson et al. [8] to obtain their ana-
lytical results. However, they do not give indications about the method used to solve the

governing equation.

4.2.1 Geometry and mesh

The geometry and mesh definition is done similarly to what is done regarding the first
validation (see Section 4.1.1). The composite studied in the publication [4] is 9 [mm]|
thick. The sample needs therefore to be of the same length. Regarding the mesh, it has
been chosen to use 90 elements along the thickness. This leads to a value for Az of 0.1

[mm]| as for the previous model validation.

The condition to avoid the presence of spatial oscillations in the solution expressed
by Eq. 3.32 must be satisfied. Exactly as what is done for the previous validation, a
minimum value for the first At has been calculated based on material properties of the
virgin (initial) material given in the next section. The conditions on the first time step
writes:

At > 0.01 |s]. (4.5)

It has again been decided to fix the first time step to 0.05 [s| which satisfies the condition.
It assumed to be small enough to ensure convergence during this first time step. Note
that, as explained previously, the time step is automatically chosen by the solver and
adapted in case the solution does not converge. The absence of spatial oscillations is

verified in the results section (Section 4.2.4).

4.2.2 Material properties

In this problem, the material is an E-glass-vinyl ester composite made of 55% of fibers
and 45% of matrix. Its properties are given by the authors and are rewritten in Tab. 4.4.

The only property given for the decomposition gases is their specific heat capacity C,
which is 2386.5 [J/kgK].
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Virgin Charred
Density p [kg/m?] 1921 1423.4
Conductivity k£ [W/mK] 0.43 1.09
Specific heat C' [J/kgK]| (see Fig. 4.8) 760
Emissivity &5 |-] 1 (unknown) § 1 (unknown)

Decomposition parameters

Activation energy F [J/mol] 2.12-10°
Rate constant A [1/s] 5.58 - 1012
Order of reaction n |- 1

Decomposition heat @, [J/kg] -378800

Table 4.4: Material properties given in the publication from Feih et al. [4] and used in

SAMCEF.
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Figure 4.8: Evolution of the specific heat capacity C' as a function of temperature for
the virgin composite material (E-glass-vinyl ester composite) given in the publication
from Feih et al. [4] and used in SAMCEF.

As it can be seen in Tab. 4.4, the material data given in the publication are rather
poor compared to what was given for the other material in Section 4.1. Moreover, the
authors do not mention the properties in terms of the virgin and charred state as in

the previous publication. As mentioned earlier, analytical results about the temperature
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evolution in the material are presented in the paper. However, nothing is said about
how they obtained these results except that the classical governing thermal equation is
used. Eventually, the authors indicate that the properties may evolve with temperature
but no details about how they evolve are given. For all these reasons, it is difficult to
accurately represent the material in SAMCEF. In the next paragraph it is explained how

the properties have been defined in the software.

It has been chosen to make the assumption that the virgin material properties are the
one given in terms of the "glass-vinyl ester". Regarding the charred material properties,
they are considered to be the one of the glass fibers alone. This is a strong assumption
since in reality the fibers are not going to be left alone in the charred material. More-
over, they are not necessarily in contact with each other everywhere in the composite.
However, it is mentioned that the remaining mass fraction of the resin is 3% after de-
composition. Therefore, considering that the charred material properties are the ones of
the fibers could be sufficient. This has to be discussed based on the results.

Eventually, it can be noticed that no information about the porosity, the permeabil-
ity and the decomposition gas viscosity are given. For this reason, it is not possible to
represent accurately the Darcy law in the model. The gas mass flux is therefore assumed
to be exactly equal to the mass loss rate due to decomposition. Moreover, it is assumed
that the gas directly leaves the material towards the heated surface. Therefore, no gas

storage in the material is considered by SAMCEF in this case.

Many assumptions are made about the material properties in the software due to
the lack of knowledge about them. It will probably be necessary to adapt the material
properties in order to fit the curves coming from the publication. If the curves obtained
for the four different heating conditions can be fitted simultaneously, the model will be

assumed to be valid.

4.2.3 Boundary conditions

Regarding the boundary conditions, the ambient temperature and pressure are given in
the publication. Once again, the convection coefficient is not known. Therefore, a first
guess of 3 [W/m?K| is made for it and is going to be adjusted if it is needed. The boundary
conditions are summarized in Tab. 4.5. As done previously, the 4 radiant heat flux that
are imposed to the material sample have to be converted in a radiation temperature T;.
This conversion is based on Eq. 3.30 and the resulting values for 7, are presented in
Tab. 4.6.
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Initial (ambient) temperature Ty, [K] 293.15
Initial (ambient) pressure P, |Pa] 101325
Radiant heat flux ¢, [kW/m?| 10, 25, 50 and 75
Convection coefficient hgon, [W/m2K] 3

Table 4.5: Initial and boundary conditions given in the publication from Feih et al. [4]
and used in SAMCEF.

Radiant heat flux ¢” , [kW /m?] 10 25 50 75

rad

Radiation temperature 7, [K| | 648.04 814.87 969.05 1072.43

Table 4.6: Radiation heat fluxes ¢, imposed on the material sample (from Feih et

al. [4]) and their corresponding radiation temperature 7, used in SAMCEF.

4.2.4 Results and discussion

First, the TGA curves for the vinyl ester resin can be reproduced using SAMCEF. It
allows to verify that the parameters A, E and n given in the publication are correct and
well interpreted in the software. If this is not the case, they have to be adapted to fit
the curves from the publication. The TGA curves are obtained in practice by imposing
a temperature to a tiny material sample. This sample loses mass and this is quantified
by the TGA instrument. It is therefore modeled in SAMCEF by imposing a temperature
to one single finite element having the vinyl ester properties. The resulting mass loss
directly comes from the Arrhenius’ law implemented in the software. No effects of con-
duction or heat capacity are taken into account, only the decrease in density due to the
imposed temperature is simulated. Therefore, only the definition of the initial and final
density and of the parameters A, F and n has an importance in the simulation. Indeed,

these are the only parameters required by the Arrhenius’ law.

The TGA curves can be obtained for different heating rates as in the publication.
This allows to highlight the dependency of the decomposition process on these heating
rates. The results coming from SAMCEF using the default parameters given in the paper
are shown in Fig. 4.9. As it can be seen, these parameters lead to a sufficiently good

correlation. Therefore, they are kept unchanged for the rest of the model validation.
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Figure 4.9: Variation of the Remaining Mass Fraction (RMF) of the vinyl ester resin
as a function of temperature for different heating rates (10, 20 and 40 [°C/min]).
Curves given in the publication [4] (analytical and experimental) and obtained thanks
to the Arrhenius law implemented in SAMCEF. The experimental results are found by
performing a TGA.

Now that the Arrhenius’ law and the related parameters A, E and n have been
validated thanks to the TGA curves, the temperature profiles can be computed and
compared to the one given in the publication. The first results are obtained with the
properties from the paper given in Tab. 4.4. They are shown in Fig. 4.10 for the different
radiant heat flux. It can be seen that the temperature profiles obtained with SAMCEF do
not fit well with the one coming from the publication. This is especially the case for the

larger heat flux.

It was shown in the previous model validation (see Section 4.1.4) that an increase
of the decomposition heat ), in the model leads to an improvement of the temperature
profiles. Therefore, it has been decided to do the same in this case. A new value of
—2 x 10°% [J/kg| for @, has been introduced in the model. This is 5 times larger than
the initial value. The resulting temperature profiles illustrated in Fig. 4.11 show that
this modification improves the model. Indeed, the results for the larger heating rates are
closer to the reference ones. As for the previous publication, this means that the value
of @, has to be increased in SAMCEF in order to correctly take into account the heat

absorption due to the material pyrolysis. Since some heat is absorbed, the temperature
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Figure 4.10: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm|) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties
given in Tab. 4.4 used in SAMCEF.

further in the composite increases slower than if no heat was absorbed. The improvement
of the results is very significant for the 50 and 75 [kW/m?] flux but less for the 10 and
25 [kW/m?|. This is explained by the fact that for the two lower heat flux, either no
pyrolysis occurs (with 10 [kW/m?]), either it occurs but partially (with 25 [kW/m?]).
Indeed, the TGA curves in Fig. 4.9 show that under 350 [°C|, no decomposition occurs
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whatever the imposed heating rate. For 10 and 25 [kW/m?|, the temperatures do not

go over 350 [°C] or just in a part of the sample. Therefore, since the parameter @,

influences the temperature only when decomposition occurs, it is normal that a modi-

fication of its value does not impact materials in which low or no decomposition is present.
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Figure 4.11: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm]) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties

given in Tab. 4.4 used in SAMCEF (with Q, = —2 x 10° [J /kg]).
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The model can be further improved by tuning other material properties. First, the
modification of the virgin properties is studied. In order to do that, it is decided to focus
on the temperature profiles for the two lower heat flux (10 and 25 [kW/m?]). Indeed,
since no pyrolysis occurs in these cases or just partially, the virgin material properties
dominate the thermal response. The focus is first put on the specific heat capacity. An
increase of the heat capacity should reduce the rate at which the temperature increases in
the material. This is indeed what is required to improve the results as it can be observed
in Fig. 4.11a and 4.11b. After testing different values, an increase of the virgin material
heat capacity by 30% is found to be optimal. The temperature profiles obtained with
this modification are shown in Fig. 4.12. As expected, the temperature increases at a
slower rate in the material. No well-founded explanation for this need of increasing the

heat capacity has been found but it improves the model.
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Figure 4.12: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm|) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties
given in Tab. 4.4 used in SAMCEF (with @, = —2 x 10° [J/kg] and C,+30%).

Then, it is interesting to look at the thermal conductivity of the virgin material.
The temperature profiles given in Fig. 4.12 show that the curves for different locations
in the material should be closer to each other in the virgin state. For the 25 [kW/m?|
heat flux, it is only true between the middle and the unexposed face temperatures. This
makes sense because only this part of the material remains in the virgin state whereas
the part between the exposed face and the middle is partially charred. It means that
the conductivity of the virgin material needs to be increased. This should indeed lead to

a better heat transfer and thus bring the temperatures closer to each other. Thanks to
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several simulations, an increase of the virgin conductivity by 30% appears to be optimal.
The resulting temperature profiles are shown in Fig. 4.13. As expected, they are slightly
better than the previous ones. The need of increasing the value of the conductivity to
improve the model could be explained by the fact that the material conductivity should
be temperature-dependent. However, it is not the case here. Therefore, increasing its
constant value allows to artificially take that behavior into account. Note that an even
better improvement could be to define the conductivity by a polynomial depending on
the temperature. However, this would require a lot of work in order to find the best for

only a slight improvement of the results.
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Figure 4.13: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm]) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties
given in Tab. 4.4 used in SAMCEF (with Q, = —2 x 10° [J /kg], C,+30% and k,+30%).

The material properties for the virgin state seem to be well defined. It is now in-
teresting to further improve the results regarding the material in its charred state. In
that case, the properties adjustment is done according to the temperature profiles for the
two larger heat flux (50 and 75 [kW/m?|). Indeed, these flux induce a complete matrix
decomposition and the temperature are thus highly influenced by the charred material
properties. First, the thermal conductivity can be tuned. As it can be seen in Fig. 4.11c
and 4.11d, there are some bumps in the profiles obtained with SAMCEF respectively at
around 1200 [s] and 800 [s]. They appear at temperatures at which decomposition oc-
curs and therefore when the conductivity becomes the one of the charred material. If
the charred state conductivity is reduced, these bumps should be flattened out. When

the value for the charred conductivity is reduced by 20%, the results become better as
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expected. The temperature profiles that are obtained are shown in Fig. 4.14. For both
flux, the bumps have indeed disappeared. The need for a reduction of the charred state
conductivity can be explained by the fact that it was considered to be equal to the fibers
conductivity. However, this is not true in reality because the charred composite is not full
of fibers in contact with each other and thus cannot have the exact same conductivity.
The little remaining mass of resin (3%) also plays a role in the overall conductivity and

might therefore lead to a smaller value than expected.

0 1000 2000 3000 0 1000 2000 3000
Time [s] Time [s]

(2) ¢yg = 50 [KW/m?] (b) ¢'pq = 75 [kW/m?]

rad ~ rad

Figure 4.14: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm|) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties
given in Tab. 4.4 used in SAMCEF (with Q, = —2 x 10° [J /kg], C,+30%, k,+30% and
ke-20%).

A last modification leading to even better results can be obtained by increasing the
specific heat capacity of the charred state by 30%. It flattens out the little remaining
bumps in the temperature profiles for the 75 [kW/m?| heat flux. This effect is expected
since it reduces the rate at which the temperature increases in the charred material. The
reason for changing this property can be justified by the fact that the capacity was con-
sidered to be the one of the glass fibers which is not exactly the case in reality.

The temperature profiles obtained for each heat flux and taking into account all the
properties modifications are shown in Fig. 4.15. The curves obtained thanks to SAMCEF
are now fitting quite well the one coming from the publication. Moreover, it can be ob-
served that the thermal behavior for this composite material is correctly represented for

the four heat fluxes and thus for different decomposition cases.
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Figure 4.15: Time evolution of the temperature at different depths into the sample (0,
4.5 and 9 [mm]) given in the publication [4] (solid curves for analytical and dotted
curves for experimental results) and obtained with SAMCEF (red curves). Properties
given in Tab. 4.4 used in SAMCEF (with Q, = —2 x 10° [J /kg], C,,+30%, k,+30%,
k-20% and C.+30%).

Regarding this last simulation, it is important to verify that no spatial oscillations
are present in the solution. As explained previously in Section 4.2.1, the value for Ax is

0.1 [mm]|. The first time step is fixed to 0.05 [s| in order to satisfy the condition expressed
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by Eq. 3.32 and no spatial oscillations should be observed in the results. As shown in
Fig. 4.16, there are indeed no spatial oscillations in the solution at the beginning of the
simulation for the 50 [kW/m?| heat flux. There is not a temperature below the initial
one (20 [°C]) close to the boundary. The value of the heat flux does not influence the
condition to be satisfied. Therefore, this conditions does not have to be verified for the
three other heat fluxes. Note that a test has been made to see what value the solver
automatically chooses for the first time step. It was larger than 0.05 [s] which means that

the first At fixed was not too large in order to ensure convergence.

Increment 1, 0.05s
Temperature - Nodal

30.00
! 29.00
28.00
27.00
26.00
25.00
24.00
23.00
22.00
21.00
20.00
[C]

Figure 4.16: Temperature distribution through the thickness of the sample close to
the exposed face after the first time step At of 0.05 [s|. Results obtained with SAMCEF
for the material (with corrected values) from Feih et al. [4] and for the 50 [kW/m?| heat

flux.

An additional control of the model is made by analyzing how evolves the remaining
mass fraction in the material for the different heat flux. This can be verified in two ways.
The first way is to directly analyze the nodal density along the material and integrate it
over the thickness. The total mass of the sample is then obtained and is divided by the
initial mass. This leads to the fraction of mass remaining in the sample. Another way to
compute the RMF is based on Eq. 2.12. Indeed, the decomposition gases mass flux can
be integrated over the time and this directly gives how much mass has left the sample.
Therefore, to find the RMF at a specific time is straightforward. A graph showing the
evolution of the RMF obtained with SAMCEF using these two techniques and the curves
from the paper is given in Fig. 4.17. As it can be observed, both methods give the same
results which is expected. Indeed, this correlation is enforced by the mass continuity
equation. Furthermore, these curves are fairly close to the one from the publication
which proves that the model is valid for each heat flux. Note that no curve is shown for

the 10 [kW/m?| heat flux since no decomposition occurs in that case.
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Figure 4.17: Time evolution of the Remaining Mass Fraction (RMF) of the
E-glass-vinyl ester composite as a function of temperature for the different values of
(25, 50 and 75 [kW/m?]). Curves given in the publication [4] (analytical and
experimental) and obtained with SAMCEF based on the nodal densities or on the gas
mass flux (with the corrected values of the material properties).
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4.3 General comments

Thanks to two different papers, the thermal results obtained with SAMCEF have been

analyzed. Some general comments have to be made about this thermal analysis.

First, it must be reminded that some physical processes are not taken into account
in the model such as delamination for example. Moreover, the model does not take into
account the thermal expansion effect. This can explain some discrepancies with the ex-

perimental results. Perspectives for the model improvement are given in Section 6.

Then, since the material properties are difficult to measure in reality, they might be
incorrect. In the case of the paper from Feih et al. [4], the informations about the material
properties are even very poor. In such a situation, it was shown that the properties had

to be modified in order to obtain a valid model.
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A common observation is that the value of the decomposition energy (), must be
increased a lot in order to obtain the same results as in the literature. This was not ex-
pected and it seems to indicate that this parameter is not well interpreted by the solver.
Thanks to the results from Feih et al. [4], it is shown that once @), is tuned correctly
the results are better no matter the level of decomposition. The differences between the
analytical results and the ones obtained with SAMCEF could also be due to a difference
in the solution methods used to solve the equations. Therefore, this should be investi-
gated in further works in order to identify if these solution methods influence the results

significantly.
Eventually, the numerical model works correctly for samples having two very different

thicknesses. The first one being 3 [cm| thick and the second one 9 [mm)] thick. This tends

to demonstrate that the model is valid and therefore works for different samples.
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Chapter 5

Mechanical model results

Based on the temperature distribution obtained thanks to the thermal model, the me-
chanical response of the material can be studied. The mechanical model is only presented
to highlight the fact that the response of a composite sample can depend on a previously
computed thermal response. The methodology dedicated to the mechanical model is pre-
sented in Section 3.3. It is important to recall that the material used in this part is not
the same as the one for which the temperatures are calculated. Therefore, the results
are not physically correct. This is unfortunately due to the lack of knowledge about the
materials used in the literature. Moreover, since the mechanical model analysis had to
be realized in a short amount of time, a mesh convergence study could not be realized.
The mesh used in this part is rather coarse and it influences the results. However, as
explained above, the results do not have a real physical sense due to the fact that the

material used does not correspond to the one from the thermal analysis.

The results are obtained for the composite sample presented in the methodology (see
Section 3.3). The general information about the material behavior and properties are
also given in the methodology. The temperature imposed to this sample are coming from
the thermal model used for another material, which is the one presented by Feih [4] (see
Section 4.2).

The laminate used for the simulations is composed of 9 uni-directional plies all ori-
ented at 0°. The plies are considered to be 1 [mm]| thick which leads to a total thickness
of 9 [mm] for the laminate. This corresponds to the thickness of the sample used in
the thermal analysis. Moreover, the sample is a 100 x 100 [mm| square. The schematic

representing the problem is presented in Section 3.3.3 and shown again here in Fig. 5.1.
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Figure 5.1: Schematic of the sample geometry used in SAMCEF with the imposed load
and boundary conditions. The variable u represents a displacement.

o Uy = Uy = U, =0

5.1 Temperature representation

Before performing any mechanical analysis, it is important to check that the temperature
distribution is correctly applied to the model. As explained previously, it has been de-
cided to apply the time-varying temperatures coming from the material used by Feih [4]
and exposed to a heat flux of 50 [kW/m?|. This temperature distribution is obtained
thanks to the thermal model and is shown in Fig. 4.15c. This distribution is applied
to the mechanical model thanks to a dedicated command available in SAMCEF. Once
the thermal solution is mapped onto the mechanical mesh, it is possible to check that
the problem is correctly represented. Fig. 5.2 shows the temperature distribution in the
material for different times. The temperatures correspond exactly to the profile given
in Fig. 4.15c. As expected, there is only a variation in the through-thickness direction.
This comes from the fact that the thermal model is a 1D model. Note that the temper-
atures for the material from Feih are known up to 3000 [s|. However, since they become

stationary after about 2000 [s|, the mechanical simulations are stopped at that time.
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Figure 5.2: Temperature distribution imposed to the sample in SAMCEF at different
times ¢ during the simulation.

5.2 Elastic material model

As explained in the methodology, a first analysis is made using a laminate with elastic

behavior. Therefore, no damage or hardening modeling is present.

Before performing the mechanical analysis with an applied load, it is interesting to
observe the effect of the temperature alone. Due to the thermal expansion of the mate-
rial, sample deformations are indeed appearing. Fig. 5.3 shows the deformations in the
z-direction at different times of the simulation. As it can be seen in these figures, the
fact that the temperature is different in the through-thickness direction leads to thermal
moments. Indeed, a higher temperature at the exposed face involves a greater expansion
on that side. The sample is therefore not expanding homogeneously and a curved shape

is formed. Moreover, the deformation is not the same in all the directions. This is due
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to the fact that the coefficient of thermal expansion in the transverse direction is larger

than in the fiber direction. This explains why the thermal moment is mainly around the

z-axis and almost not around the y-axis.

Another interesting observation can be made about Fig. 5.3. It can be noticed that the

deformation in the z-direction reaches a maximum value at 160 [s| and then it decreases

until the end of the simulation (2000 [s]). This is because the temperature difference

between the exposed and unexposed faces is maximum at 160 [s|]. Then, as the heat goes

through the material, this difference decreases. Since the thermal expansion is directly

proportional to the temperature, it leads to a reduction of the thermal moment (the

sample is less curved).
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Figure 5.3: Deformation of the composite sample in the z-direction at different times ¢
during the simulation obtained with SAMCEF (without any load). The apparent shape
is scaled up by a factor 10 compared to the real shape.
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Fig. 5.4a shows the deformations in the y-direction at the end of the simulation. As
it can be seen, the sample expands a lot in that direction (more than 3 [mm| at 2000 [s]).
This is expected since it is the transverse direction, along which the thermal expansion
coefficient is larger. Fig. 5.4b shows that the deformation along the z-direction is very
small (maximum of 0.09 [mm]| at 2000 [s]). This is due to the low thermal expansion
coefficient in the fibers’ direction. Note that the expansion, and thus the deformation, in
the y and z directions is constantly increasing with time (provided that the temperature

increases).
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Figure 5.4: Deformation of the composite sample in the y and 2 directions at time
t = 2000 [s] obtained with SAMCEF (without any load). The apparent shape is scaled
up by a factor 10 compared to the real shape.

Now that the influence of the thermal expansion has been discussed, a constant com-
pression load of 10 [MPa| can be applied at the top of the sample. As it can be seen in
Fig. 5.5, the sample is rapidly subjected to buckling. It collapses after about 65 [s] as
shown in Fig. 5.6. This is explained by the fact that the compressive stiffness modulus in
the fibers direction depends on the temperature. The evolution of the stiffness modulus
with temperature is shown in Fig. 5.7. Its values have been chosen artificially in order to
simulate a loss in stiffness with temperature which exist for real materials. These are not
actual values of an existing material. The objective is only to show that the change in
stiffness linked to temperature leads to buckling. Since the temperature is higher at the
exposed face than at the unexposed one, the stiffness modulus varies along the thickness.
It is smaller at the exposed face which leads to buckling towards that side. Note that
at 65 [s], the temperature is around 325 [°C] at the exposed face and around 107 [°C]| at
the middle of the sample. According to Fig. 5.7, the stiffness modulus at that time has

become very low in the first half of the sample (in the thickness direction).
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The presence of the automatic time step can be observed in Fig. 5.6. Indeed, each
point corresponds to a time at which the response is computed. More of these points
are present at the beginning and at the end of the simulation. As explained in the
methodology, this time step is chosen based on the integration error which must be lower
than a fixed value. Regarding the beginning of the simulation, a small time step is
required because the non-linearity of the problem is not known. Therefore, a small initial
time step maximizes the chances to convergence at the first time step. Then, approaching
the collapse event, the time steps are starting to be reduced. It is due to the fact that
the problem does not converge anymore and that the solver is searching for a solution by

slightly varying the time.

Increment 29, 64.8325s
Displacement - Nodal, Magnitude

[mm]
Figure 5.5: Deformation of the composite sample prior to collapse obtained with

SAMCEF (expressed by the total displacement magnitude). No scaling of the apparent
shape. Loading of 10 [MPal].
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Figure 5.6: Time evolution of the sample upper edge vertical displacement
(2-direction) obtained with SAMCEF. Loading of 10 [MPa].
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Figure 5.7: Evolution of the stiffness modulus F; in the fibers direction as a function
of temperature defined in SAMCEF.
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5.3 Advanced material model

The model can be improved by using a more advanced material definition developed by
Ladeveéze [|34]. It takes into account the damage and the plasticity appearing in the lam-

inate based on the Continuum Damage Mechanics theory (see Section 3.3.2).

The response of the material due to temperature only (without loading) is very sim-
ilar to the one obtained in the previous section for the elastic model. Therefore, the

discussion made about Fig. 5.3 and 5.4 is still valid in this case.

Regarding the advanced material, it is interesting to highlight the evolution of the
damage variable when the sample is subjected to loading (10 [MPa]). This is indeed
one of the additional variable that is not taken into account in the simple elastic model.
Fig. 5.8 shows the damage level of each element for the ply at the unexposed face. A
value of 1 means that the element is totally damaged which is the case for some of them
just before collapse. The damage variable highlighted in Fig. 5.8 is dss. It means that

the damage is present in the matrix and is parallel to the fibers.

A graph shown in Fig. 5.9 gives the time evolution of the damage variables. They are
given for all the plies at the location of the bottom left red element from Fig. 5.8. It can
be observed that the damage increases very slowly in a first time for plies 8 and 9. Then,
just before the collapse, its value jumps to one very rapidly. The three first plies (7 to
9) starting from the unexposed face are totally damaged and ply 6 is partially damaged.
All the other plies are very slightly damaged as well but almost not compared to the
plies 6 to 9. Note that the model does not take into account the damage induced directly
by the material decomposition. Moreover, as explained previously, the mesh should be
refined in order to obtain better results. Other results such as plasticity could be studied

because it also influences the composite behavior.
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Figure 5.8: Representation of the damage variable for each element of the ply located
at the unexposed face of the sample. Loading of 10 [MPa).
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Figure 5.9: Time evolution of the damage variable for each ply at the location of the
bottom left red element from Fig. 5.8. Loading of 10 [MPal].
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Chapter 6
Conclusions and perspectives

The objective of this master thesis was to perform a thermo-mechanical modeling of com-
posite materials subjected to fire. The modeling had to be done using the SAMCEF finite
element solver. The thermal and the mechanical part were considered separately leading
to a two-step analysis. The focus was put on the thermal part since it had never been
done previously at the company GDTECH and therefore required a certain amount of

work.

First, the thermo-mechanical processes occurring in composites subjected to fire have
been identified. They were divided into four main categories: thermal, chemical, physical
and failure processes. Then, some existing thermal models available in the literature have
been discussed. One particular model developed by Henderson et al. was found to be the
one most used in practice. This model is based on three main processes that govern the
thermal response of composites exposed to fire. These are the heat conduction, matrix
decomposition and convection from the decomposition gases. A detailed description of
that model has been made regarding the material properties definition and the boundary

conditions. The existing mechanical models were briefly discussed.

Then, the solver SAMCEF was used to reproduce results coming from the literature. A
modeling methodology has been developed in order to adapt the default equations used
in the software to the model from Henderson et al.. This methodology allowed to obtain
a one-dimensional model able to predict the thermal response of composites subjected
to fire. The results were assessed thanks to two publications using the same theoreti-
cal model. It was shown that the mass loss due to matrix decomposition was correctly
represented by the software. Regarding the evolution of the temperature distribution
inside the material, the results were not very conclusive. It was shown that the value
of the energy of decomposition needed to be increased by a certain amount in order to
obtain better results. No physical explanation was found for that need. Moreover, it was
highlighted that complete material properties were sometimes lacking. Therefore, the nu-

merical model required some tuning of the available parameters in order to obtain better
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temperature predictions. It was observed that when the model was correctly tuned, it

was able to give accurate results for different heat fluxes and level of pyrolysis.

Eventually, the mechanical part of this master thesis showed that it was possible to
transfer a thermal solution into a mechanical model. The mapping of the temperature
distribution worked correctly. This was also something that had never been done for
composites at GDTECH and which is therefore a contribution to the company. The me-
chanical model used a different material than the one used for the thermal analysis. It
was not optimal but proved that a thermo-mechanical modeling was possible in SAMCEF.
Using an elastic material law, the results nonetheless showed the effect of the thermal
expansion in case of no loading. The failure under loading due to buckling has also been
observed. A more advanced model allowed to represent the damage occurring in the

material.

The work realised in this master thesis give a good understanding of the thermal
response of composites subjected to fire and how to predict it using SAMCEF. Moreover, it
shows that a two-step thermo-mechanical modeling is feasible using the software SAMCEF.

However, some perspectives of improvements have been identified and are listed here:

e User-subroutines could be implemented in order to better define the heat capacities

and thermal conductivities.

e The reason for the need to increase the value of the decomposition energy should
be found.

e The creation of a database containing complete thermal and mechanical properties
should be created

e Regarding the thermal model from Henderson et al.; it could be interesting to
implement it in a software like MATLAB and compare the results with the one
obtained thanks to SAMCEF.

e More composite materials should be used to validate the thermal model. This could
help to identify why there are still some differences between the results given in the

literature and the one computed.

e Regarding the mechanical analysis, a more rigorous study should be carried out.

An identical material as the one used for the thermal part should also be used.
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Appendix

A. Governing thermal equation

The energy equation writes:

0

. om

0 o (., 0T
5 (mh + mghy) = pp (k%) AzAA —

Expanding the terms leads to:
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The mass continuity equation writes:
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Therefore, the energy equation becomes:
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The enthalpy terms can also be developed:
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B.. VOLUMETRIC HEAT CAPACITY

B. Volumetric heat capacity

The volumetric heat capacity term from the publication of Henderson et al. [8] must be
reworked in order to be correctly defined in SAMCEF.

In the thermal equation from Henderson et al. [8], this term writes:
(mC +myCly) , (6.1)

with
C=F-C,+(1-F)-C,, (6.2)

m—mf

where F' = .
mo—my

In SAMCEF, the volumetric heat capacity term is simply:
oC, (6.3)

where
pC = (1—-a)-p,C,+a-pC, (6.4)

and @ = &2
Pv—Pc

Starting from the heat capacity term given in Eq. 6.1, and assuming constant volume V:

mC + m,C, m m
ng = VC + VQC’Q, (6.5)
= pC + %Cg, (6.6)

om

m
= C+ 072G, (6.8)

9
= pC + ¢pyCy. (6.9)

Again, assuming a constant volume, it can be written that:

p=0T _PTPe g, (6.10)
mo — My Pv — Pe

Knowing that, the expressions of the heat capacity C' and the porosity ¢ of the material

become respectively:

C=F-C,+(1-F)-C., (6.11)
=(l-a)-Cy+a-C, (6.12)
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B.. VOLUMETRIC HEAT CAPACITY

¢p=F ¢y +(1-F)-¢., (6.13)
=(1-a) ¢y +a- g (6.14)

Moreover, the expression of the material density p is by definition:
p=1—-a) p,+a-p.. (6.15)

The density, heat capacity and porosity variables can be replaced by their definition in
Eq. 6.9 which leads to:

(mC’—i—mgCg) _
e =l -a) et pd x [(1-a) - Cota (6.16)

+[(1 =) ¢y + - @ pgCy.

Multiplying the virgin material porosity ¢, by % and the charred material porosity ¢,
by % yields:

w —(1-a) p, (@pgcg T (1-a)C,+ aC’C)
Po
(6.17)

+a - pe <%ngg +(1—a)C, + och) .

Knowing the definition of the volumetric heat capacity used by SAMCEF and given by
Eq. 6.4, it follows that:

CEAMCEF — %pgcg + (1 _ Oz)Cv + aC,, (6.18)
CCSAMCEF — %pgcg + (1 _ Oé)Cv + Och. (619)
CEAMCEF and CCSAMCEF are the variables that must be used respectively for the virgin

and charred material heat capacity definition in SAMCEF.
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C.. THERMAL CONDUCTIVITY

C. Thermal conductivity

The thermal conductivity from the publication of Henderson et al. [8] must be reworked
in order to be correctly defined in SAMCEF.

In the thermal equation from Henderson et al. [§], the composite thermal conductivity

writes:
(¢ ky+(1—09) k), (6.20)
with
k=F -ky,+(1—=F)-k, (6.21)
¢=F-¢,+(1—F) ¢ (6.22)
where F = "1
mo—mg

In SAMCEF, the material thermal conductivity is simply:
k, (6.23)

where

k=1-«) k,+a-k, (6.24)

— Pv=p
Pv—Pc :

and «

Assuming a constant volume, it can be written that:

m—my P — Pc

mo — Mg Pv — Pe

Knowing that, the expressions of the thermal conductivity k£ given in Eq. 6.21 and the

porosity ¢ of the material become respectively:

k=F ky+(1—F) -k, (6.26)
=(1-a) k,+a-k, (6.27)
¢p=F ¢, +(1—F)- ¢ (6.28)
=(1-a) ¢, +a- . (6.29)

The thermal conductivity and the porosity variables can be replaced by their definition
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C.. THERMAL CONDUCTIVITY

in Eq. 6.20 which leads to:

(p-kg+(1—0¢) - k)=[1-a) - pp+a-oJky+[1—(1—a) ¢, —a-¢]

X [(1—a) ky+oa-k. (6:30)

This equation can be rewritten in order to stick to the formulation used in SAMCEF.

This leads to the following expression:

(¢'kg+<1_¢)'k>:(1_a)'(kv+kg¢v_kv[(l_a)¢v+a¢c])

(6.31)
+a - (kc + kg¢c — ke [(1 - a)¢v + ()./ch]) .

Knowing the definition of the thermal conductivity used by SAMCEF and given by
Eq. 6.24, it follows that:

BN = ky A+ kg — K [(1 — @)y + adde] (6.32)
kSN = ke + kgpe — ke [(1 — @)y + @] (6.33)
ESAMCEr and ESAMCRF are the variables that must be used respectively for the virgin

and charred material thermal conductivity definition in SAMCEF.

88



D.. DARCY LAW

D. Darcy law

The form of the Darcy law used in the publication from Henderson et al. [8] is given by

the following equation:

: ymg OP
= — — .34
M ppAx O’ (6:34)
which is equivalent to:
S AL a_P
m, = —,ugbAmAA e (6.35)
The pressure P is given by the following equation:
myRT
P=_—_—9 " .
MypAxzAA (6.36)

Isolating m, in Eq. 6.36 and introducing it in the Darcy law given by Eq. 6.35 yields:

., YM,POP
= - = 6.37
M uRT Oz (6:37)

In SAMCEF, the Darcy law is defined as follows:

P M,P
m’g’:—Kpa— where Kp:fy—g.

o T (6.38)

As it can be seen, Eq. 6.37 and 6.38 are totally equivalent. Therefore, the form of the
Darcy law used by default in SAMCEF does not have to be modified.
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E.. RADIATIVE SOURCE TEMPERATURE

E. Radiative source temperature

The boundary condition used in the model from Henderson et al. [8] for the exposed face

is given in Eq. 2.16 and rewritten here:

oT
2 (= 0T) + B (T = o). (6:39)
=0

with q .= o, T (6.40)
The radiative component of this boundary condition writes:

1

q" = e, (q,’fad — UT54,0) (6.41)

In SAMCEF, the radiative flux boundary condition is defined as follows, assuming a gray

body (a5 = €5 by default in the software):

q" =0 (T, — &, T)), (6.42)

& ¢ =& (oT) —0oT}). (6.43)

By analogy between Eq. 6.41 and 6.43, the expression for the radiative source temperature

to be introduced in SAMCEF is:
TSverr — %. (6.44)
o
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