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There are numerous phenomena involved in the degradation process of composite materials, for example the release of gas, the formation of cracks and so on, which makes the modelling difficult. The comprehension of the phenomena is a necessary prerequisite to modelling.

Objectives

The aims of this work are to study the fire behaviour of two kinds of carbon fiber reinforced polymer composites using a bench-scale test and then to use a comprehensive model to simulate heat and mass transfer process within composites when they are exposed to a flame.

Thermosetting-based composite C/epoxy and thermoplastic-based composite C/PEEK are considered. The results of two kinds of composite materials under bench-scale tests can show the differences and help us to better understand the fire behaviour of existing materials. In the developed model, the temperature distribution and mass loss data are conducted and compared with experimental results. The simulation results are highly dependent on the input parameters.

So, the influence of the parameters and their interactions are also investigated.

Framework of the study

Chapter 2 provides a comprehensive literature review of the subject of this thesis. Firstly, a The thermoplastic matrix has a linear molecular structure in which molecular chains are connected by intermolecular interactions or van der Waals forces, and the structure is not stable at high temperatures. Therefore, thermoplastic resins can be reshaped by heating. Typical thermoplastic matrices are polypropylene (PP), polycarbonate (PC), poly (vinyl chloride) (PVC), polyether ketone (PEK), polyether ether ketone (PEEK), Polyamide (PA) and so on.

There are two structural states that usually exist in thermoplastics: the crystalline state and the amorphous state [10 , as shown in the Fig. 234. In the crystalline state, the molecules are arranged in a highly ordered way. In contrast, the arrangement of molecules in the amorphous state is highly irregular. Often, thermoplastics are in a semi-crystalline arrangement where the crystalline phase is surrounded by amorphous phases. The proportion of crystalline regions in a polymer material (degree of crystallinity) affects the physical behaviour when heated, and generally materials with higher crystallinity have higher melting temperatures (Tm) and glass transition temperature (Tg). Amorphous polymers pass through a glassy to rubbery transition when heated to the glass transition temperature (Tg). For crystalline polymers, the polymer transforms from solid to liquid when the melting temperature (Tm) is reached. At this point the polymer will drop and/or flow and may cause the spread of flame which increases the fire hazard [ 11 . When the temperature rises above the decomposition temperature (Td), the molecular bonds in the polymer break, resulting in the damage to the molecular structure and the change in the properties. Thermosetting materials have strong molecular bonds between the molecular chains, forming a three-dimensional network structure. They generally do not soften or melt when heated. Therefore, thermosetting materials cannot be reshaped by heating. When the temperature is too high, the decomposition occurs. The frequently used thermosetting matrices are epoxy, phenolic resin, polyurethane (PU) and so on. This work focuses on carbon fiber reinforced materials. The matrix includes thermosetting epoxy and thermoplastic PEEK and PEKK. They have high strength and are chemical resistance [14 , so they are widely used in the aerospace industry.

Behaviour of composite material exposed to fire

As mentioned above, composite materials consist of multiple components and therefore there are a series of reactions processes that occur when they are exposed to fire [15 , as shown in the Fig. 2345. Fig. 23456shows the approximate temperatures that these processes occur in a glass fiber reinforced composite. For other materials, the temperatures are different. Usually, these reactions react with each other which increases the complexity of fire behaviour of composites.

The detailed information of Fig. 2-5 and 2-6 can be found below. When one side of the composite material is exposed to a flame, the surface temperature of this side increases due to convection and radiation from the flame. The convective heat transfer is related to the geometry and speed of airflow impinging on the surface. The radiative heat transfer depends on the absorptivity and emissivity of material surface. Due to the temperature difference between the two sides of the material, heat is transferred from the hot side to the cold side by heat conduction [16 [17 . Heat conduction occurs over a wide range of temperatures as long as there is a temperature difference. The rate of heat transfer is related to the thermal conductivity of the material. In general, the thermal conductivity of fibers is much higher than that of resins. For example, the thermal conductivity of epoxy resin is calculated as 0.67 W/m/K while of carbon fiber is 1.33 W/m/K at room temperature [18 . Furthermore, the fibers are anisotropic which results that their thermal conductivity in the longitudinal direction (along the fibers) is much higher than in the transverse direction (perpendicular to the fibers). This also leads to a higher thermal conductivity along the plane than through the thickness of the fiber reinforced composite. For example, the ratio of in-plane and through-thickness thermal conductivity of carbon fiber reinforced epoxy is 10 [19 .

As temperature increases, the composite exhibits thermal expansion. However, composite materials have an inherent mismatch in the coefficient of linear thermal expansion at the matrix and fiber interface. For example, the thermal expansion coefficient of epoxy resin is between 4.5 to 7.5× 10 -5 /℃ [20 , while the thermal expansion coefficient of carbon fiber is 3.0×10 - 3 / o C along the fiber direction and 3.62×10 -5 / o C perpendicular to fiber [21 . This mismatch in thermal expansion coefficients can result in thermal stress at the resin-fiber interface, which causes micro-cracks and delamination between plies in laminate composite [1 .

When the temperature of a composite material reaches decomposition temperature, the material will decompose and oxidize (in the presence of oxygen). With the exception of some organic fibers such as aramid fibers and ultra-high molecular weight polyethene fibers, most fibers are thermally stable. A high temperature oxidizing environment is required for the reaction. For When the composite is exposed to extremely high temperatures (over 1000 o C) and oxygen-rich conditions, the fibers and char produced by the decomposition of the resin and the fibers may oxidize and the surface ablation process occurs when subject to high-velocity airflow.

In some composites, the decomposition gases remain in the char layer in the form of bubbles.

After cooling down, a highly porous char structure is formed. Fig. 2-9 shows the cross-section structure in a composite laminate after exposure to flame.

Lots of studies have been carried out to investigate the reaction processes of composites which have helped to develop and improve the thermal response models of composite materials when exposed to high temperatures or fire. Accurate thermal response models can be used to predict the fire behaviour of new composites, thus reducing the need for extensive experiments and reducing time and costs. Some fire reaction models are presented in the next paragraph. 

𝜌𝐶 𝑝 𝜕𝑇 𝜕𝑡 = 𝑘 𝜕 2 𝑇 𝜕𝑥 2 + 𝜕𝑘 𝜕𝑥 𝜕𝑇 𝜕𝑥 -𝑚̇𝑔𝐶 𝑝𝑔 𝜕𝑇 𝜕𝑥 - 𝜕𝜌 𝜕𝑡 (𝑄 𝑖 + ℎ -ℎ 𝑔 ) (2.1)
Where, T represents temperature, t is time, x is spatial variable, 𝜌 is density of composite, 𝐶 𝑝 and 𝐶 𝑝𝑔 are specific heat capacity of composite and gas, k is thermal conductivity, 𝑚̇𝑔 is mass flux of gas, 𝑄 𝑖 is heat of decomposition, ℎ and ℎ 𝑔 are enthalpy of composite and gas. Where, the subscript s and g represent solid and gas respectively, ℎ 𝑣 is volume heat transfer coefficient, P is pressure, and v is gas velocity. In the solid phase (Equation 2.4), the left side is the accumulation of internal energy. The first term on the right side represents the heat conduction through solid and the second term is the heat conduction between solid and gas phase. The third term accounts for the expansion of the material. The last term represents the effect of thermal expansion. In gas phase (Equation 2.5), the term on the left side accounts for the accumulation of internal energy which is similar to the solid phase. The first term on the right side represents the convection of heat by the gas. The second term is heat conduction in gas phase. The third and fourth are the same as those in solid phase which represent the effect of gas convection and thermal expansion. The last term accounts for the energy released or absorbed by resin decomposition. In this model, in addition to predicting the temperature distribution, mass loss, thermal expansion and porosity of solid, it is also possible to predict the temperature, pressure and mass storage of gases.

The models were validated by experimental fire tests which indicated that they can well predict the temperature distribution in some laminate composites and sandwich composites when exposed to fire [30-38 . The models mentioned above are used in one-dimensional systems in which heat transfer through thickness is investigated. The models can also be extended to two-or three-dimensional systems.

Decomposition model

The decomposition of composite (primarily polymer resin) is complex, involving hundreds of sub-reactions and by-products. The simplest reaction scheme can be described as a single-step global reaction and can be improved by introducing intermediate reactions such as competitive, parallel and consecutive reaction. The typical reaction schemes are shown in Fig. 2-10 [39 .

There are two solid components during the decomposition, virgin material and char [15 [27 . Virgin material represents the undecomposed composite, which includes resin and fiber. And char consists of resin that completely decomposed and fibers.

Generally, Arrhenius's Law [40 [41 is A, E and n are essential parameters for reaction kinetics which is also known as kinetic triplet.

The calculation of kinetic triplet will be discussed later.

As a result, the change in density over time 𝜕𝜌 𝜕𝑡 of composite is calculated as

𝜕𝜌 𝜕𝑡 = -(𝜌 𝑣 -𝜌 𝑐 )[ 𝜌 -𝜌 𝑐 𝜌 𝑣 -𝜌 𝑐 ] 𝑛 𝐴𝑒 (-𝐸/𝑅𝑇) (2.9)
The subscripts v and c represent virgin and char materials respectively.

It should be noted that the model does not describe the real decomposition process of composite, but it can help with mass loss calculation process. Where v is gas velocity, K is permeability tensor, 𝜇 is dynamic viscosity coefficient, P is pressure. The gas pressure can be calculated by ideal gas state equation:

𝑃 = 𝜌𝑅𝑇 𝑀 (2.11)
Where 𝜌 is gas density, R is the universal gas constant, T is temperature of gas, and M is the molecular weight of gas. There are three major modes of heat transfer in nature, namely conduction, convection and radiation. The three processes are illustrated in Fig. 2-11 and are explained in detail below.

(1) Conduction Conduction refers to the heat transfer between two objects that are actually in contact. In composite materials, heat is usually transferred from the high temperature region to the low temperature region by molecular thermal motion, see Fig. 2-11. The rate of heat conduction is related to the thermal conductivity of material. The heat transfer rate is calculated by Fourier's Law which is expressed, in one dimension, as:

𝑞 ′′ = -𝑘 𝑑𝑇 𝑑𝑥 (2.13)
Where, 𝑞 ′′ accounts for heat flux density (W/m 2 ), k the heat conductivity, 𝑑𝑇 𝑑𝑥 the temperature gradient.

(2) Convection Convection is the process that heat transfers from one object to another by the flow of a fluid such as gas or liquid, as shown in Fig. 2-11. Convection is a complex fluid dynamic and heat transfer problem. There are two types of convection, natural convection and forced convection.

Natural convection is caused by density gradient in the fluid, while forced convection is under the influence of an external flow.

The rate of convection heat transfer is expressed by Newton's Law:

𝑞 ′′ = ℎ(𝑇 𝑠 -𝑇 ∞ ) (2.

14)

Where h accounts for convection heat transfer coefficient, 𝑇 𝑠 the surface temperature, 𝑇 ∞ the temperature of fluid. The value of convection heat transfer coefficient is dependent on many factors, such as fluid type, fluid density, the surface geometry, temperature difference and direction of fluid flow, etc.

(3) Radiation Radiation refers to the process that heat transfer from one object to another by radiation of electromagnetic waves. In this process, medium and the direct contact between objects are not required.

The rate of radiation heat transfer is expressed as:

𝑞 ′′ = -𝜀𝜎(𝑇 4 -𝑇 𝑠 4 ) (2.15)
Where 𝜀 accounts for emissivity, 𝜎 the Stephan-Boltzmann constant (5.67 × 10 8 𝑊/𝑚 2 /𝐾 4 ),

T the temperature of hot object, 𝑇 𝑠 the surface temperature.

It should be noted that the thermophysical parameters in the heat transfer modes, such as k, h

and 𝜀, are dependent on the temperature range. For composite material, when the temperature increases above decomposition temperature (T > Td), the values of these parameters may change due to the changes of material components.

Boundary conditions

Boundary conditions are the constraints for variables, for example they define the parameter values at the boundaries of the domain. Boundary conditions are a prerequisite for having the solution for the physical problems. Setting the appropriate boundary conditions is necessary to ensure the reasonable and reliable of the simulation results. Gpyro is an open-source package for simulating the kinetics of material pyrolysis in order to better understand the mechanisms and properties of material pyrolysis. 

Determination of material properties and kinetic parameters

In order to solve the governing equations and predict the fire behaviour of materials by heat transfer and pyrolysis models, it is necessary to determine the boundary conditions as well as input material properties. The boundary conditions have been described in previous section, and the material properties including thermophysical properties and decomposition kinetic parameters are presented in this section. These parameters can be measured by experimental techniques or estimated by inverse analysis and optimization methods. In this section, the common measurement methods and estimation methods are described.

2.3.1 Measurement of the thermos-physical parameters of the solid material Thermophysical properties are the thermal conductivity, specific heat capacity, absorptivity and emissivity. Most of these tests are standardized by ASTM test methods. Here, the experimental measurement and estimation method of these properties are introduced.

Emissivity

The absorptivity and emissivity represent the radiative properties of the material and are important input parameters in the fire model. For the sake of simplicity, it is assumed that the total absorptivity, integrated over all wavelengths, is equal to the total emissivity. According to Kirchhoff's law, the spectral absorptivity is equal to the spectral emissivity of an object at thermal equilibrium state. They can be measured by Hemispherical Directional Reflectometer (HDR) [67 [68 . Emissivity is determined by measuring the ratio of the surface power density of the radiation from the material surface to the surface power density of the blackbody radiation at a given wavelength. When a composite material is exposed to flame, the matrix decomposes thermally and becomes char, and the fibers are naked, resulting in the change in surface emissivity [69 . As shown in Fig. 2 show that there is a slight increase in front surface emissivity from 0.88 to 0.91 caused by thermal degradation. In addition, the authors observed the ignition of pyrolysis gas at front surface when the incident flux was above 35kW/m 2 . Försth et al. [72 measured the effective absorptivity of numerous materials and found that the emissivity varied significantly with the temperature of the heat source. The authors pointed out that this emissivity variation has a limited effect on surface heating, but the effect may be more important when absorptivity is used as an input to simulations of ignition temperature and thermal inertia.

Thermal conductivity

There are two methods for measuring thermal conductivity, the steady-state method and the transient method [73 [74 . Commonly used steady-state condition method are Guarded hot plate and heat flow meters and transient method contains Transient plane source (TPS), Laser flash, Transient hot wire, modulated DSC, 3-ω method and Thermocouple method.

The steady state method defines thermal conductivity based on Fourier's law (Equation 2.13).

By measuring the temperature difference (ΔT) through the sample at a steady state heat flow (Q), the thermal conductivity can be calculated as: Where A accounts for cross-section area of sample.

The transient method measures the temperature change of the material under a periodic or pulsed heat source. The temperature under transient state is expressed as:

𝜕𝑇 ∂t = 𝛼 𝜕 2 𝑇 𝜕𝑥 2 (2.17)
Where t accounts for time, x is the coordinate in space, 𝛼 is the thermal diffusivity. In transient method, 𝛼 is measured directly and its value is related to thermal conductivity, density and specific heat capacity.

𝛼 = 𝑘 𝜌𝐶 𝑝 (2.18)
The steady-state method is low cost in price and allows direct measurement of thermal conductivity, but requires a large sample and a longer time to reach steady state. The transient method requires short time and small samples. However, as the heat conductivity is not measured directly, the calculation of conductivity from thermal diffusivity increases the error. 

Kinetic parameters

The thermal decomposition process involves mass and energy evolutions which can be analyzed by TGA and DSC respectively. As mentioned above, the mass loss rate during decomposition process of a one-step reaction can be described by an Arrhenius equation. The kinetic parameters (pre-exponential factor A, activation energy Ea and reaction order n) used in Arrhenius equation can be extracted from the TGA curves. Two main approaches are developed: model-fitting approach and iso-conversional approach [83 .

Model-fitting method provides accurate predictions of kinetic parameters at a given heating rate.

Iso-conversional method focuses on the relationship between the activation energy Ea and the conversion rate α, which is more widely used. The most popular kinetic methods used for predicting TG curves are Friedman, Ozawa-Flynn-Wall and Kissinger-Akahira-Sunose analyses [84 .

Yao et al. [85 measured the TGA curves of PEEK and its carbon fiber reinforced composites at different heating rates under nitrogen and air. Then the activation energy Ea was calculated using the method proposed by Flynn and Wall. The calculation equation is as follows

𝐸𝑎 = - 𝑅 𝑏 [ 𝑑 𝑙𝑜𝑔𝛽 𝑑(1/𝑇 𝑝 ) ] (2.20)
Where Ea accounts for activation energy, R the universal gas constant, b the empirical constant which equals to 0.457, Tp the temperature, 𝛽 the heating rate in TGA tests. The calculated activation energies for PEEK and its carbon fiber composites under nitrogen are 198.2kJ/mol and 210.3kJ/mol, while under air, they are 145.2kJ/mol and 151kJ/mol.

For an ideal single-step reaction, Ea stays constant as the reaction proceeds. In reality, it is often found that Ea varied considerably with α, which is usually related to the multi-step decomposition of the process. The decomposition of a multi-step reaction can be described as a number of single-step reactions in which the mass change at each step can be described by an The study of decomposition process of composites is an important part of developing fire Many mixture law models in the literatures have been developed. Among them, there exist three basic models, which are series, parallel, and geometric mean models [96 . In a two-component composite containing matrix and fiber, the effective thermal conductivity is expressed as:

Parallel model:

𝑘 𝑒 = 𝑘 𝑓 𝑉 𝑓 + 𝑘 𝑚 (1 -𝑉 𝑓 ) (2.

21)

Series model:

1 𝑘 𝑒 = 𝑉 𝑓 𝑘 𝑓 + (1 -𝑉 𝑓 ) 𝑘 𝑚 (2.22)
Geometric mean model:

𝑘 𝑒 = 𝑘 𝑓 𝑉 𝑓 × 𝑘 𝑚 (1-𝑉 𝑓 ) (2.23)
Where 𝑘 𝑒 , 𝑘 𝑚 and 𝑘 𝑓 represent the effective, matrix and fiber thermal conductivity. 𝑉 𝑓 accounts for the volume fraction of fiber. In addition, there are other well-established theories [97 . Maxwell model is also a widely used model in the literature for materials with small particles dispersed in a continuous matrix phase. The effective medium theory (EMT) model deals with materials with all components completely randomly distributed. They are expressed as follows:

Maxwell model:

𝑘 𝑒 𝑘 𝑚 = 1 + 3( 𝑘 𝑓 𝑘 𝑚 -1)𝑉 𝑓 ( 𝑘 𝑓 𝑘 𝑚 + 2) -( 𝑘 𝑓 𝑘 𝑚 -1)𝑉 𝑐 (2.24)
EMT model: and parallel models are the simplest models for two-phase system which provide the upper and lower limits for material properties.

𝑉 𝑚 𝑘 𝑚 -𝑘 𝑒 𝑘 𝑚 + 2𝑘 𝑒 + 𝑉 𝑓 𝑘 𝑓 -𝑘 𝑒 𝑘 𝑓 + 2𝑘 𝑒 = 0 (2.
The applicability and accuracy of these models are limited. In practice, different models are used for different material properties. For some complex material properties, the models need to be improved, for example by introducing some empirical parameters, or by combining the In some models, the properties of the composite are described in terms of a combination of fiber and resin. Grange [43 used Maxwell model for thermal conductivity and mass average for density and specific heat capacity:

𝑘 𝑘 𝑚 = 1 + 3𝑉 𝑓 ( 𝑘 𝑓 + 2𝑘 𝑚 𝑘 𝑓 -𝑘 𝑚 ) -𝑉 𝑓 (2.26) 𝜌 𝑚 = 𝜌 -𝜌 𝑓 𝑉 𝑓 1 -𝑉 𝑓 (2.27) 𝐶 𝑝,𝑚 = 𝜌𝐶 𝑝 -𝜌 𝑓 𝑉 𝑓 𝐶 𝑝,𝑓 𝜌 𝑚 (1 -𝑉 𝑓 ) (2.28)
An increasing number of researches describe the material in terms of virgin and char, which represent the composite before and after decomposition. The material properties during decomposition can be expressed as the function of virgin, char properties and decomposition degree. According to Henderson [27 , the degree of decomposition 𝛼 can be defined as:

𝛼 = (𝑚 -𝑚 𝑓 ) (𝑚 0 -𝑚 𝑓 ) (2.29) 
Where, m accounts for composite mass during decomposition, 𝑚 𝑓 the mass of fiber, 𝑚 0 the initial mass. f equals to the fraction of virgin material remaining in the solid matrix. The density (𝜌), conductivity (𝑘) and specific heat capacity (𝐶 𝑝 ) during decomposition are expressed based on parallel model:

𝜌 = 𝛼𝜌 𝑣 + (1 -𝛼)𝜌 𝑐 (2.30) 𝑘 = 𝛼𝑘 𝑣 + (1 -𝛼)𝑘 𝑐 (2.31) 𝐶 𝑝 = 𝛼𝐶 𝑝,𝑣 + (1 -𝛼)𝐶 𝑝,𝑐 (2.32) 
Where, the subscript v and c represent virgin and char. It has been widely used in many fire model [99 [100 [101 . In some other fire models, the thermal conductivity of composite is expressed based on series model [82 :

1 𝑘 𝑐 = (1 -𝛼) 𝑘 𝑣 + 𝛼 𝑘 𝑐 (2.33)
In real situations, the properties of composites are temperature dependent. Therefore, in a few studies [28 [错误!未定义书签。 , empirical curve fitting equations are used to represent thermal conductivity as a function of temperature. Thus, the thermal conductivity of virgin and char can be expressed as: (TPS) in extreme heating conditions such as aircraft re-entry. Under such conditions, the high pressure, high enthalpy airflow is involved and its temperature is controlled by the convective heat flow, while the radiant heat flow is not dominant. Subsequently, more and more options have been introduced into PATO, thus extending its range of applications.

𝑘 𝑣 = 𝑘 𝑣,1 + 𝑘 𝑣,
PATO can be used in different types of geometries including zero-dimensional, one-dimensional, two-dimensional and three-dimensional. Several models are provided, such as decomposition, gas species transportation, solid morphology evolutions, gas-gas and gas-solid chemical interactions and so on.

This section describes the conservation equations, boundary conditions and simulation options that used in this study.

Governing equations

It is recommended to read the references that describe in detail the PATO model and the potential applications. However, the governing equations are summarized below. These are the conservation of solid mass, momentum and energy [102-106 .

In this section, the governing equations including conservation of solid mass, momentum and energy are summarized below. However, it is recommended to read the references that describe Where the subscript i accounts for phases and j for pyrolysis reactions. As a result, 𝜒 𝑖,𝑗 refers to advancement of pyrolysis reaction j within phase i. 𝜖 is volume fraction, Π is total pyrolysis production rate, Np is number of phases, Nsp is number of pyrolysis reactions, 𝐹 𝑖,𝑗 is gas production rate of pyrolysis reaction j within phase i. Π is total pyrolysis production rate. The term on the left-hand side is the rate of change of mass in phase i which is associated with the thermal decomposition of solid. The decomposition mass loss is expressed as function of reaction advancement.

In the gaseous phase, the mass conservation is expressed as:

𝜕 𝑡 (𝜖 𝑔 𝜌 𝑔 ) + 𝜕 𝑥 (𝜖 𝑔 𝜌 𝑔 𝜐 𝑔 ) = -Π (2.39)
where 𝜖 𝑔 is gas volume fraction, 𝜐 𝑔 is gas velocity. The first term on the left-hand side rate of change of mass in gas. The second term refers to the gas transportation. Same as Equation in solid phase, Π is total pyrolysis production rate.

Momentum conservation:

The gas velocity vg can be calculated by momentum conservation equation. The averaged momentum conservation is expressed in the form of Darcy's law as follows:

𝜐 𝑔 = - 1 𝜖 𝑔 ( 1 𝜇 𝑔 𝐾 𝑠 ) • 𝜕 𝑥 𝑃 𝑔 (2.40)
Where 𝐾 𝑠 is permeability tensor, 𝜇 𝑔 is dynamic viscosity coefficient of gas, 𝑃 𝑔 is gas pressure which can be expressed by ideal gas law (Equation 2.11). As a result, gas density 𝜌 𝑔 can be expressed as:

𝜌 𝑔 = 𝑀 𝑔 𝑃 𝑔 𝑅𝑇 𝑔 (2.41)
Where 𝑀 𝑔 accounts for molar mass of gas, R the universal gas constant, 𝑇 𝑔 the gas temperature.

Introducing equation 2.41 to equation 2.39, the mass conservation in gas phase can be expressed as:

𝜕 𝑡 ( 𝜖 𝑔 𝑀 𝑔 𝑃 𝑔 𝑅𝑇 𝑔 ) + 𝜕 𝑥 ( 𝑀 𝑔 𝑃 𝑔 𝐾 𝑠 𝜇 𝑔 𝑅𝑇 𝑔 𝜕 𝑥 𝑃 𝑔 ) = -Π (2.42)

Energy conservation:

It can be assumed that gas temperature inside material is in equilibrium with the temperature of solid [103 . So, the energy conservation equation for the total energy et is expressed as:

𝜕 𝑡 (𝜌 𝑡 𝑒 𝑡 ) + 𝜕 𝑥 (𝜖 𝑔 𝜌 𝑔 ℎ 𝑔 𝒗 𝒈 ) + 𝜕 𝑥 • ∑(𝑄 𝑘 ) 𝑁𝑔 𝑘=1 = 𝜕 𝑥 (𝑘 𝑠 𝜕 𝑥 𝑇 𝑔 ) + 𝜇𝜖 𝑔 2 (𝑲 -1 • 𝒗 𝑔 ) • 𝒗 𝑔 (2.43)
Where 𝜌 𝑡 is total density, 𝑒 𝑡 the total energy. Subscript g represents gas phase. 𝜖 𝑔 is gas volume fraction, 𝜌 the density, ℎ 𝑔 the gas enthalpy, 𝒗 𝒈 the gas velocity. 𝑄 𝑘 represents effective diffusion heat flux of phase k. Ng is the number of gaseous phases. 𝑘 𝑠 is thermal conductivity tensor, 𝐾 the permeability, 𝜇 is dynamic viscosity coefficient of gas. The first term on the lefthand side is total energy storage and it is the sum energy of gas and solid phases. The second term on the left-hand side represents heat convection. The third term is the effective diffusion of species. The first term on the right-hand term is heat conduction in solid phase. The second term accounts for the energy dissipation due to viscous effect. It is small which can be neglected.

To solve Equation 2.43, it is convenient to express it in the form of temperature. The first term on the left-hand side can be expressed as:

𝜕 𝑡 (𝜌 𝑡 𝑒 𝑡 ) = 𝜕 𝑡 (𝜖 𝑔 𝜌 𝑔 𝑒 𝑔 ) + ∑ 𝜕 𝑡 (𝜖 𝑖 𝜌 𝑖 ℎ 𝑖 ) 𝑖∈[1,𝑁𝑝] (2.44) = 𝜕 𝑡 (𝜖 𝑔 𝜌 𝑔 (ℎ 𝑔 - 𝑃 𝜌 𝑔 ) + ∑ (𝜖 𝑖 𝜌 𝑖 𝐶 𝑝,𝑖 𝜕 𝑡 𝑇 + ℎ 𝑖 𝜕 𝑡 (𝜖 𝑖 𝜌 𝑖 ) 𝑖∈[1,𝑁𝑝] ) (2.45)
Where, subscript i represents phase i in solid.

As a result, equation is rearranged as follows [106 .

∑ [(𝜖 𝑖 𝜌 𝑖 𝐶 𝑝,𝑖 )𝜕 𝑡 𝑇] 𝑖∈[1,𝑁𝑝] -𝜕 𝑥 (𝑘 𝑠 𝜕 𝑥 𝑇 𝑔 ) = -∑ [ℎ 𝑖 𝜕 𝑡 (𝜖 𝑖 𝜌 𝑖 )] -𝜕 𝑡 (𝜖 𝑔 𝜌 𝑔 ℎ 𝑔 - 𝑖∈[1,𝑁𝑝] 𝜖 𝑔 𝑃 𝑔 ) + 𝜕 𝑥 (𝜖 𝑔 𝜌 𝑔 ℎ 𝑔 𝒗 𝒈 ) (2.46)
Here ℎ 𝑖 and ℎ 𝑔 represent enthalpies of solid species i and gas. The equation is used to solve temperature implicitly.

It is more convenient to measure material properties in terms of virgin and char which correspond to the initial and final state of material decomposition. During the process, the material is in an intermediate state that between virgin and char. As a result, the material properties, such as thermal conductivities, specific heat, enthalpy, volume fraction of gas and so on, can be calculated from interpolations between virgin and char properties. At exposed surface, the boundary condition is expressed as follows.

-𝑘

𝑑𝑇 𝑑𝑡 = 𝛼𝑞ė ′′ + ℎ 𝑐𝑜𝑛𝑣 (𝑇 -𝑇 ∞ ) + 𝜀𝜎(𝑇 4 -𝑇 ∞ 4 ) (2.47)
Where 𝛼 is absorptivity, 𝜀 the emissivity, 𝜎 the Stefan-Boltzmann constant, The first and second terms on the right-hand represent radiation and convection heat fluxes of fire. ℎ 𝑐𝑜𝑛𝑣 is the heat convection coefficient, T the surface temperature, 𝑇 ∞ the ambient temperature. The term on the left-hand side accounts for the heat conduction in solid. The third term on the righthand is re-radiation of hot surface.

On opposed surface, the natural convection and re-radiation is involved. Therefore, the temperature is calculated as:

-𝑘 𝑑𝑇 𝑑𝑡 = ℎ 𝑐𝑜𝑛𝑣 ′ (𝑇 -𝑇 ∞ ) + 𝜀𝜎(𝑇 4 -𝑇 ∞ 4 ) (2.48)
Where ℎ 𝑐𝑜𝑛𝑣 ′ is natural heat convection coefficient.

Sub-models

PATO contains several sub-models for solving the conservation equations, with several options available in each sub-model. These selections determine which thermal processes are included in the model and how they are calculated. For example, the mass model calculated the conservation of momentum equation. When selecting "no", it means that the gas transportation process is not considered. The options in the sub-model can be selected as required. Table 2345shows the sub-models and the options that used in this study. In this work, 0D, 1D and 3D models are used. The 0D model can be used to study the mass change during thermal decomposition without considering heat and mass transfers. So, the 0D model is used to simulate TGA which allows the verification and optimization of the decomposition kinetic parameters. The heat and mass transfer processes of composites can be simulated in 1D and 3D models. In 1D model, heat is transferred only through the thickness, whereas in 3D model heat is transferred both through the thickness and along the in-plane.

Material properties

"Material properties" sub-model, as suggested by its name, is used to specify the material properties, mainly thermophysical properties which are used as input parameters in the model such as thermal conductivity, specific heat capacity, etc.

It should be noted that temperature-dependent properties can be used in this PATO. As mentioned above, material is in the intermediate state between virgin and char material properties during decomposition. The material properties during decomposition are updated in "porous" type and can be expressed as a function of solid density and total pyrolysis advancement (𝜏). A few parameters are calculated as follows: Where subscript s accounts for solid, v the virgin, c the char. The thermal conductivity k, specific heat capacity Cp, emissivity 𝜀 , absorbtivity 𝛼 and permeability 𝑲 of material are the interpolation of virgin and char values.

𝑘 𝑠 =
The solid density is calculated as:

𝜌 𝑠 = ∑ 𝜌 𝑠,𝑖 𝑁𝑝 𝑖 𝜖 𝑠,𝑖 (2.54) 𝜌 𝑠,𝑖 = 𝜖 𝑠𝑣,𝑖 𝜖 𝑠,𝑖 𝜌 𝑠𝑣,𝑖 (1 -∑ 𝐹 𝑖,𝑗 𝑁𝑝 𝑖 𝜒 𝑖,𝑗 ) (2.55) 
Where subscript i refers to phases, j to reaction. 𝜖 is volume fraction. Equation 2.54 shows that the total density is the sum of all phases. Equation 2.54 indicates that density of a species is related to its pyrolysis reaction advancement.

Pyrolysis

"Pyrolysis" sub-model defines whether pyrolysis process occurs in the material. "Linear Arrhenius" indicates that the reaction advancement during decomposition is calculated using Arrhenius law, as shown in Equation 2.56.

𝜕 𝑡 𝜒 𝑖,𝑗 = 𝐴 𝑖,𝑗 𝑇 𝑛 𝑖,𝑗 exp ( -𝐸 𝑖,𝑗 𝑅𝑇 )(1 -𝜒 𝑖,𝑗 ) 𝑚 𝑖,𝑗 (2.56) 
Where subscripts i and j represent phase i and reaction j. 𝜒 accounts for reaction advancement.

A, E, m are kinetic triplets, T is temperature and 𝑛 𝑖,𝑗 is the order of temperature. 𝑇 𝑛 𝑖,𝑗 indicates the temperature influence.

The total pyrolysis advancement 𝜏 is the sum of all reactions in all phases. Where, Np is number of phases, Nsp is number of pyrolysis reactions. 𝜖 is volume fraction, 𝜌 is solid density, 𝐹 𝑖,𝑗 is mass fraction of pyrolysis reaction j within phase i.

Thus, the total pyrolysis rate of gas Π can be expressed as:

Π = ∑ ∑ 𝜖 𝑠,𝑖 𝜌 𝑠,𝑖 𝐹 𝑖,𝑗 𝜒 𝑖,𝑗 𝜕 𝑡 𝜒 𝑖,𝑗 𝑁𝑠𝑝 𝑗 𝑁𝑝 𝑖 (2.58)

Mass

The gas transportation process is set in this sub-model. "Darcy Law" indicates that gas pressure and velocity are computed by solving momentum conservation equations (Equation 2.40 and Equation 2.42). The total pyrolysis production rate Π is computed by Equation 2.58.

Energy

This sub-model updates the temperature of material by solving energy conservation equation.

0D model simulates the TGA experiment process. Temperature is an input parameter which is defined in another sub-model (IO type). In 1D and 3D models, "pyrolysis" is used which involves both heat conduction and pyrolysis.

Gas

To simplify calculations, the pyrolysis gas is assumed to be inert. In this study, thermal and transportation properties of nitrogen are used, involving molar mass, thermal enthalpy and dynamic viscosity coefficient. Gas properties are tabulated as function of pressure and temperature.

IO type

IO represents input and output. In the 0D model, the boundary temperature of the material is the input parameter. In order to simulate TGA experiment, the temperature is defined to increase at a constant rate. "purePyrolysis" type computes the pyrolysis advancement under such conditions.

Chapter 3: Experimental approaches

This chapter presents the experimental equipment, characterization methods and the postprocessing of data that is used to study the fire behaviour of composite materials.

Firstly, the compositions of the test bench for fire resistance testing are described, including the kerosene burner and the sample holder. Secondly, the characterization of the thermal stress is presented. Thirdly, the post-processing of data on the sample temperature and mass loss are introduced. In the last part, the microscope is presented which is used for the observation of sample surface and cross-section and the measurement of swelling of the sample after experiments.

3.1 Fire test bench to which the sample is subjected.

Flame temperature

The flame temperature is measured by a comb of 6 type K thermocouples of 1mm diameter.

The spacing between each thermocouple is 8 mm to cover the diameter of the flame tube. As mentioned above, a period of 15min is necessary for the temperature to reach steady after the burner is ignited. The measured flame temperatures are shown in Fig. 3 

Mass loss

The sample is fixed on a weighting cell (Mettler Toledo) with an accuracy of 0.01g. The weighting cell is protected by an insulation fiber board which can prevent the effect of hot flame.

The actual mass loss over time is read directly from the weighing cell every 1 second. The Savitzky-Golay filter is used to remove noise and obtain smoothed mass loss data. The mass loss rate (MLR) is the derivative of mass over time, see the equation below.

𝑀𝐿𝑅 = 𝑑𝑚 𝑑𝑡

The Savitzky-Golay filter is used the second time to obtain smoothed MLR curve.

The comparison between the original curve and the smoothed curve of total mass loss and MLR are shown in Fig. 34567.

Appearances of the front and back faces

A visible camera (Nikon D5600) is placed next to the IR (Infrared) camera on the front side, see Fig. 3-1. A photo is taken every second to record the flame condition and the degradation of sample at front side during the experiment. Another visible camera is placed next to the IR camera at the back side. It is used to record the backside appearance during the experiment, especially for the observation of cracks.

Microscope

Microscope (Mitutoyo Quick Scope) is used to take photos of surfaces after flame exposure of 

Resin content measurement

The carbon fibers and resin in composites have different decomposition temperatures, allowing for the measurement of the mass fraction of resin in the composite. To measure the resin mass fraction of C/epoxy8552 composite, the samples are cut into small pieces and placed in a furnace at 550 o C for 3 hours. At this temperature, the epoxy resin is completely decomposed while does not decompose. The masses before and after the experiment are measured and the calculated mass loss percentage is the resin mass fraction. 4-1 shows the basic information of the composite samples. The PEEK resin is supplied by Porcher Industries. The epoxy914 and epoxy8552 resins are supplied by Hexcel. Carbon fiber plies (T300 3K) are 5-harness satin weaves embedded in the polymer matrix. Fig. 4-1 gives microscopic pictures of the cross-section of the samples, showing the stacking sequence of composite samples. The plies in 0 direction reflect light more, so they are easy to identify and colored white in pictures. The color of ply 0 is not easy to recognize for C/PEEK composite and thus is marked with blue lines. In C/epoxy914 7-ply composite, there are many plies in 0 directions and they overlap, so each ply is also marked with a blue line. Table 4-2 summarized the characteristic temperatures for the thermal degradation of the composites used in this study. Tonset gives the onset degradation temperature and Tmax gives the temperature at the peak mass loss rate in DTG curves. 

Comparison between thermoplastic C/PEEK and thermoset C/epoxy

This section presents the experimental results for the thermoplastic C/PEEK and the thermoset C/epoxy914. The differences and similarities between the thermoplastic and the thermoset are investigated and compared. The C/PEEK 7-ply composite is compared with C/epoxy 7-ply, which has the same ply number, and with C/epoxy914 8-ply, which has the same thickness. It can be concluded that: 1. The material type has a small effect on the fast temperature increase process at the beginning of the experiment (first 20s) in the center of the flame-exposed area.

Then the differences appear after the occurrences of physical and chemical reactions, such as melting, decomposition and delamination. Dashed lines show the moment that 50% mass loss reached. larger width through thickness and are longer along the plane direction. The cracks near the back surface are smaller. The white zones correspond to a partially degradation of the resin to char. For C/epoxy914 7-ply, no white areas appear, indicating that the resin degradation is strong throughout the thickness of the samples, after 900 s of flame exposure. Only a few small cracks can be observed between the plies and they are distributed throughout the thickness. For C/epoxy914 8-ply, there are two big cracks that appear between ply 1 and ply2, and between ply5 and ply6. Some small cracks can also be observed between other plies.

To The degradation area is larger than the flame exposed area, indicating that heat can be conducted along the ply plane. The areas at the center enclosed by the black boxes were enlarged using a microscope, and the pictures are shown in Fig. 4-22. In the center area for the samples in all three thicknesses, only fibers can be seen which indicates that the resin is completely degraded.

The structure of the fibers is relatively intact, indicating that there is no thermal degradation of the fibers. While on the back surfaces, both char and fibers can be seen. It indicates that resin is partially degraded on the back surface. For point 1 at the sample center, the temperature variations between tests may be high during the apparition of a big crack. Before, the difference it is low, less than 10°C. At the end of the tests, when the thermal steady state is reached, the variation is higher, about 20°C. This indicates that temperature differences between the laminates which are greater than 20 °C are statistically significant at the sample center. For In the average temperature curves, some individual features occurring for each sample may disappear, for example the temperature drop at the beginning is not obvious for C/epoxy 6-ply and 8-ply because some samples do not have a temperature drop. As previously seen, before reaching the decomposition temperature, the heat conduction is mainly through the thickness.

As a result, the thicker the sample, the lower the temperature increase. When the temperature reaches the decomposition temperature, the resin starts to decompose releasing pyrolysis gases and even producing big cracks and delamination in some samples. This results in a blockage of the heat transfer process to the backside, whose temperature temporarily drops. At the end of tests, a steady state is reached. At this point the heat flux reaches the back face, the radiative heat loss and the natural convective heat transfers reach equilibrium. At point 1(center point), the temperature of the 10-ply material is much lower than the other two. This is partly because the material is thicker and partly because the cracks appear in all three tests and therefore the thermal resistance effect is stronger.

At point 2 and the beginning of the tests, it's obvious that the temperature of the back face increases faster if the thickness is smaller. However, at the end of the tests, samples of different thicknesses reach the same temperature. This indicates that outside the flame-exposed area, the temperature is not dominated by heat conduction through the thickness. Heat conduction along the plane direction is also important. The degradation temperature of carbon fibers is high [113 , and the burner is tuned close to the stoichiometric value for the fuel to air ratio, so the remaining oxygen in the hot gas flux impinging the samples is low. So, it can be assumed that the degradation of fibers is negligible and the mass loss is due to the decomposition of resin. In the first period, defined by a mass loss equal to 50% of the total mass loss, the mass losses of samples in different thicknesses are almost the same. After 100s, larger differences start to appear. This means that the effect of thickness on mass loss is mainly after 100s. At the end of the test, the thicker the sample, the bigger the total mass loss. The average total mass losses of 6-ply, 8-ply, and 10-ply C/epoxy are 3.58g, 4.24g, and 5.77g respectively. The initial mass of the resin in the samples varies by thickness, so it may be also interesting to analyse the mass loss as a percentage of the initial resin mass in the samples. These percentages are calculated from data reported in Fig. 4-28(a) and the initial mass of resin given in Table 4- for C/epoxy 6-ply to reach the peak and the peak value is 0.028g/s. For C/epoxy 8-ply, the time to reach the peak is 46s and the peak value is 0.027g/s. For C/epoxy 10-ply, the time to reach the peak is 44s and the peak value is 0.033g/s.

Swelling measurement after experiments

The swelling curves of C/epoxy with three thicknesses are measured with a microscope after 15 minutes of exposure to kerosene flame. The high temperature of the front surface resulted in a high degree of resin decomposition, which created some holes and channels between plies through which some of the pyrolysis gases left the material. There are also many small cracks and holes distributed inside the strands of fibers.

As presented in Fig. 4-33(b), the total thickness is 4.23mm. Since the initial thickness of the C/epoxy 10-ply is 2.9 mm, the total expansion is 1.33 mm. There are three big cracks in this sample and the sum of their thicknesses is 0.85 mm which is smaller than the total swelling. This indicates that apart from the big cracks, small cracks and holes distributed elsewhere between and inside the plies also contribute to the total swelling. removed from the flame and cooled down quickly. The flame condition was the same as in previous experiments. The exposure time of 30s was chosen because the swelling occurs on the back of the sample at this time and does not disappear. After that, the sample is sliced and the cross-section is observed with the microscope, see Fig. 4-33(d).

Compared to the 15 min flame exposure, the degree of decomposition is lower. The quality of the water-cut slice is better and the delamination of the sample can be observed more easily. In this sample, there are also 3 big cracks near the backside. The crack thicknesses between layers 1 and 2, 2 and 3 are 1.29mm and 1.07mm respectively. The cracks are much bigger than the ones in Fig. 4-33(a) at the same positions. The lengths of the cracks are determined from the sliced picture shown in Fig. 4-33(c) and are given in Table 4-8. The crack nearer the back is longer and bigger.

Discussion

With the flame exposure conditions used in this work, the temperature and mass loss results

show that there are two periods during the tests. The first lasts about 100s, in which temperature rises are fast and the samples lose about 50% of their total mass loss. The exact duration of this period is slightly different between the samples with different thicknesses, however, the values are close to 100s. After that, the temperatures and the mass losses change slowly, reaching a quasi-steady value at the end of the tests.

Visual observations of the front and back sides show that the fiber bundles are, at the end of the tests, completely bare on the front face and partially bare on the back however not degraded.

The loss of mass is therefore due to the resin decomposition.

Early in the first period, ignition of the pyrolysis gases is observed at the front face. From the results shown in Fig. 4-25, the thinner the sample, the shorter the time the pyrolysis gases are ignited. In addition, the big cracks, when they occur during tests, appear also earlier for thin samples. This is because thin samples are heated faster. The appearance of a large swelling on the back face is always observed for ten-ply samples. However, whatever the thickness, when this event occurs, the ignition time of the pyrolysis gases on the front face is almost the same Fig. 4-23 shows that the temperature at the end of the first period is rather homogeneous over an area on the back face corresponding to the exposed surface. At the border of this central zone, the temperature decreases quickly as a function of the radial distance. So, the heat seems to be mainly transferred through the thickness during the first period of the tests. During this one, the mass loss is fast and it corresponds to about 50% of the total mass loss. At the end of the first period, the back face begins to decompose, since the temperature becomes higher than 320°C.

These previous observations mean that the decomposition process is mainly taking place within the volume (Vexpo) below the exposed surface, and equal to the exposed surface x thickness (Vexpo= 16% Vsample). However, the mass losses in percentage of initial resin mass are between range in the 8 and 12 % at 100s, as shown in Fig. 4-28(b). Considering the initial mass of the resin in the volume Vexpo under the exposed area, the value in percentage of the initial mass of the resin in the sample is about 16%, which suggests that not all the resin content in the Vexpo is fully degraded and converted to gas for time less than 100s.

After 100s, the remaining mass loss will be ensured also inside the volume around the previous zone, due to a more intense heat transfer along the plies, increasing the temperature above the decomposition value. As recalled previously, delamination is also caused by internal strains resulting from thermal expansion [114 . Thus, the plies near the outer faces are able to bend away from the sample, as it is more difficult to do so towards the sample. The resulting swelling, shown in Fig. 4-33, is greater for the front face compared to the back face. This is probably because the temperature at the front face is higher than the back one. However, it should be remembered that, at the back, the swelling observed at the end of the tests may be also seen as the residual of the important crack observed at the beginning of the test.

At the end of the tests, the average thickness of large cracks is 0.34, 0.65 and 0.92 for the 6-8-10 plies respectively. This increase in the sample thickness is not explained by the initial resin content in the virgin samples, since the values are 51.7%, 45.4% and 41.9% for the 6 8 and 10 plies respectively. So, the amount of gas generated by the resin degradation in each ply should be higher for the 6-ply case. However, if the number of plies is higher, the amount of gas generated inside the laminate increase, which could increase the pressure in the cracks.

It is well known that the formation of cracks in laminates can act as a thermal barrier, reducing temperatures near and on the backside. This is evident in Fig. 4 More accurate results could be obtained with the 3D simulation of the heat and mass transfers through the composites, however an order of magnitude can be obtained easily at the end of the tests, where quasi-steady temperatures are reached. In such a case, the assumption of a permanent heat transfer can be assumed inside the composite, and the temperature variation inside a crack is given by the Fourier law:

T=  e/ K., where  is the internal heat flux arriving at the back surface, e being the thickness of the crack and k the heat conductivity of the gas inside the cracks. The value has been taken equal to that one of air at 600 K (=0.046 w/m/K).

The back face is in a thermal steady state, with heat loss by the natural convection with ambient air and radiative re-emission of the surface. So, the  value must satisfy the equation:

 =  Tbf 4 + hcv (Tbf -Tamb)
On the right side of the equation, hcv is the natural convection coefficient with the ambient air.

Tbf and Tamb are respectively the temperatures of the back face and ambient.  is the composite emissivity (=0.9). The Stephan Boltzmann constant  is equal to 5.67×10 -8 (SI). In order to calculate the natural convection coefficient hcv on the back face, Churchill's law has been used

[116 . With properties of ambient air, the Nusselt value is 48.3 giving hcv equal to 12.5 W/m/K. This crude estimation of the temperature gap inside the cracks shows that they can act as a thermal barrier, reducing the heat transfer inside the sample. However, further studies are necessary to determine more accurately the influence of the resin degradation and formation of pores, and to perform calculations in the nonstationary regime, in order to explain the temperature variations at the back face observed during the tests.

Influence of epoxy matrix

In this section, the experimental results are compared for C/epoxy914 8-ply and C/epoxy8552 8ply. Both two epoxy composites are produced by Hexcel which are used extensively in aircraft structures. The two materials being compared in this section have the same number of plies, thickness and stacking sequence (see Table 4-1). The main objective is to investigate the effect of epoxy matrix on the thermal behaviour of composites. The results of the three tests for each material have been shown in the paragraphs above, so only the average temperatures, mass losses and the swelling curves are extracted and compared in this section. The surface appearances and the cracks inside the samples are also observed. Firstly, C/epoxy914 has a higher resin mass fraction compared to C/epoxy8552(50% for C/epoxy8552 and 46.2% for C/epoxy914), so the total mass of C/epoxy914 is higher. Secondly, there may be differences in the decomposition kinetics for the two epoxy resins. The dashed lines represent the moment when the mass loss reaches 50% and the values are very close for the two materials, with 95s for C/epoxy8552 and 100s for C/epoxy914. As mentioned above, the degradation of fiber is negligible and the mass loss is due to the decomposition of resin. So, the mass loss as a percentage of total initial mass of resin is calculated and shown in Fig. 4 From the above comparison, under the same flame exposure conditions, it can be observed that the effect of resin on the thermal behaviour of C/epoxy composites is low for these composites having the same thickness and stacking sequence. Slight differences are observed for the mass loss and swelling, however not on temperature at the back surface. This is may be due to the different decomposition kinetics of the two epoxy resins. Table 4-2 shows that the temperature at the peak degradation observed with TGA is slightly smaller for C/epoxy914, so it decomposes faster, resulting in a higher MLR peak value and a slightly higher total mass loss.

According to the previous analyses, the gases generated by the decomposition of resin promote the development of micro-cracks inside the composite sample into large crack delamination.

Although the swelling values differ significantly between the two composites on the front and back surfaces, the total expansion values are almost the same, leading to a similar thermal barrier effect. This results in a similar heat conduction process through the thickness and the backside temperatures are close for the two epoxy composites. The temperatures outside the flame exposed area is related to the heat conduction along the ply plane, which is close for the two epoxy composites, indicating that their heat conductivities are similar.

Conclusion

This chapter first measures the heat flux distribution applied to the front surface of the sample.

The heat flux sample can be considered as a constant value within the area on the front surface that has the same dimensions as the flame tube. Outside this area, the measured heat flux decreases as a function of the radial distance. Then, the fire behaviours of several composite materials are investigated and compared using the kerosene burner. The fire behaviour is observed with the temperature on the backside, mass loss, surface swelling on the front and the back sides and the cracks and delamination inside the composite sample.

First, the thermal behaviours of thermoplastic C/PEEK and two thermosets C/epoxy are compared. The results show that the resin type mainly influences the decomposition process, with C/PEKK exhibits a much lower total mass loss and MLR than C/epoxy during the experiment. The trends of temperature evolutions on the backside are similar for all three composite materials. The temperature differences observed in the range of 300 to 450 o C at the center of the backside can be attributed to the various thermophysical and thermochemical processes occurring in the samples, such as the melting of PEEK resin, the glass transition of epoxy resin and the thermal decomposition of polymer resins, etc. The temperature at steady state at the center of the backside is affected by the cracks and delamination inside the sample.

The big cracks and delamination can lead to a decrease in temperature. The temperature outside the flame exposed area on the back surface is related to the heat conduction along the ply, and no significant differences are observed among the three composites.

Second, the effect of thickness on the thermal behaviour of composites is studied. Three quasiisotropic C/epoxy8552 composites with different number of plies are selected. The results show that the thickness affects the backside temperature, especially on the center in the steady state, the mass loss and the size of the cracks inside the samples. In general, the thicker samples show lower temperatures at the center of the backside, higher mass loss and larger cracks. However, for the samples with different thicknesses, the temperature outside the flame exposed area is almost the same at steady state. This is because the temperature in this region is related to the heat conduction along the ply. In addition, the ignition of the pyrolysis gases can be observed at the front face. The thinner the sample, the shorter the time the pyrolysis gases are ignited.

Whatever the thickness, the ignition time of the pyrolysis gases on the front face is almost the same as that of the crack appearance on the back surface. When exposed to high heat flux, the internal strain is generated due to the different thermal expansion of the carbon fiber and the resin, which can lead to micro-cracks in the laminate. When the temperature is higher than the decomposition onset temperature, gases are generated from the decomposition of the polymer matrix. Near the exposed surface, decomposition is well advanced, and these gases can escape and ignite. Near the back side, decomposition is weak, and gases cannot escape. They can exert high internal pressures, which force the micro-cracks to grow and result in a big swelling at the back face. After several seconds, with the degradation of resin near back face, the gas can escape again from the sample and the big swelling at the back face is lower.

At last, the thermal behaviours of two C/epoxy composites with the same stacking sequence (C/epoxy914 and C/epoxy8552) are compared. Under the same flame exposure conditions, the effect of resin on the thermal behaviour of C/epoxy composites is low. Slight differences are observed for the mass loss and swelling, with less effect on temperature at the back surface. This allows to make easy sensitivity analysis on the influence of the input parameters that are needed for the calculations.

This chapter is divided into three parts.

In the first part, the heat transfer through the thickness and thermal decomposition processes of the thermoplastic C/PEKK are simulated using PATO. This is done to learn how to use PATO software and to look at the essential parameters for the simulation of the fire reaction of composites. As seen in Chapter 4, the C/PEEK composite has been tested on the kerosene burner test bench. However, the input parameters and corresponding experimental or simulation results for the C/PEEK could not be found in the literature, so PEKK, whose structure is similar, is chosen for the simulations in PATO and the results are compared with the experimental and simulation results in the literature. The material thermophysical properties and decomposition kinetic parameters are taken from Grange [43 [117 . The backside temperature and mass loss are analyzed and compared to his results. The experimental ones were obtained with tests under cone calorimeter and the simulation ones using FireFoam model. A local sensitivity analysis of the input parameters is carried out to identify the effect of each parameter on the model output.

In the second part, the thermal behaviour of C/epoxy8552 is calculated, as it is a well-known C/epoxy composite and most of the input parameter values are available. With this C/epoxy composite, it will be possible to carry out, a sensitivity analysis, and to compare its fire reaction to the previous C/thermoplastic composite. In Schuhler's work [1 , tests were conducted on samples exposed to a propane flame, and the obtained experimental results are compared to the 1D simulation using PATO.

Finally in the third part, the simulation results for the same C/epoxy8552 are compared with the experimental results obtained in the previous Chapter 4 in order to validate the PATO model in the case of a kerosene flame exposure.

C/PEKK simulation and comparison with literature results

With PATO, it is possible to build a simulation case by switching on the different models that are necessary to reproduce the physical and chemical processes of the studied case, as it has been shown in Chapter 2.

In order to consider all the processes listed in Chapter 2, it is necessary to know the values of several physical and chemical input parameters. These are determined from [43 , including thermophysical properties (density ρ, thermal conductivity k, specific heat capacity Cp, etc.), decomposition kinetic parameters (pre-exponential factor A, activation energy Ea and reaction order n) and boundary conditions. Then, the 1D model is carried out for C/PEKK with PATO and the simulation results are analyzed and compared with the ones obtained in [43 . Finally, a sensitivity analysis was carried out to identify the effect of each parameter on the output results

Material properties and boundary conditions

As mentioned above, thermophysical properties, kinetic parameters and boundary conditions are essential for simulating the thermal behaviour of composites exposed to flames. The sources of these input parameters and their exact values are discussed below.

Thermophysical properties

Grange measured the properties of C/PEKK from ambient temperature to 1000°C and the density, specific heat and thermal conductivity of fiber, resin, and char are summarized in Table 5-1.

In PATO, the thermal conductivity and specific heat of virgin and char are required as input data. Virgin denotes the composite material before the experiment (undecomposed) which contains the resin and fibers. Char denotes the composite material after the experiment which includes the decomposed resin and fibers. As a result, mixture laws based on constituent volume fractions are required to calculate the properties of the virgin and char materials.

The fiber volume fraction Vf of C/PEKK is 58%. In this study, the volume variation of the composite sample and the decomposition of the fibers are neglected, so the fiber volume fraction in the char remains at 58%. The specific heat capacities 𝐶 𝑝 of virgin and char material are calculated based on the mass average model (Equation 2.21). They can be expressed as:

𝜌 𝑝,𝑣 𝐶 𝑝,𝑣 = 𝜌 𝑝,𝑓 𝐶 𝑝,𝑓 𝑉 𝑓 + 𝜌 𝑝,𝑟 𝐶 𝑝,𝑟 (1 -𝑉 𝑓 ) (5.1)

The thermal conductivity k of virgin materials is calculated based on Maxwell model (Equation Where subscript v account for virgin that used in PATO. r and f account for resin and fiber respectively.

The calculated values are shown in Table 5-2. Thermal conductivity and specific heat capacity are functions of temperature and their ranges are listed here.

Fig. 5-1 shows the influence of the temperature on the parameters of each component of the composite, and the effects on the virgin and char. We can see the differences of thermophysical properties between different components. Before decomposition, the specific heat of resin is much higher than fibers' one. Therefore, the calculated specific heat capacity of the virgin material is between them. After decomposition, the specific heat capacity of the char material is lower than that of fiber and exhibits a declining trend with increasing temperature. For thermal conductivity, both the resin and the fiber have low values at room temperature, 0.3W/m/K and 0.47W/m/K respectively. As the temperature increases, the thermal conductivity of the resin decreases slightly, but that of the fiber shows a significant increase. At 800K, the thermal conductivity of resin is 0.11W/m/K and of fiber is 7.0W/m/K. The calculated thermal conductivity of virgin and char materials are also low and their trends with temperature are shown in Fig. 5-1(a). The negative value of decomposition heat indicates that the decomposition is endothermic.

Kinetic parameters

F equals to the ratio of the total mass loss of resin decomposition to the initial resin mass which can be expressed as: 𝐹 = 𝑚 0,𝑟 -𝑚 𝑖𝑛𝑓,𝑟 𝑚 0,𝑟 = 𝜖 0,𝑟 𝜌 0,𝑟 -𝜖 𝑖𝑛𝑓,𝑟 𝜌 𝑖𝑛𝑓,𝑟 𝜖 0,𝑟 𝜌 0,𝑟 (5.3) Where, m accounts for mass, 𝜖 the volume fraction, 𝜌 the density. Subscript r accounts for resin.

Subscripts 0 and inf represent the initial and final state. According to TGA results of Grange

[119 , the total mass loss fraction of C/PEKK composite under inert atmosphere is 20%. The fibers do not decompose under an inert atmosphere, therefore the total mass loss in C/PEKK composite is: 𝜖 0,𝑟 𝜌 0,𝑟 𝐹 𝜖 0,𝑟 𝜌 0,𝑟 + 𝜖 0,𝑓 𝜌 0,𝑓 = 20% (5.4)

According to Table 5-2, in C/PEKK composite, 𝜖 0,𝑟 equals to 0.42, 𝜌 0,𝑟 equals to 1245kg/m 2 , 𝜖 0,𝑓 equals to 0.58, 𝜌 0,𝑓 equals to 1760kg/m 2 . As a result, F equals 0.59.

Boundary conditions

The computational domain in this study is similar to the one, considered in [43 which reproduces the composite material tested in the cone calorimeter experiment, as shown in Fig. 5-2.

The thickness of the material is 1.7 mm with a structured grid of 100 cells. A constant radiative heat flux of 100kW/m 2 was applied front side. In order to compare more easily the simulation results obtained with PATO (this study) and FireFoam, the same boundary conditions we used.

The radiative heat loss is considered at the front face and not at the back face. The side faces are adiabatic without heat and mass transfer. At the back side, the convective heat loss is considered, and neglected at the front face. The heat flux resulting from combustion of volatiles is neglected compared to the incident heat flux [120 .Therefore, at front side, the total heat flux is expressed as:

𝑞 ′′ 𝑓𝑟𝑜𝑛𝑡 = 𝛼𝑞 ′′ 𝑟𝑎𝑑 -𝜀𝜎(𝑇 𝑠 4 -𝑇 ∞ 4 ) (5.5)
Where absorptivity 𝛼 and emissivity 𝜀 are both equal to 0.9. 𝜎 is the Stephan-Boltzmann constant ( 5.67 × 10 8 𝑊/𝑚 2 /𝐾 4 ). 𝑇 𝑠 and 𝑇 ∞ account for the surface temperature and the ambient temperature.

On the back side, the heat flux loss is expressed as:

𝑞 ′′ 𝑏𝑎𝑐𝑘 = ℎ(𝑇 𝑏 -𝑇 ∞ ) + 𝜀𝜎(𝑇 𝑏 4 -𝑇 ∞ 4 ) (5.6)
Where h is the convection heat transfer coefficient which equals to 20W/m 2 /K, 𝑇 𝑏 accounts for the back side surface temperature.

Comparison of mass loss and temperature

The backside temperature and mass loss of the C/PEKK composite are simulated by PATO using the material parameters and boundary conditions from the previous section. The simulation results are compared with the experimental results and the FireFoam simulation results from [43 .

Fig. 5-3 shows the comparison of PATO simulated mass loss with the results available in the reference [43 . During 30s, it can be observed that all curves remain quasi-constant without significant mass loss. Then, the experimental curves start decreasing with a lower decreasing rate. At 180s, the total mass loss is 15% of the initial mass. The simulation results from Grange and this study have a similar trend as the experiment. At the end of the experiment, the FireFoam mass loss is 13%, which is slightly less than the experimental result. While the PATO simulation showed a mass loss of 6%. This difference is related to the degradation schemes. With PATO, we used one step, corresponding to degradation under inert atmosphere, and preforms simulations are based on two steps, corresponding to degradation under oxidative atmosphere.

Also important is that the decomposition kinetic parameters are estimated from the TGA curves with low heating rates (5-25 o C/min). When exposed to a heat flux of 100kW/m 2 , the heating rate is much higher than in the TGA tests. This results in a difference between the simulated mass loss and the experimental value. 

Sensitivity analysis

From the results previous it can be seen that there is a disagreement between the simulation results and the experimental results. This is related to the input parameters. There are many input parameters involved in the modelling process. The more input parameters used in the model, the greater the uncertainty in the results [121 . Moreover, many input parameters are difficult to obtain with high accuracy. In order to find out the degree of impact of each parameter on the simulation results, a sensitivity analysis (SA) can be performed. 

𝑆 𝑖 = 𝜕{ln[𝑓(𝑡, 𝛽 ⃗ )]} 𝜕[ln(𝛽 𝑖 )] = 𝛽 𝑖 𝑓(𝑡, 𝛽 ⃗ ) 𝜕𝑓(𝑡, 𝛽 ⃗ ) 𝜕𝛽 𝑖 ; 𝑗 = 1, 2, … (5.7) 
The advantage of this definition is that 𝑆 𝑖 is dimensionless. In the above relation, β ⃗⃗ accounts for all input parameters, i is the index of the parameter for which the coefficient 𝑆 𝑖 is calculated, t is the time, 𝑓(𝑡, 𝛽 ⃗ ) is the output of the model at time t when the input parameter is β ⃗⃗ . The right-hand term

𝜕𝑓(𝑡,𝛽 ⃗⃗⃗ ) 𝜕𝛽 𝑖
is calculated using a central differencing scheme [43 . So that the 𝑆 𝑖 is expressed as:

𝑆 𝑖 = 𝛽 𝑖 𝑓(𝑡, 𝛽 ⃗ ) 𝑓(𝑡, 𝛽 𝑖 + ∆) -𝑓(𝑡, 𝛽 𝑖 -∆) 2∆ (5.8)
In this equation all the input parameters are constant except the parameter i, which variation is equal to 2∆. Using this equation, a dimensionless sensitivity coefficient can be calculated as a function of time. As a result, the effect of different input parameters can be compared directly.

In this study, the sensitivity coefficients are calculated for the following input parameters: the thermophysical properties (thermal conductivity and specific heat capacity of virgin and char materials) and the kinetic parameters (A, Ea and n). It should be noticed that these parameters have real physical meaning which cannot be varied without restriction. In order to be able to compare the sensitivity of all input parameters, the range of variation ∆= 10% × β . PATO works in such a way that the laws of variation of parameters with temperature are tabulated in input files. The variation ∆ is therefore applied to the values tabulated in these input data files.

For each input parameter, three simulations are performed using normal, higher and lower values respectively. The total production rate (in kg/m 3 /s) and temperature at the front and back faces are selected as the output parameters for the analysis.

Influence of thermophysical properties

In this section, the sensitivity coefficients for the thermophysical property parameters are calculated and analyzed. Since these parameters vary with temperature, exact values are not given here, instead the variation ranges are given in Table 5-3. It is obvious from Fig. 5-6 that the thermal conductivity of virgin material has a significant impact on the total production rate at the front side. When the material has a higher virgin thermal conductivity, heat can be transferred faster from the front side to the backside resulting in a lower temperature on the front side and a higher temperature on the backside. This can be observed in Fig. 56. For the total production rate, there is a significant peak on the front side at approximately 80s, while the peak is not obvious on the backside. As mentioned above, the material with the higher virgin thermal conductivity has a lower front surface temperature which results in a slower decomposition reaction rate. In contrast, the back side temperature is higher and therefore the total production rate at the back side is higher. This is shown in Fig. 5-

6(b).

As can be seen in Fig. 5-6(c) and (d), the effects of char thermal conductivity on model output are not obvious. Theoretically, when the material has a higher thermal conductivity of char, heat is also conducted faster to the back surface, as it does with a higher virgin thermal conductivity. Therefore, like the conclusions above, the temperature is lower in the front and higher in the back, and the total production rate is lower in the front and higher in the back. The effect of char thermal conductivity is low on the front face since it is a product of a one-step reaction scheme. One would suspect more influence inside the sample. However, as shown with the SA on the virgin material, the thermal conductivity has low influence on the total production rate at the back face, and thus within the material.

Fig. 567shows the influence of specific heat capacity on output results. For the front face, it can be concluded that the virgin Cp has an obvious effect on both the total production rate and the temperature, while char Cp has a nearly invisible effect on temperature but some effects on the total production rate. When the material has a higher Cp, the surface temperature at both front and back is lower for the same heat flux, as seen in Fig. 5 It can be seen from Fig. 5-8 that the effect of input parameter variations on the output results varies with time. Usually, variations in the virgin material parameters have a greater effect on the output results at the beginning of the simulation, while the parameters of char have a more significant influence in the later stage. This is because at the beginning of the simulation, the virgin material undergoes a heating process, and the char is produced after a period of time when the decomposition temperature is reached. Furthermore, from the pictures on the right side showing the sensitivity coefficient of the total production rate, there are no results at the beginning of the simulation because the composite material didn't decompose. The decomposition starts at around 20s on the front side and 40s on the back side. Speak in the figure represent the peak or absolute maximum value throughout the simulation process. The values are summarized in Table 5-5. It is obvious that the thermal conductivity and specific heat capacity of virgin have the greatest influence on the total production rate on the front side compared to the ones of char. The Speak of thermal conductivity is -6.41, and of specific heat capacity is -11.05. Both of the values appear at the very beginning of the decomposition, probably because the total production rate is very small at that moment and its small variations can cause a large sensitivity factor for the calculation. S decreases as time goes on. At the end of the simulation, Si approaches 0 for all cases, meaning that the thermal conductivities and the heat capacities have no influence on the total production rate, which is obviously due to the low values at the end of the test, and on the temperatures on the external surfaces.

Influence of kinetic parameters

In this section, the sensitivity coefficients for the decomposition kinetic parameters on temperature and the total production rate are calculated and analyzed. The variations of the parameters are shown in Table 5-4. which is probably because the reaction is too fast. In order to make it easier to observe, the simulation result with a lower Ea is not given in the right picture. Although it is not possible to obtain exact results for simulation with lower Ea, it can be speculated that its effect on the results is the opposite of that for higher Ea. It can be concluded from the two pictures that, the effect of Ea on the total production rate is significantly greater than the effect on temperature.

When Ea increases from 207710J/mol to 228481J/mol, the maximum total production rate at the front side decreases from 2.42kg/m 3 /s to 0.18kg/m 3 /s, which means that a 10% increase in Ea results in a 92.6% reduction in the total production rate. The change in MLR affects the amount of char in the material, so both the thermal conductivity and specific heat capacity of the material change, therefore changing its variation with temperature. As a result, the effect of Ea on temperature is more complex.

Like the activation energy Ea, pre-exponential factor A also indicates the strength of the thermal decomposition reaction. When A is higher, the decomposition is faster. As shown in Fig. 5-10(b), the variations in A have a significant effect on the total production rate. And this effect is temperature dependent. The temperature on the front side is higher than the back, therefore the variation in MLR at the front is greater. Whereas the effect of A on temperature is small and almost invisible as can be seen in Fig. 5-10(a). The influence of A on the total production rate leads to variations in the thermal conductivity and specific heat capacity of the material, which further affects the temperature. This process is similar to that of Ea. The parameters discussed above (Ea, A, F and n) are all related to the decomposition kinetics and are used to calculate the degree of decomposition. This expains why they have a large influence on the total production rate. The heat of decomposition is another parameter that is related to the decomposition reaction. Its influences on temperature and MLR are shown in Fig. 5-13. Unlike the parameters above, the decomposition heat does not affect the calculation of the degree of decomposition, but we expected that it could have an influence on the temperature.

The decomposition process is endothermic, thus with a large decomposition heat (absolute value), the material absorbs more heat during decomposition and therefore has a lower temperature. As can be seen from Fig. 5-13(a), the effect of decomposition heat on temperature is very small and almost invisible. The variation in material temperature in turn causes a variation in the rate of the decomposition reaction. Therefore, there is also a small variation in the total production rate. Speak are summarized in Table 5-5. Same as in the previous section, the positive value of the sensitivity coefficient indicates that the increase in the input parameter leads to an increase in output and the inverse of the sensitivity coefficient is negative. Usually, the reaction kinetic parameters have a greater influence on the total production rate than on temperature. The largest effect of Ea on the total production rate is observed. The Speak on the front and back are -9.52 and -9.67 respectively. These values appear at the beginning of the decomposition. This is because the total production rate is very small at the beginning and small variations can lead to a large S which is similar as kvirgin and Cp,virgin on MLR. As the simulation proceeds, S decreases, but it remains relatively significant at the end. On the front and back sides, Speak are -7.09 and -9.50 respectively. In addition, the MLR is also sensitive to A and F. The Speak are all bigger than 1. Temperature is most sensitive to Ea where the Speak on the front and back are -0.23 and -0.21 respectively. In all cases, the kinetic parameters of the thermal decomposition have small influence on the temperatures on the external surfaces. The Speak of all input parameters including thermophysical properties and kinetic parameters are summarized in Table 5-5. It can be seen that the S of the total production rate is generally greater than that of the temperature, indicating that these input parameters have a greater influence on the mass loss. The total production rate is more sensitive to virgin conductivity (kvirgin), specific heat capacity (Cp,virgin) and activation energy (Ea). Their Speak are -6.41, -11.05 and -9.518 respectively. They are all negative values which indicate that the increase in the given input parameter leads to the decrease of total production rate. It should be noted that these maximum values all appear at the beginning of the decomposition. At the end of the simulation, Speak of kvirgin and Cp,virgin are small and close to 0 while Speak of Ea is still significant for the total production rate. This indicates that the effect of Ea on total production rate is important throughout the simulation. Therefore, an accurate estimation of Ea is key factor for the simulations. The temperature is also more sensitive to kvirgin, Cp,virgin and Ea. Their Speak are -0.148, -0.353 and -0.227 respectively. 

Conclusion

Comparing the PATO simulation results with the experimental and simulated results from Grange, it can be seen that the mass loss from the PATO simulation is less than the experimental and simulated results from the literature. This is related to the accuracy of the decomposition kinetic parameters. Only resin decomposition has been considered with a one-step degradation scheme. Using a two-step scheme which allows the char to be decomposed into gas or using a decomposition scheme under oxidative atmosphere may improve the agreement between PATO and experimental results. The simulated backside temperature using PATO is in good agreement with the simulations performed in [43 . The inconsistency with the experimental results may be due to the influence of other processes during the experiment such as the formation of pores and cracks inside the material, which may act as a thermal barrier for the back face. According to the simulations, there is a temperature difference between the front and rear surfaces of the material with approximately 100 o C.

As there is a disagreement between the simulation results and the experimental results, a sensitivity analysis is performed to investigate the effect of variations in the input parameters on the output results. It is important to note that the variation in the input parameters needs to be within a certain range as they have real physical significance. All parameters are found to have a larger influence on MLR than temperature. Among these, a significant effect of Ea on MLR is observed throughout the simulation and therefore the accuracy of Ea is critical.

Generally, kinetic parameters (Ea, A and n) are estimated from TGA-DTG curves with low heating rates. When the composite material is exposed to flame, the heating rate is much higher than in TGA experiment. This might explain the difference in MLR between the simulation results and the experimental results. Just after the beginning of the test, there is a transition regime with a strong increase in the temperature. Apart from this transition regime, the temperature is not sensitive to the input parameters, which indicates that the difference between the simulated and experimental results cannot be eliminated by adjusting the values of the input parameters. Therefore, there should be some processes related to heat that are not account for in the simulations, as the formation of pores and cracks within the material, as previously noted.

C/epoxy simulation and comparison with literature results

In this part, the heat transfer and decomposition processes of thermoset C/epoxy are simulated and compared with experimental results from Schuhler [1 .

Material properties and boundary conditions

The material properties and boundary conditions come from Schuhler [1 .

1. thermophysical properties Table 5-6 lists the material properties of C/epoxy composites, including mass fraction (Y0), density (ρ), thermal conductivity (k), specific heat capacity (Cp), decomposition heat (ΔHpyro) and emissivity (ε).

In this case, the values proposed by Schuhler are temperature independent. Similarly, previous section, the material properties are given for resin, fiber and char. The Mixture law is used to calculate properties of virgin and char required for PATO. It should be pointed out that the char in the table refers to decomposed resin without fibers which is not the same as the char (mixture of degraded resin and fiber) in PATO. In this study, the mixture law is consistent with Schuhler and on basis of Equation 2.21. The conductivity and specific heat capacity of virgin and char material can be expressed as:

𝑘 𝑣 = 𝑘 𝑓 𝑉 𝑓 + 𝑘 𝑟 (1 -𝑉 𝑓 ) (5.9) 
𝐶 𝑝,𝑣 = 𝐶 𝑝,𝑓 𝑉 𝑓 + 𝐶 𝑝,𝑟 (1 -𝑉 𝑓 ) (5.10)

The calculated properties of virgin and char are shown in Table 5-7. 2. Kinetic parameters The decomposition of epoxy resin is now assumed to be a two-step consecutive reaction. The reaction scheme and the corresponding kinetic parameters are shown in Table 5-8. As described in 2.4.3, PATO simulates the mass evolution of one-step reaction by default. To solve the 2-step consecutive reaction problems, the decomposition process in PATO should be improved, see appendix for more information. 3. Boundary conditions In the experiment of Schuhler, the C/epoxy composite sample is of size 50×50mm 2 with the thickness of 2mm. The boundary condition is shown in Fig. 5-15. One side of the sample is exposed to a jet flame propane burner with a total heat flux of 106kW/m 2 . The total heat flux can be divided into two parts, the radiative heat flux and the convective heat flux. In addition, the radiant heat losses from the front and back sides are considered. The side faces are assumed to be adiabatic. temperature is now in a better agreement with the experimental results, compared to the previous simulation of the C/PEKK. In the previous case, the differences can be as high as 200°C, as shown in Fig. 5-4, while it is lesser than 100°C for the simulation of C/epoxy. In Fig. 5 

Sensitivity analysis

In this section, the sensitivity analysis is performed for the C/epoxy8552 composite. The method is the same as 5.2.3. The sensitivity coefficients are calculated for the thermophysical properties and the kinetic parameters. The back side temperature and total mass loss rate (MLR) are selected as the output parameters for the analysis. The thermophysical properties include the thermal conductivity and specific heat capacity of virgin and char materials. The kinetic parameters include the activation energy Ea, pre-exponential factor A and the reaction order n.

The decomposition heat hp is also included. In this section, a two-step consecutive reaction scheme is used for the decomposition of epoxy resin, so kinetic parameters for each step are analyzed.

Influence of thermophysical properties

This section provides the sensitivity analysis for the thermophysical property parameters. The variation ranges of the parameters are 10% of the original values. For each parameter, three simulations are performed using the lower, original and higher values. Table 5-9 shows the variations range of thermal conductivity and specific heat capacity of virgin and char materials.

It is worth recalling that that constant values were used for C/epoxy composites.

Table 5-9. The variation range of thermophysical properties of C/epoxy. The sensitivity coefficients of these input parameters are calculated as a function of time and shown in Fig. 5-20. The positive value of the sensitivity coefficient indicates that the increase in the input parameter leads to the increase of output. In contrast, the negative value indicates that the increase in the input parameter leads to the decrease in the output value. Speak (the peak or absolute maximum value throughout the simulation process) of each parameter is summarized in Table 5-13.

From Fig. 5-20, it appears that the effect of variations of the input parameters on the output results varies with time. The effect is mostly important in the first 100s. After 100s the sensitivity coefficients are close to zero, when the material is in a steady-state and the temperature and MLR are quasi-constant. This indicates that most of the input parameters (except thermal conductivity of char) have a small effect on the steady state of the material.

From Table 5-13 and Fig. 5-20(b), it can be observed that these parameters have a stronger influence on MLR than on temperature, which has also been observed in the previous section 5.2 for C/PEKK. MLR is most sensitive to the specific heat capacity of virgin material with Speak of -14 and decreases as the specific heat capacity increases. MLR is also sensitive to virgin conductivity and char specific heat capacity, with values of Speak equal to -6.79 and 1.06, respectively.

Influence of kinetic parameters of resin decomposition

In this section, the sensitivity coefficients for the decomposition kinetic parameters are calculated and analyzed. As shown in Table 5-8, three processes can be involved in the decomposition of C/epoxy composite, they are the decomposition of resin, char and fiber respectively. Therefore, the kinetic parameters of each process need to be analyzed. Ea has the biggest effect on the output results. At the very beginning of the simulation, the absolute value of sensitivity coefficient of Ea to MLR is higher than 700, which is due to the small value of MLR, where small variations in MLR cause a large sensitivity coefficient. In the end, the Si value of Ea decreases to 0.1. Table 5-13 shows the maximum values Speak of these parameters. The values shown in Table 5-13 confirm that by n, F and hp have a small influence on the MLR and not on the back face temperature. 

Influence of kinetic parameters of char decomposition

Table 5-11 shows the variations of kinetic parameters used for the sensitivity analysis for char decomposition. Fig. 5-23 presents the effect activation energy Ea and pre-exponential factor A on MLR and backside temperature. The same conclusion can be drawn as in the previous paragraph. MLR is sensitive to activation energy Ea, but lesser to other parameters such as A, n, F. It should be noted that, the Ea does not affect the peak value of MLR, but rather the decreasing value after this peak. This is expected since char decomposition does not occur at the beginning of composite decomposition but only after the resin has degraded significantly. Therefore, it can be assumed that the MLR peak in the simulation is caused by the decomposition of the resin.

Fig. 5-24 shows the sensitivity coefficients of the kinetic parameters of char decomposition as a function of time. The Speak of these parameters are summarized in Table 5-13. It can be observed that, the sensitivity coefficients for MLR range from -25 to 5, while those for temperature range from -0.0025 to 0.015. The effect of these parameters on MLR is therefore much higher than the effect on temperature. Besides Ea, MLR is also slightly sensitive to F. In addition, since the decomposition of char is the second step of the consecutive decomposition reaction, it takes a period of time before it starts to influence the output results. As can be seen from the graph, it takes about 25s.

Influence of kinetic parameters of fiber decomposition

Table 5-12 shows the variations of kinetic parameters for fiber decomposition. The effect of these parameters on the backside temperature and MLR is, like in Fig. 5-23 (c) and (d), too small to be visible, so the pictures are not given here. The Speak are summarized in Table 5-13.

It can be observed that all Speak are very small compared to the case of resin and char decompositions. This is not surprising since the activation energy for fiber decomposition is very high, about twice that for resin and char as shown in Table 5.8. It is possible that this value does not correspond to reality, especially since the application of this reaction does not require knowledge of the oxygen content, which is surprising since fiber decomposition is essentially an oxidation reaction. Therefore, with this decomposition scheme, it is possible to ignore the effect of the input parameters associated with fiber decomposition on the model results. 

Summary

Table 5-13 summarizes the Speak of all input parameters. All input parameters have a higher influence on MLR results than on temperature, which is the same as for C/PEKK. MLR is most sensitive to the activation energy of resin decomposition with Speak of -764. It should be noted that this value appears at the beginning of the simulation and then it decreases. At the end of the MLR simulation Speak is 0.1. In addition, Speak is also sensitive to the value Ea of char decomposition and Cp of virgin material. By adjusting these parameters in an acceptable range, the MLR calculation results can be made closer to the experimental results but not the backside temperature. The last one is most sensitive to Cp of virgin material with the Speak of -0.408. n -0.9 At front side, the total heat flux is expressed as:

𝑞 ′′ 𝑓𝑟𝑜𝑛𝑡 = 𝛼𝑞 ′′ 𝑟𝑎𝑑 + ℎ 𝑐𝑜𝑛𝑣 (𝑇 𝑓 -𝑇 𝑠 ) -𝜀𝜎(𝑇 𝑠 4 -𝑇 ∞ 4 ) (5.13)
From the experimental results in Chapter 4. The total incident heat flux of the kerosene burner is set as 120kW/m 2 and the flame temperature Tf is 1100 o C. As reported by Schuhler[1 , for kerosene flame, the radiant heat flux accounts for 56% of total heat flux. Therefore, the radiant heat flux 𝑞 ′′ 𝑟𝑎𝑑 is 67.2kW/m 2 . 𝛼 accounts for absorptivity which equals to 0.9. The second term on the right hand is the convective heat which equals to (120-67.2)=52.8kW/m 2 . According to Equation 2.14, ℎ 𝑐𝑜𝑛𝑣 is calculated as 49.2W/m 2 /K. The third term represents the radiative heat loss from hot surface to the environment. The emissivity 𝜀 equals to 0.9. 𝜎 is the Stephan-Boltzmann constant (5.67 × 10 8 𝑊/𝑚 2 /𝐾 4 ). 𝑇 𝑠 and 𝑇 ∞ account for the surface temperature and the atmospheric temperature.

On the backside, the convective and radiative heat losses are considered and are expressed as:

𝑞 ′′ 𝑏𝑎𝑐𝑘 = ℎ ′ 𝑐𝑜𝑛𝑣 (𝑇 𝑏 -𝑇 ∞ ) + 𝜀𝜎(𝑇 𝑏 4 -𝑇 ∞ 4 ) (5.14)
Where ℎ′ 𝑐𝑜𝑛𝑣 accounts for convection heat transfer coefficient and it is assumed to be 10W/m 2 /K. 𝑇 𝑏 accounts for the backside surface temperature. The heat flux balance equation on the back side is expressed as: Newton method. The solutions give 𝑇 𝑓𝑟𝑜𝑛𝑡 and 𝑇 𝑏𝑎𝑐𝑘 which are used to calculate the sensibility coefficients. Table 5-14 shows the sensitivity coefficient on 𝑇 𝑓𝑟𝑜𝑛𝑡 and 𝑇 𝑏𝑎𝑐𝑘 . It should be noted that the thickness e is the value taking into account swelling and cracks. According to the measurement in Chapter 4, the average total swelling of C/epoxy8552 is 1.64mm and the initial thickness is 2.3mm. As a result, the thickness at quasi-steady state is (2.3+1.64=) 3.76mm.

The results shows that the front temperature 𝑇 𝑓𝑟𝑜𝑛𝑡 is sensitive to absorptivity 𝛼 and radiative incident heat flux 𝑞̇𝑟 𝑎𝑑 " which are the radiative part of the incident heat flux. It is also sensible to emissivity , with a negative coefficient, which is expected, since an increase of the emissivity value increases the re-emission at the surface, and brings a decrease in the 𝑇 𝑓𝑟𝑜𝑛𝑡 value. However, the sensitivity to the convective part of incident heat flux is small. In addition, the front temperature 𝑇 𝑓𝑟𝑜𝑛𝑡 is also sensitive to flame temperature 𝑇 𝑓 . In conclusion, for 𝑇 𝑓𝑟𝑜𝑛𝑡 , the most sensible parameters are 𝛼 , 𝑒 , 𝑞̇𝑟 𝑎𝑑 " and 𝑇 𝑓 , which have almost the same sensitivity coefficient values. The back temperature 𝑇 𝑏𝑎𝑐𝑘 is also sensitive to the surface emissivity 𝜀. This mainly due to the re-emission term 𝜀𝜎𝑇 𝑏𝑎𝑐𝑘 4 which varies strongly with the temperature 𝑇 𝑏𝑎𝑐𝑘 (as also shown for 𝑇 𝑓𝑟𝑜𝑛𝑡 ). Thickness e has a strong negative effect on the back temperature. In conclusion, for 𝑇 𝑏𝑎𝑐𝑘 , the most sensible parameter is , and then the thickness e.

In addition, it should be noted that there may be compensating effects between the effects of the uncertainties of these input parameters, as some sensitivity coefficient has an opposite sign to that of the other parameters. This is further exacerbated if one considers that 𝛼 =𝜀, as is often As noted previously, the difference between TS and TB is influenced by the heat conductivity of the matter within the sample, and thus by the residual amounts of resin and char, but also by the decomposition and delamination processes, which result in the formation of pores and cracks. The case drawn with a dotted line corresponds to the same case as above, however there is a crack at distance d0 from the front face. steady state is reached at the end of the test.

Such a simulation has been made to see whether a crack with a reasonable thickness can act as a thermal barrier for the back face of the composite or not. The answer is positive. However, comparison of calculated temperature results with experimental ones is not yet possible. The main reason is that it is difficult to quantify the exact thicknesses of the cracks and the pores at the end of the tests. Indeed, it is not possible to make a correct slice on the composite which is very degraded after 900s of flame exposure.

Conclusion

In this chapter, the thermal behaviour of two composites under high heat fluxes is simulated using PATO. As a first step, a 1D geometrical configuration is chosen, since the advantage of such simulations is that they are very fast and not CPU time consuming. The simulated results are compared with literature results to verify the applicability of the model. These simulations have been made in order to investigate the physical representability of the models that are include in PATO, and to see which input parameters are essential for the simulation. The results

show that the accuracy of the model is different for laminates thermoplastic C/PEKK and thermoset C/epoxy8552.

For thermoplastic C/PEKK composites, the simulated back side temperature performed by PATO agrees well with the literature simulation result obtained by another model (FireFoam), but is higher than the experimental result. The difference may be due to the processes that are not considered in the model. Only resin decomposition has been considered with a one-step degradation scheme. Using a two-step scheme, allowing char to be decomposed into gas or using a degradation step under oxidative atmosphere may improve the agreement between PATO and experimental results. This seems to be confirmed by the mass loss values. The ones obtained by PATO are smaller than the experimental and the FireFoam results. Sensitivity analysis is carried out to investigate the effect of small variations in each input parameter on the output results, mainly on the back side temperature and mass loss rate. The results show that variations in the parameters exhibit a greater effect on the MLR than on backside temperature. Both the MLR and the back-side temperature are sensitive to activation energy Ea, the thermal conductivity k and specific heat capacity Cp of the virgin material.

For thermoset C/epoxy composites, the simulated back temperature is in relatively good agreement with the Schuhler's experimental results with a difference of about 60 o C. Although the total mass loss is the same for the simulated and the experimental, the simulated mass decreases faster. Sensitivity analysis is also carried out for the input parameters of the C/epoxy composite. Similar to [43 , variations in the input parameters have a greater effect on the MLR than on the backside temperature. Where MLR is most sensitive to the Ea of resin decomposition, and temperature is most sensitive to the Cp of virgin.

In the last section the simulation results are compared with the experimental results shown in the Chapter 4. The simulated backside temperature is much higher than the experimental result with a difference of 160 o C. For the mass loss rate, the simulated values are also bigger than in the experiments. One reason, that may explain these differences, is surely the uncertainty on the input parameter values, as shown by the previous sensitivity analyses. However, it may be related to the cracks and delamination within the composite material as observed in our experiments. A simulation test, with a crack appearing inside the composite during flame exposure, showed that this crack can act as a thermal barrier for the back side. Further studies are required to quantify this effect more precisely. However, the main limitation of these 1D simulations should be noted. Thermal conduction in the ply direction is not considered, while the thermal conductivity along the carbon fibers is much higher than in the perpendicular direction. In order to analyze the effect of heat conduction along ply plane of material on the back temperature, the 3D model must be applied. The details are presented in next chapter. Additionally, sensitivity analysis is conducted to evaluate the impact of input parameters on the backside temperature at different locations and the MLR. On the front side, the total incident heat flux is expressed as:

𝑞 ′′ 𝑓𝑟𝑜𝑛𝑡 = 𝛼𝑞 ′′ 𝑟𝑎𝑑 + ℎ 𝑐𝑜𝑛𝑣 (𝑇 𝑓 -𝑇 𝑠 ) -𝜀𝜎(𝑇 𝑠 4 -𝑇 ∞ 4 ) (6.1)
Where, the first and second terms on the right-hand side represent the radiative and convective heat flux of the kerosene flame, respectively. Their sum is the total incident heat flux which is measured in experiments. The radiative heat flux accounts for 56% of the total heat flux. The convective heat coefficient hconv can be calculated from the convective heat flux and the flame temperature measured in experiments. The third term on the right-hand side is the re-emission heat loss and the 𝜀 is the emissivity of composite material.

On the back side, the heat loss is calculated as:

𝑞 ′′ 𝑏𝑎𝑐𝑘 = ℎ ′ 𝑐𝑜𝑛𝑣 (𝑇 𝑏 -𝑇 ∞ ) + 𝜀𝜎(𝑇 𝑏 4 -𝑇 ∞ 4 ) (6.2)
Where the first and second terms on the right-hand side represent the convective and reemission heat loss respectively. The convection heat transfer coefficient ℎ′ 𝑐𝑜𝑛𝑣 equals to 10W/m 2 /K.

The two outer surfaces that are exposed to the environment are the same as the back face, considering convective and re-emission heat losses. The total heat loss is also calculated by Equation 6.2. The other two outer surfaces attached to the composite material are modelled as symmetric faces. The interface between the insulation and the composite material is specified as turbulent Temperature Coupled Baffle Mixed boundary conditions (see PATO user manual for more details), which accounts for the heat transfer between the two materials and computes their temperatures separately. [START_REF] Bhat | Fire Structural Resistance of Basalt Fibre Composite[END_REF][START_REF] Bhat | Fire Structural Resistance of Basalt Fibre Composite[END_REF], the temperature on the backside of the insulation is 300 o C under constant BC, which is 12 o C higher than the simulation result using variable BC. At points [START_REF] Menczel | Thermal Analysis of Polymers: Fundamentals and Applications[END_REF][START_REF] Menczel | Thermal Analysis of Polymers: Fundamentals and Applications[END_REF] and [START_REF] Morgado | Numerical Modelling of the Thermal Response of Pultruded GFRP Tubular Profiles Subjected to Fire[END_REF][START_REF] Morgado | Numerical Modelling of the Thermal Response of Pultruded GFRP Tubular Profiles Subjected to Fire[END_REF], the temperature differences between using variable BC and constant BC are 40 o C and 14 o C respectively. It can be concluded that the variable BC has little effect on the temperature evolutions at the backside of the insulation. Therefore, constant BC can be used instead of variable BC, which not only simplifies the boundary condition setup but also saves computational time. Thus, all the simulations in the sequel are carried out using constant boundary conditions. 6-3. It is reported that carbon fiber exhibits a high degree of anisotropy, characterized by a much greater thermal conductivity along the fiber direction than perpendicular to it. This anisotropy is also present in carbon fiber-reinforced composites.

Variable boundary conditions

Numerous studies have been carried out to measure and simulate the thermal conductivity of composites in all directions [19 [125-128 . The ratio of thermal conductivities between the thermal conductivity along the in-plane and through-the-thickness of the laminates is also known as the anisotropy factor. The anisotropy factor is reported to vary from 4 to 20 and is highly dependent on the properties of each component, the fiber volume fraction, the fiber orientation and the stacking sequence of the fiber layer in the composite. In this study, it is assumed that 𝑘 // = 5𝑘 ⊥ . The gas permeability, absorptivity and emissivity of the virgin and char materials in this section are the same as those of C/PEKK and C/epoxy composites in the 1D simulations. In this section, the simulation results such as backside temperature and mass loss are compared with the experimental results of C/PEEK sample 1. So, the boundary conditions used in this section are also calculated based on the total heat flux and the flame temperature measured in the experiment for sample 1. The measured total incident heat flux is 118.7kW/m 2 , the flame temperature is 1441K. Based on the method described in 6.2.2, the radiative heat flux q''rad is 66.5kW/m 2 and the convective heat transfer coefficient hconv is 45.4 W/m 2 /K. point 1, the simulated temperature is 628 o C at 900s and it is 160 o C higher than that of the experiment. This difference is the same as the 1D simulation results for C/epoxy8552 composite in Chapter 5.4. So, it can also be explained by the cracks and delamination that are produced in the composite during the experiment. These cracks and delamination may contribute to the formation if the thermal barrier and can affect the heat transfer through-the-thickness of the composite material. While at points 4 and 5, the simulated temperatures are close to the experimental results during the whole 900s. This is probably because the crack width is much smaller here, resulting in a reduced thermal barrier effect.

A magnification of the temperature evolutions for the first 200s allows a better observation and comparison of the heating process, and the results are shown in Fig. 6-5(c). Initially, the simulated temperatures at points 1 and 2 are in good agreement with the experimental results.

However, when the temperature reaches 300 o C, the increase in experimental temperature suddenly slows down which is probably due to the heat absorption caused by the melting of PEEK resin. The melting process is not considered in the simulation, so the difference between the simulation and the experiment keeps increasing over time. In addition, the temperatures at points 1 and 2 exhibit negligible variation from each other in both simulation and experiment.

This indicates that the in-plane heat transfer is minimal. This is further supported by the calculation of conductive heat flux below. Point 3 is close to the boundary of the flame exposed area and its simulated temperature is significantly lower than the temperatures at points 1 and 2. The simulated results at points 4 and 5 are very close to the experimental results. The experimental temperature at point 5 is higher than the simulated results in the first 100s. It is due to the limitation of the temperature range of the IR camera (80-500 o C), resulting in temperatures below 80°C being displayed as 80°C.

Temperature maps

Temperature maps at the front, back and side views at different times are shown in Fig. 6-6.

The thickness is very small compared to the length and width. To enable the observation of the temperature distribution on the sides, the thickness in the side view here is 10 times the original thickness, and the length and width remain unchanged.

It can be observed that in the first 40s, the color of the flame exposed area (inside the black dashed box) changes rapidly to red, indicating a quick increase in temperature rises quickly to above 700K (427 o C). During this period, the heat is mainly transferred through thickness.

However, between 40s to 900s, the color outside the flame exposed area slowly changes to white, indicating a slow in-plane heat transfer and the temperature is below 700K outside the flame exposed area. This is consistent with the conclusions obtained from Fig. 6-5.

At 20s, there is an obvious temperature difference between the front and back sides and a temperature gradient can be seen from the side view. This suggests that the C/PEEK composite material with a thickness of 2.3mm can be classified as a thermally thick material. After 40s, the temperature difference between the front and back sides is small and the temperature gradient is no longer apparent. It can be observed that during the whole simulation process, the calculated conductive heat flux through-the-thickness is much higher than that the in-plane heat transfer at point 1. While at point 2, on the contrary, the conductive heat flux along the in-plane value is much higher than that through the thickness. This suggests that the heat conduction in the flame exposed area is primarily in the direction through the thickness, whereas outside the flame exposed area, it is mainly in the in-plane direction.

To be more specific, at point 1, the conductive in-plane heat flux is 55W/m 2 , while through-thethickness is 40339W/m 2 at 20s. This indicates that the heat is mainly conducted through the thickness at this moment. After 100s, the steady state is reached at point 1, and the conductive in-plane heat flux increases by a factor of 14, but is still much smaller than that of through the thickness. The conductive heat flux through the thickness remains the same as at 20s. At the end of the simulation (900s), the composite sample is still in a steady state, and the calculated heat fluxes in all three directions are almost the same as at 100s. At point 2, the composite sample is in the temperature increasing process at both 20s and 100s. The conductive heat fluxes increase with time in all three directions. At 900s, the composite sample is in a steady-state.

Compared to 100s, the conductive in-plane heat fluxes decrease a little, while the conductive heat flux through the thickness increases. But the heat conduction is still primarily along inplane direction.

Mass loss, MLR predictions and comparison with experimental results

Fig. 6-8 shows the comparison between the experiment and simulation of C/PEEK composite material in total mass loss and mass loss rate (MLR). The experimental total mass loss is 1.35g and the mass loss rate remains relatively stable with a small peak at around 75s, reaching a value of 0.005g/s. The simulated total mass loss is 1.66g which is 0.3g higher than the experimental value. In the first 100s, the simulated mass decreases quickly and a sharp peak can be seen in the MLR curve with a peak value of 0.035g/s. The difference between the experiment and simulation is mainly associated with the decomposition kinetic parameters used in the model. Under flame exposure, the temperature of composite material increases quickly, so the kinetic parameters estimated from TGA results with low heat rates may not be well adapted to the model. In addition, the simulated temperature in the flame-exposed area is higher than that in the experiment. This could result in a higher calculated decomposition rate using the Arrhenius equation, which is temperature-sensitive, leading to a higher predicted mass loss in the simulation compared to the experiment result. In this study, a two-step decomposition is considered for PEEK resin. At point 1, the center of the flame exposed area, the 1 st step decomposition reaction of PEEK resin occurs between 20s and 60s, while the 2 nd step starts after 40s and its reaction advancement keeps increasing during the whole process. At the end (900s), the 1 st step decomposition of PEEK resin is complete through-the-thickness while the 2 nd step decomposition is not complete either at the front or at back. This indicates that there is residual char on both the front and back surface. The char observed in the microscopic pictures in Chapter 4 is consistent with the simulation results.

However, only carbon fibers can be observed on the front side, suggesting that the simulation results on the front side do not accurately represent the experimental results.

At point 2, outside the flame-exposed area, the decomposition reaction advancement is 0 at all times, indicating that the decomposition reaction does not occur. This is consistent with the findings in Chapter 4. increase in temperature at point 2. The effects of convective heat transfer coefficient at the front surface hconv and the back surface h'conv, and the emissivity of virgin v are all small for the backside temperature at both point 1 and point 2. Char emissivity has a big effect on the backside temperature at point 1, especially at steady-state after 50s. This is because the decomposition degree is high at this moment, so the char properties have a significant effect on the simulation. The char emissivity affects the radiative heat loss, so the simulation with higher char emissivity has a lower backside temperature. Whereas char emissivity has very little effect on the temperature of point 2, this is because the decomposition does not occur at point 2 and the virgin properties are used in the simulation. 

The MLR curves, especially the peak values of MLR curve, are sensitive to all the input parameters of boundary conditions. This is consistent with the conclusions obtained from the sensitivity analysis of 1D models. However, after 100s, the differences between the three simulations for each input parameter are not obvious. This indicates that the boundary conditions have a rather small influence on the MLR at steady-state. In contrast, the negative value indicates that the increase in the input parameter leads to a decrease in the output value. It can be observed that the increase of q''rad and hconv at the front side has a positive influence on the backside temperatures at the points both inside and outside flame exposed area. In contrast, h'conv, v and c are the parameters related to the heat loss, so their increases have a negative effect on the backside temperature. The effect of the input parameters of boundary conditions on the temperature at the back of point 1 can be divided into two parts. The first part is before reaching steady-state (50s), the backside temperature at point 1 is most sensitive to q''rad and virgin emissivity. The second part is in the steady state, where Sj decreases and it becomes more sensitive to char emissivity. The calculated Sj at point 2 keeps increasing over time, so there is no peak value. And the temperature at point 2 is sensitive to q''rad and virgin emissivity. Fig. 6-12(c) shows that the variations of q''rad and hconv both have a very significant effect on MLR in the simulation. The maximum value for Sj appears at the beginning of the decomposition and MLR is small at this moment. Thus, a small variation in MLR can cause a large value of Sj. It is more interesting to focus on the Sj at a later stage. It can be seen from Table 6-9 that MLR is more sensitive to char emissivity and q''rad at 300s, with the Sj values of -0.53 and 0.31, respectively. However, the effects of the variations of thermal conductivities of virgin and char on the backside temperature at point 1 are nearly invisible. These conclusions are similar to those of sensitivity analysis in 1D simulations in the previous chapter. At point 2, only the specific heat capacity and thermal conductivity of virgin material have a small visible effect on the temperature. This is because the decomposition reaction does not occur at point 2. From Fig. 6-14, it can be seen that these input parameters have a more obvious effect on the MLR compared to the backside temperature, particularly on the peak value of MLR. 

Kinetic parameters

As shown in Table 6-4, the decomposition of C/PEEK composite consists of a two-step consecutive decomposition reaction for PEEK resin and a one-step decomposition of carbon fiber. The kinetic parameters for fiber decomposition are the same as in Chapter 5.3. However, the sensitivity analysis results of Chapter 5.3 indicate that the effects of fiber decomposition on the backside temperature and MLR are negligible. Thus, the sensitivity analysis is not performed for fiber decomposition in this section. Instead, the focus is on resin decomposition.

The variation ranges of the kinetic parameters of PEEK resin decomposition are shown in Table 6-8. The effect of decomposition on the backside temperature is complex. On the one hand, the decomposition reaction is endothermic. So, a higher decomposition rate results in a lower temperature of the composite. On the other hand, the virgin decomposes and produces char which has a higher thermal conductivity and specific heat capacity, so it is difficult to qualitatively analyze the effect on the backside temperature. For the backside temperature at point 1, the calculated Sj at 300s is much smaller than that at peak. The Speak usually appears in the temperature-increasing process which is before the steady with a thickness of 2.3mm (8-ply). The densities of epoxy resin and carbon fiber are from the technical datasheet provided by the supplier. In Chapter 4 the resin mass fractions of C/epoxy 8552 composites were measured between 43% and 53% and was thickness dependent. Knowing the densities of resin and fiber, the volume fraction of fiber can be calculated, and the results are in the range of 39% to 49%. In this study, the fiber volume fraction is set as 50%. The other input parameters such as thermal conductivities, specific heat capacities, absorptivities, emissivities and gas permeabilities of virgin and char materials are the same as in Chapter 5.4.

The anisotropy factor is set as 5 for the thermal conductivity of C/epoxy composite, which is the same as for C/PEEK composite in the previous section. As a result, 𝑘 // = 5𝑘 ⊥ .

The decomposition of epoxy resin is assumed to be a two-step consecutive reaction and the decomposition scheme and kinetic parameters are shown in Fig. 5678. conduction has less influence on the backside temperature at the center point, which can also be demonstrated in the calculation of conductive heat flux below. As can be observed from the zoomed-in figure of the first 300 seconds in Fig. 6-19(c), the temperature difference between the simulation and experiment is small in the first 20s. Then the cracks and delamination can be observed in the experiment which affects the heat conduction in the material and results in a slower rate of temperature increase or even a slight decrease in temperature at the backside.

Then, large differences start to appear between the simulated and experimental temperatures.

The temperature difference between points 1 and 2 is very small both in the experiment and in the simulation, indicating that the heat conduction along the ply plane is small in this area. Point 3 is close to the boundary of the flame exposed area. In the simulation, the temperature at this point is around 100 o C lower than that at points 1 and 2. However, in the experiment, the change in the rate of temperature increase at point 3 at 20s is not as obvious as at points 1 and 2, indicating that the cracks and delamination have a weaker influence on point 3. Therefore, the temperature at point 3 was close to the temperature at points 1 and 2. The simulated temperature evolutions of points 4 and 5 show a similar trend to the experimental ones, but are slightly lower than the experimental value. At 900s, the simulated temperature is 30 o C lower than the experimental value at point 4 and 50 o C lower at point 5. through-the-thickness, so the steady state is reached. In contrast, the temperature distribution keeps increasing during the 900s, so the steady-state is not reached at point 2.

Temperature maps

Calculation of conductive flux in different directions

In this section, the difference in heat conduction at a specific point of composite material in- At point 1, the calculated conductive heat flux through-the-thickness is much higher than that in-plane throughout the simulation. At 20s, the conductive heat flux through-the-thickness reaches 41766W/m 2 , which is 119 times higher than that in-plane. After 100s, the conductive heat flux through the thickness decreases to 33962W/m 2 and does not change much thereafter. This is because a steady-state is reached at point 1 after 100s, which can be observed from the temperature curve in Fig. 6-19. While the condition at point 2 is opposite to point 1. The conductive heat flux through-the-thickness is lower than that in-plane. The calculated conducutive heat flux in-plane increases from 20s to 100s, so the temperature at point 2 increases fast, which can also be observed in Fig. 6-19. At 900s, the temperature at point 2 has reached the steady-state, so the calculated in-plane heat flux decreases a little. The results are consistent with the findings for C/PEEK composite materials in the previous chapter. Therefore, the same conclusion can be obtained: when a composite material is exposed to flame, the heat is mainly conducted through-the-thickness in the flame exposed area, whereas outside the flame exposed area, it is mainly in-plane. It is also worth noting that the mass loss and MLR curves of 3D models have a better agreement with the experimental results than the 1D models. Although the use of 3D models instead of 1D modes has very little effect on the backside temperature of the material, it significantly improves the accuracy of mass loss predictions. One possible reason is that when the in-plane heat conduction is considered, the material exhibits a temperature gradient in this direction. The decomposition reaction is sensitive to temperature, so the decomposition degree can vary along the in-plane direction. Therefore, the decomposition degree is highest at the center of the flame exposed area and decreases as the distance from the center in the plane direction increases. This the end of the simulation (900s), the decomposition advancements of the front and the back surfaces shows a significant difference, with a value of 0.87 for the front and 0.15 for the back.

In other words, most of the char on the front surface has decomposed while there is still a large amount of char left on the back surface. This could explain the different observations between the front and back surfaces in the experiments in Chapter 4. At point 2, the reaction advancement at 900s is 0.01, indicating that the decomposition reaction is negligible here.

Conclusion

In this chapter, the thermal behaviours of C/PEEK and C/epoxy composites under high heat fluxes are simulated using 3D models, considering the in-plane heat conduction. First, the setup and the boundary conditions of the 3D model are introduced. Then the effect of the surface heat flux, which decays with increasing distance to the flame center, on the simulated temperature is investigated. The result shows that the variable heat flux has a small effect on the temperature, so it can be replaced by a constant heat flux value measured at the center. Then thermal behaviour of C/PEEK and C/epoxy composites under constant heat fluxes are simulated and the results are compared with the experimental results in Chapter 4.

For the C/PEEK composite material, the backside temperature in the flame exposed area is overestimated by 160 o C in the simulation compared to the experimental value. While outside the flame exposed area, the simulated temperature is in good agreement with the experimental value. In addition, the simulated mass loss and MLR are also higher than the experimental values. The differences between points inside and outside the flame exposed area are analyzed in terms of temperature and reaction advancement. By calculating the conductive heat flux in different directions, it is found that the majority of heat is conducted through-the-thickness under the flame exposed area, while the heat is mainly conducted in-plane outside the flame exposed area. The sensitivity analysis is carried out to investigate the impact of input parameters of C/PEEK composites on the backside temperatures both inside and outside the flame exposed area. The results show that, except for the radiative incident heat flux and char emissivity, all the input parameters have a smaller effect on the backside temperature outside the flame exposed area than inside the area. The conclusions of the sensitivity analysis for the thermophysical properties and the decomposition kinetic parameters are similar to those in 1D models: 1) the small variations in the input parameters have a larger effect on MLR than the backside temperature; 2) the maximum value of sensitivity coefficients usually appear during the temperature increasing process and decrease when a steady-state is reached. In addition, the sensitivity analysis of boundary conditions is also carried out in this chapter. The results show that the radiative incident heat flux and the char emissivity both have a significant influence on the backside temperature, during the temperature increase process and after reaching a steadystate. Unfortunately, their effects on the temperature at the steady state are not enough to effectively improve the agreement with experimental results by adjusting these parameters.

For the C/epoxy composites, similar to C/PEEK composites, the simulations overestimate the backside temperature by 140 o C in the flame exposed area and slightly underestimate the backside temperature outside the area. The mass loss curve is in good agreement with the experimental results, although the peak value of the simulated MLR is higher than the experimental value. The differences between points inside and outside the flame exposed area are also analyzed. The results of the calculations of conductive heat flux in different directions are similar to those of C/PEEK composites. In the flame exposed area, the heat is conducted mainly through the thickness, while outside the flame exposed area, the heat is conducted inplane.

The 3D simulations of C/PEEK and C/epoxy composites show that there is a small amount of in-plane heat conduction in the flame exposed area. Therefore, the difference in the predicted backside temperatures between the 3D model and the 1D model is small. Furthermore, the sensitivity analysis results show that the variations in the input parameters have a small effect on the backside temperature. Therefore, it is difficult to improve the agreement between the simulated and the experimental backside temperature by using the 3D model or adjusting the input parameters. This temperature difference may be related to the cracks and delamination in the composite observed in the experiments. The simulation of the crack has already been carried out in the 1D model, which shows a significant improvement between the simulated and the experimental backside temperature. However, the simulation of the crack is more complex in 3D simulations and the simulation results are influenced by many factors such as the size of the crack, its location, the appearance time and the gas properties of the crack, etc. This will be a complex subject and further studies are needed to make reliable and accurate simulations.

Chapter 7: Conclusions and perspectives

Conclusions

The aim of this work is the experimental characterization of the heat transfer and thermal decomposition behaviour of carbon fiber reinforced composites under flame exposure. Then the measurement results are compared with numerical simulation to verify the predictions of thermochemical behaviour of samples. A number of studies on the behaviour of composite materials under high heat fluxes have been carried out over the past few decades. The analyses of bibliographies show that there are a series of processes that occur when composites are exposed to fire, for example, heat conduction, thermal decomposition, thermal expansion and cracking, etc. And these processes are coupled, which increases the complexity of the simulation. Among these processes, the determination of the reaction mechanism of thermal decomposition and the kinetic parameters of the reactions are very important for the simulation.

Through the analysis of bibliographies, PATO is selected for the numerical simulation part of this work.

It is an open-source extend library based on OpenFOAM (https://pato.ac/), which allows the modeling of heat and mass transfers between the fluid and solid domains considering the chemical reactions of pyrolysis in the solid.

Before characterizing the composites, the distribution of the heat flux that is applied to the front surface of the composite sample using a kerosene flame, is measured along the radial direction.

The results show that the heat flux can be considered a constant value within the area that has the same radius as the flame tube. Outside this area, the heat flux decreases with increasing radial distance. Then, experiments are carried out using the kerosene burner for several composites, including thermoplastic C/PEEK and thermoset C/epoxy. The fire behaviours of the composites are studied and compared involving the backside temperature, mass loss, surface expansion and internal cracking and delamination.

Comparing the experimental results of C/PEEK and C/epoxy composites, the most significant difference between the two composites is the total mass loss and the MLR, which is determined by the thermal decomposition kinetics of the resins. The temperature of the backside is less related to the resin type but more related to the existence of big swelling on the backside during the experiment. The composite with a big swelling on the backside has a lower temperature.

Cracks and delamination can be observed inside the sample, the size of which is related to the resin type and the stacking sequence of fiber plies. By examining the experimental results of C/epoxy composites of different thicknesses, it was found that generally thicker samples showed lower temperatures in the center on the backside, higher mass loss and larger cracks.

Measurements are carried out for the surface appearances and the temperatures on the front surface during the experiments using a visible camera and an IR camera. The ignition of pyrolysis gas can be observed on the front surface and the ignition time is almost the same as that of the crack appearance on the back surface for samples in different thicknesses. This suggests that when the temperature on the front surface increases above the decomposition temperature, the decomposition is well advanced and the decomposition gases can escape from the pores and be ignited. While on the backside, due to the lower temperature, the decomposition is weak and the gases cannot escape. They can exert high internal pressures, which force the micro-cracks to grow and result in a big swelling at the back face. After several seconds, with the degradation of resin near the back face, the gas can escape again from the sample and the big swelling at the back face is lower.

In the simulation section, in order to understand the different models and the main input parameters in PATO, a fast and non-CPU-consuming 1D geometric configuration is chosen.

The simulated results are compared with literature results check the adequacy of the model to simulate the reaction to fire of the Carbon Fiber Reinforced Polymer Matrix Composite. The results show that the accuracy of the model is different for the thermoplastic C/PEKK and thermoset C/epoxy8552. For the thermoplastic C/PEKK composite, the simulated backside temperature performed by PATO agrees well with the literature simulations obtained with another model (FireFoam), but is higher than the experimental results. This may be due to processes not considered in the model such as the melting of PEKK resin, or the oxidation of char. This seems to be confirmed by the mass loss values, obtained by PATO, which are smaller than the experimental and FireFoam results. The model was then improved to allow the use of a two-step consecutive degradation scheme. Applying this to simulations of thermoset C/epoxy composites, it is found that the simulated backside temperatures are in relatively good agreement with Schuhler's experimental results. The total mass losses are the same for simulations and experiments, but the simulated mass decreased more rapidly. The sensitivity analysis of the input parameters is carried out and the results show that MLR is most sensitive to the activation energy Ea of the resin decomposition, while temperature is most sensitive to the specific heat capacity Cp of virgin material. The explanation for the differences between experimental and calculated results may be due to the uncertainty in the values of the input parameters or may be related to the cracks and delamination in the composites observed in our experiments. A simulation test, with a crack appearing inside the composite during flame exposure, showed that this crack can act as a thermal barrier for the backside which significantly improve the agreement between simulation and experiment. Further studies are needed to quantify this effect more precisely. However, the main limitation of these one-dimensional simulations should be noted. Carbon fiber reinforced composites are anisotropic, with higher thermal conductivity along the fiber plies than through the thickness, which may also affect the simulation results. was found that the heat is mainly conducted through the thickness under the flame exposure area, while outside the flame exposure area, the heat is mainly conducted along the plane of the laminate. The sensitivity analysis results that the variations in the input parameters have a small effect on the backside temperature. Therefore, this temperature difference between simulation and experiment is more likely to be related to the cracks and delamination observed in the experiments.

Perspectives

The experimental part of this work measures the fire behaviour of a number of carbon fiber reinforced composites in kerosene burner, which provide more data for the development of the 
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  composite materials has increased in transportation area in particularly in aeronautics in the past few decades. Compared to traditional materials, such as steel or aluminum alloys, composites have the advantages of light weight and high mechanical performance. Their use leads to a significant reduction in fuel consumption. However, the inherent flammability of composite materials limits their application. When exposed to high temperatures or fire conditions, organic matrix composites are reactive and produce large amounts of heat and smoke which cause material degradation and loss of performance. Fire is one of the most common reasons for aircraft accidents [ 1 . The degradation of composites and loss of mechanical properties can be dramatic for the safety of passengers. To reduce the fire risks, lots of manufacturing norms and standards have been developed to certify the safety of aircraft. The research on composite pyrolysis and flammability has been intensified to meet the challenge of fire performance. On the one hand, lots of novel flame retardant composite materials have been developed through physical and chemical methods to meet the requirement of low smoke, low toxicity and low heat release [2 . On the other hand, composite materials are exposed to flames to study and analyze their fire performances and then models are developed to simulate their behaviour. Such models are useful for designing and predicting the fire performance of composite materials.The fire properties of composites can be measured by a series of experimental tests in varying specimens' sizes[3 [4 . As shown in Fig.1-1. Experimental apparatus ranges from full-scale tests for testing an aircraft to bench-top scale for testing small specimens [5 . Large-scale tests usually have high costs and long set-up time and it's not possible to study the physical interactions. Conversely, bench-scale tests are controllable and repeatable which makes it better to study the physical and decomposition process in detail when composites are exposed to fire.The modelling based on small-scale tests is more accurate and it can be improved and extended to larger-scale tests. The methods combining experimental tests with modelling and extending from small-scale to large-scale can reduce the number of experimental tests and thereby reduce the consumption of costs as well as human resources.
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 111 Fig 1-1. Testing pyramid [3 .
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 21 Fig 2-1. Composite structure. [6
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 2223 Fig 2-2. Classification of composite materials.
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 25 Fig 2-5. Schematic of reaction processes of composite with one side exposed to fire [15 .
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 27 Fig 2-7. Formation and growth of pores in vinyl ester resin during decomposition [23 .
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 28 Fig 2-8. Delamination mechanism of carbon fiber reinforced polymer [26 .
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 29152 Fig 2-9. Structure of composite laminate after exposing to flame. [15

  loss rate due to decomposition process which is discussed in next section.The term on the left side of Equation2.1 is the change rate of internal energy of composite. The Internal energy Conduction Convection Decomposition first and second term on the right side represent the conduction flux. The third term on the right side represents the internal convection energy that is due to the flow of decomposition gases toward hot surface. The last term is the heat generation or consumption of matrix decomposition. The model satisfactorily predicted the thermal response of a glass fiber reinforced phenolic composite under high heat flux. In addition, this work used temperature dependent input properties. Then, Henderson and Wiecek [ 28 added thermochemical expansion and the storage of decomposition gases to the model.
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 24 Fig 2-11. Schematic of (a) conduction, (b) convection, (c) radiation.
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 2 12 shows the experimental and numerical temperature evolutions of GFRP at three points. The results show that the model is able to provide an accurate temperature prediction. COMSOL Multiphysics is also a commercial simulation software based on Finite Element Method (FEM) which provides single-physics and coupled multi-physics modelling capabilities. The multi-physical processes can be coupled with chemical reactions.
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 2 Fig 2-12. (a) Comparison between experimental and numerical temperature evolutions at three locations of a glass fiber reinforced isophthalic polyester composite; (b) locations of the points [50 .

  -14, the emissivity decreases from 0.93 to 0.86 as resin decomposes at 300-400 o C and forms char. Then the emissivity stays constant. When the temperature increases to 500 o C, the emissivity further decreased to 0.75 due to oxidation of char. This affects the measurement and prediction of their surface temperature [70 . Acem et al. [71 measured the heat flux at the front surface of samples in cone calorimetry tests using a Fourier transform infrared (FTIR) spectrometer and an infrared (IR) camera. The results
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 214 Fig 2-14. Emissivity over (a) wavelength of each composite component during decomposition; (b) temperature during decomposition at 3.9µm. [69

[

  42 also used LFA and measured the thermal conductivity of another carbon epoxy composite laminate through-thickness and in-plane directions. The thermal conductivity versus temperature was fitted as a polynomial, as shown in Fig. 2-15. The thermal conductivity decreases as a result of thermal degradation of the material. In addition, the composite material exhibits an anisotropic behaviour since the thermal conductivity of virgin material is 5 times in-plane than through-thickness at room temperature. Grange et al. [ 78 measured and compared the thermal conductivity though-thickness of three carbon fiber reinforced composites from room temperature to 1000 o C. As shown in Fig. 2-16, three materials exhibit different trends in thermal conductivity in different temperature ranges, which may be related to their different decomposition processes. Some works have been done to estimate the thermal properties of material using inverse analysis. For example, Ding et al. [79 measured the back side temperature of polybutylene terephthalate (PBT) composite when exposed to specific heat flux. Then a model was used to simulate the heat transfer process. By manually adjusting the value of input parameters (in this case the thermal conductivity), the difference between the experimental and simulated temperatures was kept within an acceptable range. The value at this point is the estimated
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 216 Fig 2-16. Thermal conductivity of three carbon fiber reinforced composites measured by LFA. [78 Refrences ????

  Arrhenius equation. Trick et al. [86 found that the pyrolysis of carbon phenolic resins can be described as three parallel reactions by separating the peaks of the TGA-DTG curves. Tadini et al. [87 analyzed the decomposition of carbon reinforced phenolic and PEKK by TGA under inert and oxidative atmospheres. The relationship between activation energy Ea and degree of conversion α was estimated by Starink and Friedman methods which is shown in Fig. 2-17. The results of the two methods are different and the decomposition mechanism of the materials is related to both the material type and the environment. As shown in the figure, a complex multi-step decomposition process takes place in the C/phenolic composite in both inert and oxidative atmospheres. Whereas C/PEKK is assumed to follow a single step reaction with a near constant value of Ea in an inert environment, and in an oxidative environment it can be divided into three steps. Langot et al. [18 measured the TGA curves of carbon/epoxy composite under different heating rates. Under oxidative conditions, the decomposition of composite involves three processes, matrix pyrolysis, char oxidation and fiber oxidation. The reaction scheme is shown in Fig. 2-18. The author also investigated the different decomposition schemes and estimated their corresponding kinetic parameters [88 . The comparison between experimental and numerical mass loss rates using different kinetic schemes is shown in Fig. 2-19. Compared with one-step global reaction scheme, the parallel and consecutive reaction schemes improved the agreement of simulated curves with TGA curves.
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 21787218 Fig 2-17. Activation energy versus degree of conversion of (a) C/phenolic under inert atmosphere; (b) C/phenolic under oxidative atmosphere; (c) C/PEKK under inert atmosphere; (b) C/PEKK under oxidative atmosphere. [87
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 219 Fig 2-19. For a carbon/epoxy composite: comparison between mass loss rates at different heating rates from TGA experiments and numerical simulation results using from different kinetic schemes. [88
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 2 Fig 2-20. Reaction scheme of (a) species-based model; (b) element-based model. [91
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 25 Reddy et al. [98 compared the effective thermal conductivities of a two-phase materials calculated by different models as a function of the volume fraction of the dispersed phase, both the basic models and the models improved by author. The results are shown in Fig. 2-21. Series
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 221 Fig 2-21. Comparison of effective thermal conductivity calculated by different mixture law models in a two-phase material. [98
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 222 Fig 2-22. Schematic of averaging volume including multiple solid phases and gas phase. [105
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 42 Boundary conditions PATO provides different types of boundary conditions, such as specific temperature, pressure and heat flow, etc. For example, the high enthalpy heat flow boundary condition is applied in ablation model. While in this work, the boundary conditions are modified and a combination of thermal radiation, convection and re-radiation boundary conditions are used.
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 11 Fig 3-1. Schematic of kerosene fire test bench.

  Fig 3-3. Flame temperature measured by thermocouples.
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 34 Fig 3-4. Schematic of Gardon-type fluxmeter. [107
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 36 Fig 3-6. Comparison between measured front temperature curve and smoothed temperature curve of sample 2 of C/epoxy8552 8-ply composite.
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 37 Fig 3-7. Comparison between original curve and smoothed curve of sample 2 of C/epoxy8552 8-ply composite for (a) mass loss; (b) MLR
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 3 Fig 3-8. schematic of measurement of swelling curves and determination of baseline. (a) measurement directions; (b) swelling curve and 2-order polynomial baseline; (c) swelling curve after calibration.

Fig 4 - 1 .

 41 Fig 4-1. Microscopic pictures of cross-section of composite samples. Blue lines represent ply 0.

4. 2

 2 Fig.4-3 shows that the three measurements are similar and reproductible, implying that the temperature of the heat flux meter has minimal influence on the measured heat flux. When d<24mm, the incident heat flux is quasi-constant with the value at around 120kW/m 2 . As mentioned above, the radius of the flame tube is 25mm and the size of the exposed area of the composite sample on the front surface is equal to the diameter of the flame tube. Thus, the heat flux applied to the exposed area of the front surface of the composite sample can be considered as a constant value. When d>24mm, the incident heat flux decreases as d increases. At 60mm, the heat flux is around 50kW/m 2 which is less than half of the value at the center.
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 43 Fig 4-3. Measured heat flux over distance d.
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 42 Fig 4-2. Schematic of experiment method.
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 4 Fig.4-4shows the surface appearances of composites after 15 minutes of exposure to kerosene flame. Three tests were carried out for each kind of composite. The sample numbers in Fig.4-4 are those reported in Fig.4-9. The surface appearances of the three tests are similar, so only one sample of each composite is shown in the figure. The red boxes represent the flame-exposed areas. Severe degradation can be observed on both front and back surfaces for all composite samples. On the front side, the decomposition occurs mainly in the flame exposed area for all the composites. The insulation outside the flame exposed area provides protection, so only partial decomposition occurs near the boundary and char can be observed. On the back side of the C/PEEK composite, the decomposition area is slightly larger than the flame exposed area and the boundary between the decomposed and the undecomposed area is not clear. While for the two C/epoxy composites, the boundaries between the decomposed and the undecomposed areas are more obvious, with the decomposed areas being significantly larger than the flame

Fig 4 - 6 .

 46 Fig 4-6. Observation of C/PEEK 7-ply (sample 3) on back face during experiment. (a) temperature maps at different times measured by the IR camera; (b) photos taken by the visible camera.

Fig 4 - 7 .

 47 Fig 4-7. Observation of C/epoxy914 7-ply (sample 2) on back face during experiment. (a) temperature maps at different times measured by the IR camera; (b) photos taken by the visible camera.
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 449 Fig. 4-9 shows the temperature evolutions of two points on the backside of samples during the experiments. The positions of the two points can be observed in Fig. 4-6(a). Point 1 is in the center of the sample which is also the center of flame exposed area. Point 2 locates outside the flame exposed area. For C/PEEK and C/epoxy914 7-ply, the temperature curves are similar for
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 4 Fig.4-11 presents the mass loss and MLR curves over time for all the composite samples. It can be observed that there are small differences between the three tests for each composite, except the sample 1 of the C/epoxy914 7-ply tests. The C/PEEK composite has a lower mass loss compared to C/epoxy composites. The mass loss curves for the three composites can be divided into two stages. In the first stage, which is in the first around 100s, the mass decreases rapidly. Then followed by a slower decrease. In MLR curves, a peak can be seen at the beginning indicating that the maximum pyrolysis reaction rate occurs in the first stage. After 200s, the MLR value is smaller which means that the pyrolysis reaction rate is weakened but is continuing. There is a peak in the first few seconds of C/PEEK sample 3. This is the result of an unstable mass reading caused by moving the sample holder at the beginning of the experiment. In order to compare the mass loss results for the three composites, the average mass loss and MLR of three tests for each composite are calculated and are shown in Fig.4-12. 
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 411 Fig 4-11. Mass loss and mass loss rate (MLR) curves of (a) (b) C/PEEK; (c)(d) C/epoxy914 7-ply; (e)(f) C/epoxy914 8-ply.
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 444 Fig 4-12. (a) Average mass loss in grams; (b) average mass loss in percentage of initial mass; (c) average MLR. Dashed lines show the moments that 50% mass loss reached.
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 413414415 Fig 4-13. Swelling curves of C/PEEK. a) front; b) back. Shaded area is flame-exposure area.
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 44 Fig.4-16 shows the significant differences in swelling behaviour among the three composites, as well as the differences between the front and the back surfaces. It should be noted that for C/PEEK composite, the swelling behaviour cannot be accurately represented by the curves in Fig.4-16 because the results of the three tests show significant differences. On the front and the back surfaces, C/epoxy 7-ply and 8-ply exhibit different swelling values, while they have similar total swelling values at the center, with 1.40mm for C/epoxy914 7-ply and 1.41mm for C/epoxy914 8-ply.
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 4164 Fig 4-16. Average swelling curves of C/PEEK and two C/epoxy914 composites (a) front; (b) back. Shaded area is flame-exposure area.
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 417 Fig 4-17. Observation of cross-section of composites at center after 900s. Sample 2 for C/PEEK, sample 1 for C/Epoxy 7-ply and sample 1 for C/Epoxy 8-Plies.

  summarize: The cross-section pictures highlight what it has been already observed and discussed in the previous paragraphs. After 900 s of flame exposure: 1-the resin at the back face is not fully degraded for C/PEEK and disappear for the C/Epoxy composites. 2-large cracks and delamination occur inside the C/Epoxy 8-ply, close to the backside. These seems to result of the big swelling observed at the beginning of the tests. 3-Such big and large cracks appear also in the /PEEK samples and not in the C/Epoxy 7-ply.4.3.5 SummaryIn this section, the fire behaviour of the thermoplastic C/PEEK and the two thermoset C/epoxy are investigated under the same flame exposure conditions.At the end of the tests, the fiber bundles of the three composites are completely bare on the front surface and partially bare on the back surface. This means that the resin is completely decomposed on the front and partially decomposed on the back. After the experiment, the samples are sliced by a water jet. The cracks and delamination can be observed between plies on the cross-sections, as shown in Fig.4-17. As mentioned before, the thermal expansion coefficients are different for polymer resin and fibers. When the composite is exposed to flame with a strong heat flux, mechanical strains occur inside the composite samples due to the thermal expansion, which results in the formation of microcracks. When the temperature is higher than the decomposition onset temperature, the polymer resin decomposes and produces gas. This leads to the pressure increase in the composites which promotes the development of the microcracks. As a result, big cracks and delamination appear between plies.The most significant difference in the thermal behaviour of C/PEEK and C/epoxy composite is in mass loss. The mass loss results in Fig.4-12 show that the total mass loss and the MLR of C/PEEK composite are much smaller than that of C/epoxy composites, which can be attributed to the difference in decomposition mechanisms and kinetics of PEEK and epoxy resins. For C/epoxy914 7-ply and 8-ply, which has the same resin but different ply stacking sequence, the degradation process can be divided into two stages based on the time that 50% mass loss is reached. Although the time to reach this point slightly varies between the two composites, it is approximately 100s. In the first stage, the masses of the two C/epoxy composites decrease fast and their mass loss curves and the MLR curves are almost the same. In the second stage, the decrease in mass slows down. The total mass loss of C/epoxy914 8-ply is higher because it has a higher initial mass. At the end of the test, the percentages of total mass loss to initial mass for the two C/epoxy composites are similar.The temperature evolution curves on the back surface of the three composites can also be divided into two stages. The temperature increases fast in the first stage. From Fig.4-6 to 4-8, the temperature is fairly uniform on the backside under the flame exposed area and decreases rapidly with the radial distance at the boundary of the flame exposed area. So, the heat is mainly conducted through the thickness in the first stage. Then, the temperature increase rate slows down in the center and the temperature outside the flame exposed area increases. This means that the heat is conducted along the ply in this stage. The temperature reaches a steady state at the end of the experiments. From 20s to 200s, the differences in the backside temperatures of the three composites become apparent, which can be attributed to their thermophysical and thermochemical reactions, such as the melting of the PEEK resin, the glass transition of epoxy, the decomposition of polymer resins. In addition, the big swellings observed on the backside of C/epoxy914 8-ply samples indicate the existence of internal cracks and delamination, which act as a thermal barrier and affect the heat conduction through the thickness. Consequently, this leads to a lower temperature at the center of the backside.4.4 Influence of thickness for C/epoxy8552In this section, the experimental results of C/epoxy8552 in 6, 8 and 10 plies are presented and the effect of the thickness on the fire behaviour of composites is investigated. The results can be compared with the simulation results in the following chapters. The investigation includes the effect of thickness on front appearance, mass loss, back side temperature and internal cracks and delamination. For each thickness, three tests are carried out. The average thermal stress conditions and the material masses are shown in Table4-5. The symbol ± gives the range of variation of the difference between the three tests and the mean value.
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 684 Fig. 4-19 and Fig. 4-20, respectively.
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 418 Fig 4-18. Front surface appearances of C/epoxy8552 6-ply during a test.
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 419420 Fig 4-19. Front surface appearances of C/epoxy8552 8-ply during a test.

After 15 minutes

 15 of exposure to flame, the surface appearances of C/epoxy8552 composites in different thicknesses are similar. Fig.4-21 shows the front and back surfaces of the 8-ply C/epoxy8552 composite as an example. The red boxes show the areas that are exposed to flames.In the exposure area of the front surface, the sample is severely degraded. Outside the exposed area, the sample is protected by insulation. Near the boundary of the exposed area, the char and the change of color indicate partial decomposition of the sample. At the back surface, the central area has a different color from the border which is due to the resin degradation in the center.
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 424 Fig 4-22. Microscopic pictures of front and back surface appearances for C/epoxy8552 in three thicknesses.

Fig 4 -

 4 Fig 4-23. Observation of C/epoxy 8-ply on back face during experiment. (a) temperature maps at different time measured by IR camera; (b) photos taken by visible camera.
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 4 Fig.4-26 shows the comparison between the front and back temperatures at the center of the flame exposed area. On the front side, the temperatures of all samples increase fast in the first about 100s. Between 100s to 500s, temperatures of all samples are the same and stay constant.After 500s, temperatures increase a little. This may be related to the change in surface emissivity.The study of NC Herr [69 shows that as the composite degrades, the emissivity of the material decreases. The 6-ply sample has the highest temperature in the end with the value of 858 o C.The temperature range on the backside of the samples for the three thicknesses is between 432
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 426 Fig 4-26. Comparison between the front and back temperatures at center for C/epoxy8552 composites.

Fig 4 - 27 .

 427 Fig 4-27. Mass loss and mass loss rate (MLR) curves of C/epoxy8552 composites. (a) (b) 6ply; (c)(d) 8-ply; (e)(f) 10-ply.

Fig. 4 -

 4 Fig. 4-28(a) shows the mass loss in grams. The first period, whose duration depends on the thickness but on average is equal to 100s, can be defined by about 50% of the total mass loss. The dashed lines indicate more precisely the moment at which this occurs. It takes 72s, 96s, and 131s respectively for C/epoxy 6, 8, and 10 plies, showing that the thick sample reaches 50%

5 .

 5 The variations are shown in Fig. 4-28(b). The difference in mass loss as a percentage of resin mass for the three thicknesses is small within 200s. The 6-ply and 8-ply sample values are almost the same, with a final value of around 17.2%. The 10-ply sample is a little larger and the value is about 20%. This indicates that the decomposition degrees of resin after 15 minutes of exposure to flame are almost the same for the samples with three different thicknesses. MLR curves are given in Fig. 4-28(c). All samples have a sharp peak at the beginning and their times to reach the peak are very close. It takes 32s
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 4 29, Fig. 4-30 and Fig. 4-31 show the swelling curves of 6-ply, 8-ply and 10-ply C/epoxy8552 samples, respectively. The shaded area is the area exposed to the flame. It can be observed that the swelling curves of all thicknesses present the same shape. And the swelling mainly occurs under the flame exposed area.
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 4 Fig. 4-32 presents the average swelling curves of the three tests for each thickness. The values reported in Fig. 4-32 show that the swelling curves present the same shape. The shaded area is the area exposed to the flame. The exact values of the maximum swelling at the center point are summarized in Table 4-7. The values show that the swelling increases with the sample thickness.
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 4 Fig 4-30. Swelling curves of C/epoxy 8552 8-ply. (a) front; (b) back. Shaded area is flame-exposure area.
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 429 Fig 4-29. Swelling curves of C/epoxy 8552 6-ply. (a) front; (b) back. Shaded area is flame-exposure area.

Fig 4 - 31 .

 431 Fig 4-31. Swelling curves of C/epoxy 8552 10-ply. (a) front; (b) back. Shaded area is flame-exposure area.
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 4 Fig 4-32. Average swelling curves of C/epoxy 8552 in different thicknesses. (a) front; (b) back. Shaded area is flame-exposure area.
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 45 Observation of internal crack 1. Crack observation after the experiment After the experiment, the samples are sliced with a water jet along the width direction, as shown by the white horizontal arrow in Fig. 4-23(b). Big cracks appear in some samples like the one in Fig. 4-23(b). The microscope is used to look at the red area, shown in Fig. 4-33(a), in the center to see the slice structure with more details. The result is shown in Fig. 4-33(b) for the 10-ply case. Plies in the 0 direction are in the figure plane, and they reflect the light more. So, they are easy to identify. The other woven plies (±45) lie between the 0/90 plies. There are several big cracks near the back face. Certainly, being the residual of the cracks appearing at the beginning of the tests, as shown in Fig. 4-23(b). The average thickness of these large cracks is 0.34, 0.65 and 0.92 mm for the 6, 8, 10 plies respectively.

Fig 4 - 33 .Fig. 4 -

 4334 Fig 4-33. Observation of cross-section of C/epoxy 10-ply: (a) microscopic view after 900s of exposition, (b) microscope view after 900s; (c) microscopic view after 30s of exposition; (d) microscope view after 30s

  -24 at the start of the tests. It is possible to estimate a value of the thermal resistance of the big cracks shown in Fig. 4-33(b).

Fig. 4 -

 4 Fig.4-25(a) shows that the temperature at the backside center is about 450°C. Thus,  is equal to 19.3×10 3 W. With the 10-ply laminates, the total average thickness of cracks is equal to 0.92 mm, and the calculated value for T is 386 °C.

4. 5 . 1 TemperatureFig. 4 -Fig. 4 -

 5144 Fig. 4-35 compares the average temperature evolutions for C/epoxy914 and C/epoxy8552. The locations of the two points are shown in Fig. 4-6(b).

- 36 (Fig. 4 -

 364 Fig 4-36. (a) Averaged mass loss in grams; (b) averaged mass loss in percentage of resin mass; (c) averaged MLR. Dashed lines show the moment that 50% mass loss is reached.

Fig 4 - 37 .Front

 437 Fig 4-37. Average swelling curves of C/epoxy914 and C/epoxy8552 on the (a) front; (b) back. Shaded area is flame-exposure area.

  chapter, the temperature evolution at the backside and the mass loss are measured for a thermoplastic (C/PEEK) and a thermoset (C/epoxy) exposed to flame. In this chapter one-dimensional (1D) simulations are planned for both materials in order to verify the applicability of the PATO model in the case of composite samples exposed on one side to a flame. These 1D simulations have been made in order to understand the different models that are include in PATO, and to see which input parameters are essential for the simulation. A 1D simulation means that the heat transfer and degradation are calculated only through the thickness of the sample. The advantage of such simulations is that they are very fast and not CPU time-consuming, with less than one hour of CPU time on a standard personal computer.

Fig 5 - 1 .

 51 Fig 5-1. Thermophysical properties of individual components of C/PEKK composite as a function of temperature. (a) specific heat capacity; (b) thermal conductivity.

Fig 5 - 2 .

 52 Fig 5-2. Schematic of boundary condition [43 .

Fig. 5 -

 5 Fig. 5-4 shows the comparison of temperature curves. The simulated temperature at the back side in this study is in good agreement with Grange's simulation results. The temperatures increase fast to 600 o C in the first 60s and stay stable. At this point, the incident heat flux and the heat loss due to re-radiation reach equilibrium. However, a significant difference can be seen between the experimental and simulated backside temperatures of C/PEKK composites.In the experiment results, there are two short periods when the back side temperature reaches about 300 o C and 430 o C, which may results from ignition and melting[43 . A large amount of energy is absorbed in the material which is not considered in the model. The experimental temperature has been obtained with an infrared camera choosing an emissivity of 0.95. If this value is too high, in particular at the end of the test, the real temperature should be lower. It is also possible that some cracks appear inside the samples, inducing thermal resistance to the heat transfer from front to back surface, as shown by the tests under flame described in Chapter 4.After 160s the backside temperature reaches around 550 o C and becomes steady.

Fig 5 - 3 .

 53 Fig 5-3. Comparison of simulation results with Grange's results on mass loss of C/PEKK.

Fig. 5 -

 5 Fig. 5-5 presents the temperature simulated by PATO at front and back sides. The temperature curves on both sides have similar trends. During the first 60s, the temperatures increase fast on both sides, and a faster increase is observed on the front side. At 60s, the front side temperature reaches 700 o C, while the back side reaches 600 o C. After 60s, the temperatures increase slowly and reach a steady state. At the end (180s), the front and back temperatures are around 730 o C and 610 o C respectively. Even though the sample thickness is only 1.7mm, there is still a large temperature difference between the two sides. The simulated difference is around 120 o C. This indicate that, for these experimental conditions, the sample is not thermally thin.

Fig 5 - 4 .

 54 Fig 5-4. Comparison of simulation results with Grange's results on back side temperature of C/PEKK.

Fig. 5 -

 5 Fig. 5-6 presents the effects of the variation in thermal conductivity of virgin and char on the total production rate (in kg/m 3 /s) and temperature at the front and back faces. Other locations should have been chosen within the composite. However, it was assumed that the results at the external surfaces are the limiting results during its thermal degradation. The 'forward' in the figure refers to front side and 'backward' to back side.

Fig 5 - 6 .

 56 Fig 5-6. Influence of (a) kvirgin on temperature; (b) kvirgin on total production rate; (c) kchar on temperature; (d) kchar on total production rate.

Fig 5 - 7 .

 57 Fig 5-7. Influence of (a) Cp,virgin on temperature; (b) Cp,virgin on MLR; (c) Cp,char on temperature; (b) Cp,char on MLR.

Fig. 5 -

 5 Fig. 5-9 shows the influence of activation energy Ea on output results. The activation energy indicates the strength of the thermal decomposition reaction. When activation energy is lower, decomposition reactions are more likely to occur, the faster the decomposition rate at a given temperature. From the left picture, the results of the simulation with lower Ea do not converge,

Fig 5 - 9 .

 59 Fig 5-9. The influence of activation energy Ea on (a) temperature; (b) total production rate.

Fig. 5 -

 5 Fig. 5-11 and Fig. 5-12 show the influence of n (reaction order) and F on temperature and totalproduction rate respectively. These two parameters also affect the strength of the decomposition reaction. The simulation with a higher value of n has a smaller total production rate. While the simulation with a higher F has a larger total production rate. Similar to Ea and A, their influences on temperature are small.

Fig 5 - 10 .Fig 5 - 11 .

 510511 Fig 5-10. The influence of pre-exponential factor A on (a) temperature; (b) total production rate.

Fig 5 - 12 .Fig 5 - 13 .Fig. 5 -

 5125135 Fig 5-12. The influence of F on (a) temperature; (b) the total production rate.

Fig 5 - 14 .

 514 Fig 5-14. Dimensionless sensitivity coefficients of kinetic parameters

  -16, during the first 25s, the backside temperature increases fast from room temperature to approximately 450 o C for the experimental result and 500 o C for the simulation. In this stage, heat transfers from front side to the backside increase quickly. Then the simulated back side temperature remains constant because the incident heat flux and the heat loss reach equilibrium. While the heating rate of experimental back side temperature suddenly slows down after 25s. It can be explained by the thermal decomposition of epoxy resin [1 [16 which is endothermic. After 125s, the temperature reaches quasi-constant value. In the end, the backside temperature of experiment is around 620 o C and the simulated temperature is around 60 o C lower. The comparisons of experimental and simulated variations in residual mass and MLR of C/epoxy composites are shown in Fig. 5-17. It can be observed from the residual mass curves that the final mass losses are in good agreement, and the value is about 22% of composite total mass and close to the initial resin content as shown Table 5-7. Normally the decomposition of carbon fiber occurs in an oxidative atmosphere at very high temperature and is negligible until the temperature reaches 700 o C [113 . As a result, the mass loss in the experiment is entirely due to the decomposition of the resin.

Fig 5 - 16 .

 516 Fig 5-16. Comparison of experimental and simulated back side temperature

Fig 5 -

 5 Fig 5-18. Front and back temperature of C/epoxy composite simulated by PATO

Fig 5 - 19 .

 519 Fig 5-19. Influence of (a) kvirgin on temperature; (b) kvirgin on MLR; (c) kchar on temperature; (d) kchar on MLR; (e) Cp,virgin on temperature; (f) Cp,virgin on MLR; (h) Cp,char on temperature; (i) Cp,char on MLR.

Fig 5 - 20 .Fig. 5 -

 5205 Fig 5-20. Dimensionless sensitivity coefficient of thermophysical properties on (a) temperature; (b) MLR.

Fig 5 -Fig 5 - 22 .

 5522 Fig 5-21. Kinetic of resin decomposition, influence of (a) Ea on temperature; (b) Ea on MLR; (c) A on temperature; (d) A on MLR.

Fig 5 - 23 .

 523 Fig 5-23. Kinetic of char decomposition, influence of (a) Ea on temperature; (b) Ea on MLR; (c) A on temperature; (d) A on MLR.

Fig 5 - 24 .

 524 Fig 5-24. Dimensionless sensitivity coefficient of kinetic parameters of char decompositions on (a) temperature; (b) MLR.

2 5. 4 C

 24 /epoxy simulation and comparison with experimental results obtained with the kerosene flame bench tests In this section, new simulations are performed for C/epoxy8552 composite with the thickness of 2.3mm (8-ply) and compared with the experimental results shown in Chapter 4. The density of epoxy resin and carbon fiber are 1290kg/m 2 and 1770kg/m 2 which come from the datasheet provided by the supplier. The volume fraction of carbon fiber is assumed as 50%. The thermophysical properties and decomposition kinetic parameters are the same as in 5.3 and the values are shown in Table 5-7 and 5-8. The boundary conditions are similar to those in the previous section which is shown in Fig. 5-14, but the values are referenced from experimental results in Chapter 4.

5. 4 . 1 TemperatureFig. 5 -

 415 Fig. 5-25(a) shows the simulated and calculated temperature at backside. The temperature of the backside increases quickly at first and then reaches a steady-state. In order to observe the heating process at the beginning, the curves are zoomed in for the first 200s and are shown in

Fig. 5 -

 5 Fig. 5-25(b).

Fig 5 - 2 15 )

 5215 Fig 5-25. Comparison between the simulated and experimental temperature of C/epoxy composites at backside.

Fig 5 - 27 .

 527 Fig 5-27. Constant heat flux test data and prediction showing regions where different parameters affect model results [123 .

Fig. 5 -

 5 Fig. 5-28, already presented in Chapter 4 shows a picture of the slice of an 8 plies C/epoxy8552 after an exposure to the kerosene flame. A crack, parallel to the plies, is observed in the vicinity of the backside, with a thickness equal to 0.24 mm.

Fig 5 - 28 .Fig 5 - 29 .

 528529 Fig 5-28. Slice of an 8 plies C/epoxy8552 after an exposure to the kerosene flame.

Fig 5 -

 5 Fig 5-31. Variations, as a function of time, of the backside temperature.

Chapter 6 :

 6 3D Simulation for C/PEEK and C/epoxy composites6.1 OverviewIn the previous chapter, the thermal behaviour of composite materials exposed to flame on one side is simulated using the 1D model of PATO. By comparing the simulation results with those in the literature, it is found that the model can simulate the trend of backside temperature and mass loss of the composite materials over time, but the values are different from the experimental values. In particular, the simulated backside temperature is over 100 o C higher than the experimental results in Chapter 4. The 1D model only accounts for heat transfer in the thickness direction. However, in service conditions, carbon fiber reinforced composite laminates are anisotropic due to the spatial arrangement of carbon fibers. Therefore, heat conduction within the plies may also have a significant impact on the simulation results. Therefore, in this chapter, 3D models are used to investigate the effect of composite anisotropy on the simulation results.The first section of this chapter provides a schematic overview of the simulation domain. The second section investigates the effect of the non-uniform incident heat flux on the simulation results. Results from experiments presented in Chapter 4 reveal that the incident heat flux at the front surface of the material decreases as the distance from the center point increases. The third and fourth sections of this study present 3D simulations for the C/PEEK and C/epoxy8552 composites, respectively. Temperatures at different locations on the backside are simulated and compared with experimental results from Chapter 4. The differences in conductive heat fluxes in both the in-plane and through-the-thickness of the laminates are calculated and compared.

6. 2

 2 Simulation domain and boundary conditions 6.2.1 Schematic overview of simulation domain The simulations presented in this chapter reproduce the combustion experiments of the composite materials presented in Chapter 4. The simulation results are compared with the experimental results of thermoplastic C/PEEK and thermoset C/epoxy8552 composites. As described in Chapter 3 and 4, the composite samples have the dimension of 100x150mm 2 . A 15mm thick insulation is placed between the sample and the flame which is also considered in the simulation. In the center of the insulation, there is a 50x50mm 2 window, as indicated by the black dashed square in Fig. 6-1(a). The flame is applied to the center of the sample making it axisymmetric. In order to improve the computational efficiency, only a quarter of the sample is simulated, as depicted in the region enclosed by the red dashed square in Fig. 6-1(a) which has a dimension of 75x50mm 2 . The grid size along the ply plane of the sample is set as 2.5mm and through the thickness is 0.02mm. The simulation domain is shown in Fig. 6-1(b). It consists of two parts, the insulation material and the composite sample. The flame is applied to the front surface, including the insulation material and the composite sample exposed from the window. The simulation accounts for only heat transfer in the insulation material, while both heat transfer and decomposition reactions are considered in the composite material. The insulation is BOARD SW PLUS 75 supplied by Prosiref. The input parameters for insulation material involving density, specific heat and thermal conductivity are presented in Table 6-1. The input parameters for each of the two composite materials are given in the following sections.

Fig 6 - 1 . 2

 612 Fig 6-1. Schematic of (a) sample in the experiment; (b) simulation domain.

From

  the experimental results in Chapter 4, the measured incident heat flux is related to the Wthe measured point to the flame center. When d<24mm, the incident heat flux is constant. When d>24mm, the incident heat flux decreases as d increases. The relationship between the incident heat flux and the distance d between the measured point to the flame center is shown in Fig.6-2(a). In order to investigate the effect of the variation in incident heat flux on the output temperature, a simulation is performed in this section using the variable boundary condition (variable BC). The output temperature at the backside of the insulation material is compared with the one corresponding to constant boundary condition (constant BC). As shown in Fig.6-2(b), the front surface is divided into several regions. When d<24mm, which is on the composite material, a constant heat flux is applied and the value equals the average heat flux measured in the center area. When d>60mm which is on the insulation material, a constant value is also applied with a value equal to the heat flux measured at d=60mm. Between 24mm and 60mm, the insulation is divided into six quarter-ring regions on which the heat fluxes are determined from experimental results. The incident heat flux values applied in each region are listed in

  The temperature evolution curves of three points on the backside of insulation are output values.The locations of the points are shown in Fig.6-3(a). The results are compared with those using constant BC. The total heat flux under constant BC is 123.2kW/m 2 , which is the average incident heat flux for d<24mm. The comparison results are shown in Fig. 6-3(b). It can be observed that at point

Fig 6 -

 6 Fig 6-2. (a) measured heat flux over distance d; (b) schematic of boundary condition at the front side.

Fig 6 -

 6 Fig 6-3. (a) schematic of the locations of points on the backside of insulation; (b) comparison of temperature evolutions on the backside of the insulation using constant and variable boundary conditions.

Fig. 6 -

 6 Fig.6-4shows the influence of temperature on the thermophysical properties of each component of C/PEEK composite and the effects on virgin and char materials. It can be observed that both resin and fiber have low specific heat capacities. Therefore, the calculated

Fig 6 - 4 .

 64 Fig 6-4. Thermophysical properties of individual components of C/PEEK composite as a function of temperature (a) specific heat capacity; (b) thermal conductivity.

6. 4 . 2 Fig 6 - 5 .

 4265 Fig 6-5. (a) schematic of the locations of points on the backside of C/PEEK composite; (b) comparison between simulated and experimental temperature evolutions on the backside of composites; (c) temperature evolutions in first 200s.

Fig 6 - 6 .

 66 Fig 6-6. Temperature maps of front, back and side views at certain times.

Fig 6 - 7 .

 67 Fig 6-7. (a) schematic of the locations of two points on the backside of the C/PEEK composite; (b) (c) temperature distribution through thickness at point 1 at certain moments; (d) (e) temperature distribution through thickness at point 2 at certain moments.

6. 4 . 4

 44 Fig. 6-9 shows the reaction advancements through the thickness at two points and the locations of the points are shown in Fig. 6-7(a). As mentioned above, the decomposition of carbon fiber requires stringent conditions, including high temperature and oxygen, which have a minor impact on the model output. Therefore, they are not discussed here. On the horizontal axis in Fig. 6-9, a thickness of 0mm corresponds to the front side of the sample that is exposed to flame, while a thickness of 2.3mm corresponds to the backside. The reaction advancement value of 0 indicates the decomposition reaction has not yet started, whereas a value of 1 indicates the

Fig 6 - 9 .Fig. 6 -

 696 Fig 6-9. Reaction advancements through thickness for 1 st -step and 2 nd -step decomposition of resin at two points.

Fig 6 - 10 .

 610 Fig 6-10. Influence of (a) q''rad; (b) hconv; (c) h'conv; (d) v; (e) c on the backside temperatures at two points.

Fig 6 - 11 .

 611 Fig 6-11. Influence of (a) q''rad; (b) hconv; (c) h'conv; (d) v; (e) c on MLR.

Fig. 6 -

 6 Fig. 6-12 shows the dimensionless sensitivity coefficients Sj over time of the input parameters of boundary conditions. The Speak and the Sj at 300s are summarized in Table 6-9. The positive value of the Sj indicates that the increase in the input parameter leads to an increase in the output.

Fig. 6 -

 6 Fig. 6-13 and Fig. 6-14 show the effects of variation in specific heat and thermal conductivity of virgin and char materials on the backside temperature at two points and the MLR. The locations of the two points are shown in Fig. 6-7(a). It can be observed from Fig. 6-13 that the variations of specific heat capacities of virgin and char materials both affect the backside temperature at point 1 between 30 to 70s. And the time to reach the steady state is also affected.

Fig 6 - 13 .Fig 6 - 14 .

 613614 Fig 6-13. Influence of (a) Cp,v ; (b) kv; (c) Cp,c; (d) kc on the backside temperatures at two points.

Fig. 6 -

 6 Fig.6-16 shows the influence of the kinetic parameters of the first step decomposition of PEEK resin on the backside temperature at two points. It can be observed that only the effect of activation energy Ea on the backside temperature is evident, while the effects of other parameters including A, n, F, hp are invisible. This conclusion is consistent with the findings from the sensitivity analysis of decomposition kinetic parameters in 1D simulations. The activation energy Ea indicates the strength of the thermal decomposition reaction. For the simulation with lower Ea, the decomposition reaction starts early and occurs at a higher rate.

Fig. 6 -Fig 6 - 16 .Fig 6 - 17 .Fig. 6 -

 66166176 Fig. 6-17 shows the effects of kinetic parameters on MLR. It is obvious that MLR is most

Fig 6 - 18 .

 618 Fig 6-18. Dimensionless sensitivity coefficient of kinetic parameters of the resin decomposition on (a) backside temperature at point 1; (b) backside temperature at point 2; (c) MLR; (d) MLR without Ea.

6. 5 . 2 Fig 6 -

 526 Fig 6-19. (a) schematic of the locations of points on the backside of C/epoxy composite; (b) comparison between simulated and experimental temperature evolutions on the backside of composites; (c) temperature evolutions in first 300s.

Fig. 6 - 3 .

 63 Fig. 6-20 shows the temperature map at the front, back and side views at different times. The thickness in the side view is 10 times the original, with the length and width remaining unchanged in order to observe the temperature distribution. The black dashed box indicates the flame exposed area.

Fig 6 -

 6 Fig 6-20. Temperature maps of front, back and side views of C/epoxy composite at certain times.front back

Fig 6 -

 6 Fig 6-21. (a) schematic of the locations of two points on the backside of C/epoxy composite; (b) temperature distribution through thickness at point 1 at certain moments; (c) temperature distribution through thickness at point 2 at certain moments.
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 536 Fig.[START_REF] Mrazova | Advanced composite materials of the future in aerospace industry[END_REF][START_REF] Biasi | Modélisation thermique de la dégradation d'un matériau composite soumis au feu[END_REF][START_REF] Hsissou | Polymer Composite Materials: A Comprehensive Review[END_REF][START_REF] Alves | Biomedical polyurethanes-based materials[END_REF][START_REF] Khalifeh | Introduction to polymers for electronic engineers[END_REF][START_REF] Vagner | Chimie de la combustion des polymères et ignifugation[END_REF][START_REF] Knop | Degradation of Phenolic Resins by Heat, Oxygen and High-Energy Radiation[END_REF][START_REF] Scaffaro | Matrix and Filler Recycling of Carbon and Glass Fiber-Reinforced Polymer Composites: A Review[END_REF][START_REF] Saleem | High Performance Thermoplastic Composites: Study on the Mechanical, Thermal, and Electrical Resistivity Properties of Carbon Fiber-Reinforced Polyetheretherketone and Polyethersulphone[END_REF][START_REF] Mouritz | Review of Fire Structural Modelling of Polymer Composites[END_REF][START_REF] Tranchard | Fire behaviour of carbon fiber epoxy composite for aircraft: Novel test bench and experimental study[END_REF][START_REF] Bibinger | Ply-Resolved Quantification of Thermal Degradation in Carbon Fibre-Reinforced Polymers[END_REF][START_REF] Langot | Multi-Physics Modeling of the Ignition of Polymer Matrix Composites Exposed to Fire[END_REF][START_REF] Tian | Anisotropic Thermal Conductivity Measurement of Carbon-Fiber/Epoxy Composite Materials[END_REF][START_REF] Saba | A Review on Thermomechanical Properties of Polymers and Fibers Reinforced Polymer Composites[END_REF][START_REF] Raghava | Thermal Expansion of Organic and Inorganic Matrix Composites: A Review of Theoretical and Experimental Studies[END_REF][START_REF] Tranchard | Kinetic Analysis of the Thermal Decomposition of a Carbon Fibre-Reinforced Epoxy Resin Laminate[END_REF] shows the comparison between the experiment and the simulation of C/epoxy8552 in total mass loss and MLR. As shown in Fig.6-22(a), the simulated mass loss curve is in good agreement with the experimental curve. Only a small difference can be observed in the first 300s. At 900s, the total mass losses are 4.24g for both the experiment and the simulation. From the MLR curves at right, the simulated MLR curve has a sharp peak with a value of 0.56g/s, which is approximately twice the peak value of the experimental MLR curve. Based on the sensitivity analysis above, the peak value of MLR curve is sensitive to radiative incident heat flux, the specific heat capacity of virgin material and the activation energy of resin. Therefore, it is possible to improve the accuracy of the model MLR output by fitting these input parameters, while avoiding affecting the total mass loss.
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 6226 Fig 6-22. Comparison of experimental and simulated (a) total mass loss; (b) MLR

Fig 6 - 23 .

 623 Fig 6-23. Reaction advancements through thickness for 1 st -step and 2 nd -step decomposition of resin at two points.

  As a result, 3D simulations are carried out to analyze the effect of heat conduction along the fiber plies. The simulated results are compared with the experimental results obtained in this study. The insulation is also considered in the three-dimensional simulations. Firstly, the boundary condition is simulated based on experimental data of the heat flux, which show a decrease in the radial direction. It is shown that the varying heat flux has small effect on the surface temperature values. As a result, a constant heat flux value measured at the center can be employed instead. A comparison between simulated and experimental results for C/PEEK and C/epoxy composites shows that the simulated temperatures at the center of backside is 140-160 o C higher than the experimental values, while the temperatures outside the flame exposed area are in good agreement. By calculating the conductive heat flux in different directions, it

  modeling. The kerosene burner used in this work is an improvement on E Schuhler's test bench and is able to accurately measure the backside temperature and mass evolutions of the composite during the experiments. Improvements are needed in the measurement of the front surface temperature. Because of the effect of the flame, the measured temperatures on the front surface are too high to offer a more precise foundation for subsequent comparison with the simulation results. Corrections for the flame contribution to the I.R. signal received by the camera has to be developed. Another way could be to use, for the front face temperature during tests, the phosphor thermometry method, as it has been applied recently to the back face of composite exposed to a flame [130 .
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 2 

-1 shows the Tg, Tm and Td of a few common polymers

[1 [11 [12 . 

Table 2 -

 2 Reinforcements are usually fibers which can provide good mechanical strength. The commonly used fibers are glass fiber, carbon fiber and aramid fiber. Glass fiber has the most market volume because of its low production cost and good properties. The use of carbon fiber keeps growing

	Material	Tg ( o C)	Tm ( o C)	Td ( o C)
	PP	-20 -20	150-175	447
	PC	145-150	-	480-485
	PVC	60-100	-	290-460
	PEKK	-	338	515

1. Characteristic temperatures of a few polymers.

Fig 2-4. Schematic of crystalline and amorphous state in polymer structure [10 .

in the last few years since it can achieve more advanced properties and maintain low weight

[13 . 

Most composites are in the form of laminates consisting of individual layers or plies. In laminates, the reinforcement is not treated as individual fibers, but as bundles containing hundreds or thousands of fibers, known as tows. The fiber tows in each layer can be arranged in a variety of ways. The strength and stiffness of composites can be influenced by the orientation of the fiber tows and the way they are stacked.

  Where, 𝑚 0 , 𝑚 𝑓 account for initial and final mass. 𝑚 (𝑡) is the current mass. In many studies, Apart from Equation2.8, there are many other forms[44 , which are shown in Table 2-2.

	𝑓(𝛼) = (1 -𝛼) 𝑛	(2.8)
	n is the reaction order.					
	Fig 2-10. Typical reaction schemes.
	adopted to describe the decomposition process of the
	material. The general form is presented as Equation 2.6.
	𝑑𝛼 𝜕𝑡	= 𝐴𝑒	(-	𝐸 𝑅𝑇	) 𝑓(𝛼)	(2.6)
	Where A is pre-exponential factor, E is activation energy and R is universal gas constant. 𝛼
	represents the decomposition advancement. It can be calculated as
	𝛼 =	𝑚 0 -𝑚 (𝑡) 𝑚 0 -𝑚 𝑓	(2.7)
	𝑓(𝛼) is expressed as a n-order equation [18 [42 [43 :

Table 2 -

 2 2. Some of the kinetic models used in solid-state kinetics[44 . 

	2.2.3 Gas transportation model			
	The transportation of pyrolysis gas in composites involves convection and diffusion. The
	diffusion process is commonly described by Fick's diffusion law which relates the diffusive
	flux to the gradient of concentration. The convection process is performed by Darcy's law
	which describes the flow of fluid through a porous medium. This law refers to a momentum
	conservation equation in which inertial and gravitational terms are neglected. The convective
	flux is related to permeability of solid, pressure drop and dynamic viscosity of fluid. During the
	decomposition process of composite, diffusion process can be ignored because the convection
	is much faster than diffusion [45 [46 . The gas velocity is calculated by a steady-state Darcy's
	law:			
	𝑣 = -	𝑲 𝜇	∇𝑃	(2.10)

It was initially developed at 0D/1D models with the support of NASA. The 0D model refers to a simplified model for a single and homogeneous particle with negligible temperature gradients. It is an

  

	package based on the Finite Volume Method (FVM). It is primarily used to simulate and
	optimize various fluid dynamic problems. One of the open-source packages, FireFoam, based
	on OpenFOAM, can be used to simulate fire spread and heat transfer processes.
	Chaos et al. [57 developed 1-D pyrolysis model in FireFoam. The authors used an optimization
	algorithm to fit the thermal and decomposition parameters of materials required by the model.
	Yanming Ding et al. [58 simulated the temperature and mass flux of wood at the front and rear
	surfaces under radiation flux using FireFoam. The decomposition process is described by a
	simple one-step nth-order Arrhenius expression. The authors then investigated the pyrolysis
	kinetic parameters and pyrolysis gas products for each component of the wood [59 and applied
	the results to the coupled multi-component combustion and soot models in FireFoam [60 . The
	predicted mass loss and heat release rates agreed well with the experimental cone calorimetry
	data, indicating that the predictions of the model were improved in terms of accuracy.
	Moreover, FireFOAM can also simulate the thermal response of other materials. Grange et al.
	[43 simulated the heat transfer and decomposition processes of two carbon fiber reinforced
	Fig 2-13. Comparison between model prediction (using ANSYS and COMSOL) and composites, a thermosetting phenolic resin and a thermoplastic PEKK, by using FireFoam and
	experimental data of glass fiber reinforced polyester /for (a) MLR at 60kW/m 2 ; (b) HRR at the detailed local sensitivity analysis of the different parameters of the model was carried out.
	50 kW/m 2 [51 . Vinayak [61 studied the thermal response of Polymethyl methacrylate (PMMA) under radiant
	heating and then validated the model by comparing it with the results of a cone calorimeter-like
	experiment.
	ThermaKin is a software package for simulating the pyrolysis process of materials, developed
	by Stoliarov in the Maryland University. It can simulate decomposition reactions, volatilisation
	and vaporisation of materials at high temperatures and the resulting complex multi-physical
	idealized model for small scale experiments such as TGA and differential scanning calorimetry field coupling of material transfer, heat transfer and chemical reactions. The thermal
	(DSC) [52 . Then it was extended to 2D and 3D models. The temperature species and pressure degradation processes of a variety of materials were analyzed including carbon fiber reinforced
	distribution can be solved. Coupled with a genetic algorithm, Gpyro can help determine epoxy [62 , PEEK [63 , PLA containing intumescent flame retardants [64 , and glass fiber
	material properties that can serve as model input parameters for fire testing or reinforced polyamide 66 with red phosphorous [65 . The model can be coupled with iterative
	thermogravimetric analysis (TG) [53 [54 . optimization process to calculate and optimize the pyrolysis kinetic parameters and
	Extensive work has been done by Lautenberger et al. [53 [55 using Gpyro to verify the thermophysical properties [66 .
	flexibility of the model. The model can be used to simulate the pyrolysis and thermo-oxidative
	decomposition processes of non-charring polymer, charring material, intumescent material and
	porous material. A two-temperature model was then developed to simulate the transition from
	smouldering to flaming [56 .
	OpenFOAM (Open Field Operation and Manipulation) is a free open-source CFD software

Table 2

 2 

	-3. Measured thermophysical properties of a few composites.

  2 𝑇 (2.34) 𝑘 𝑐 = 𝑘 𝑐,1 + 𝑘 𝑐,2 𝑇 + 𝑘 𝑐,3 𝑇 2 + 𝑘 𝑐,4 𝑇 3 (2.35) Where, T accounts for temperature, 𝑘 𝑣,1 , 𝑘 𝑣,2 the curve fit coefficients of virgin material, 𝑘 𝑐,1 , 𝑘 𝑐,2 , 𝑘 𝑐,3 , 𝑘 𝑐,4 the curve fit coefficients of char material.Similarly, the specific heat capacity can be expressed as a function of temperature:

	𝐶 𝑝,𝑣 = 𝐶 𝑝,𝑣1 + 𝐶 𝑝,𝑣2 𝑇	(2.36)
	𝐶 𝑝,𝑐 = 𝐶 𝑝,𝑐1 + 𝐶 𝑝,𝑐2 𝑇	(2.37)

Where, T accounts for temperature, 𝐶 𝑝,𝑣1 , 𝐶 𝑝,𝑣2 the curve fit coefficients of virgin material, 𝐶 𝑝,𝑐1 , 𝐶 𝑝,𝑐2 the curve fit coefficients of char material.

Progelhof et al.

[96 and Wang et al. 

[97 introduced a number of well-established models for predicting the effective properties of composite materials and where they are applicable. In practice, it is necessary to choose the appropriate calculation method for the specific situation. 2.4 PATO In this work, PATO model is used to analyze the heat and mass transfer processes inside composites exposed to fire. PATO is the abbreviation of Porous material Analysis Toolbox based on OpenFOAM [102 which is released by NASA (National Aeronautics and Space Administration). It's an open-source extend library of OpenFOAM for multiphase porous reactive materials. PATO can be combined with Mutation++, a dynamic and chemistry library developed by Von Karman Institute for Fluid Dynamics, to compute the gas properties and equilibrium compositions during the decomposition process [46 [103 . Initially, PATO was developed to predict the ablation of materials which are used as Thermal Protection Systems

Table 2 -

 2 [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF]. Sub-models and options used in this study.

	Sub-models Geometry	Material properties	Pyrolysis	Mass	Energy	Gas properties	IO type
	0D	Porous	Linear Arrhenius	No	No	No	purePyrol ysis
	1D/3D	Porous	Linear Arrhenius	Darcy law pyrolysis	tabulated	No

  𝜏 = ∑ ∑ 𝜖 𝑠,𝑖 𝜌 𝑠,𝑖 𝐹 𝑖,𝑗 𝜒 𝑖,𝑗 ∑ ∑ 𝜖 𝑠,𝑖 𝜌 𝑠,𝑖 𝐹 𝑖,𝑗 𝜒 𝑖,𝑗

	𝑁𝑝	𝑁𝑠𝑝		
			𝑁𝑝	𝑁𝑠𝑝	(1 -𝜒 𝑖,𝑗 )	(2.57)
	𝑖	𝑗	𝑖	𝑗
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 4 1. Information on carbon fiber-reinforced composites.

	Sample	Ply	Thickness (mm)	Stacking sequence	Fiber orientation
	C/PEEK	7	2.3	[0,90 [±45 [0,90 [±45 [0,90 [±45 [0,90	quasi-isotropic
		7	2.1	([0,90 )7	cross-ply
	C/epoxy914	8	2.3	([0,90 [±45 [±45 [0,90 )s	quasi-isotropic
		6	1.7	([0,90 [±45 [±45 )s	quasi-isotropic
	C/epoxy8552	8	2.3	([0,90 [±45 [±45 [0,90 )s	quasi-isotropic
		10	2.9	([0,90 [±45 [0,90 [±45 [0,90 )s	quasi-isotropic

Table 4 -

 4 2. Characteristic temperatures for the thermal degradation of composites.

	Sample	Tonset ( o C)	Tmax ( o C) a
	C/PEEK [109	520	590
	C/epoxy914[110	322	364
	C/epoxy8552 [1	320	390

a Tmax represents the temperature where the peak of mass loss rate occurs in the DTG curve.
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 4 [START_REF] Serra | Validation and Modeling of Aeronautical Composite Structures Subjected to Combined Loadings: The VERTEX Project. Part 2: Load Envelopes for the Assessment of Panels with Large Notches[END_REF]. Average thermal stress conditions and material masses.

		C/PEEK 7-ply	C/epoxy914 7-ply	C/epoxy914 8-ply
	Heat flux (kW/m²)	120.0 (±1.3)	121.1 (±3.6)	120.2 (±1.9)
	Flame temperature (°C) 1113 (±73)	1116 (±30)	1048 (±14)
	Inital mass (g)	51.3 (±0.30)	47.45 (±0.14)	53.24 (±0.66)
	Fiber volume fraction (%) [111 [112	50	50	50
	Total mass loss (g)	1.50 (±0.15)	4.50 (±0.29)	4.95 (±0.16)
	Mass loss (%)	2.85 (±0.20)	9.49 (±0.63)	9.30 (±0.39)
	4.3.1 Sample surface appearance after experiment		

Table 4 -

 4 [START_REF] Rouchon | Certification of large airplane composite structures[END_REF]. The average total swelling data at the center (x=75mm) of the three composites.

	Sample	C/PEEK	C/epoxy914 7-ply	C/epoxy914 8-ply
	Front (mm)	1.04	1.00	1.39
	Back (mm)	0.63	0.40	0.02
	Total (mm)	1.67	1.40	1.41

Table 4 -

 4 [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF]. Average thermal stress conditions and material masses.

	6-ply	8-ply	10-ply

4.4.1 Sample surface appearances during and after experiments 1. Front surface appearances during experiments

Table 4 -

 4 [START_REF] Mrazova | Advanced composite materials of the future in aerospace industry[END_REF] summarizes the important phenomena of all materials during the tests. The thinner the sample, the shorter the time that pyrolysis gas is ignited.

Table 4 -

 4 [START_REF] Mrazova | Advanced composite materials of the future in aerospace industry[END_REF]. Summary of events during the tests.

		6-ply	8-ply	10-ply
	Events			
		sample 3	sample 2	sample 3
	Ignition of pyrolysis gas	14s	19s	26s
	Time of crack appearance at the back face	13s	18s	26s
	Duration of crack at back face	13s	19s	22s
	Strong flame in the front	14-30s	19-40s	26-54s
	Normal flame with char in the front	30-70s	40-70s	54-100s
	Time of naked fiber appearance	>70s	>70s	>100s
	2. Surface appearances after experiments			

Table 4 -

 4 [START_REF] Biasi | Modélisation thermique de la dégradation d'un matériau composite soumis au feu[END_REF]. The average swelling data at the center (x=75mm) of the samples in three thicknesses.

	Sample	6-ply	8-ply	10-ply
	Front (mm)	0.87	0.93	1.16
	Back (mm)	0.42	0.53	0.52
	Total (mm)	1.29	1.46	1.68

Table 4 -

 4 the crack appearance on the back face, as shown in Table4-6. Delamination cracking occurs in the laminates when exposed to the heat flux, as shown in Fig. 4-33. Delamination is caused by several phenomena including thermal softening and decomposition of the polymer matrix, internal pressure generated by volatile gases, and internal strains resulting from thermal

	8. Length of cracks after 30s of flame exposure.	
		Crack 1	Crack 2	Crack 3
	Length (mm)	60.3	40.7	20.0

and gases cannot escape. They can exert high internal pressures, which force the delamination to grow and result in a big swelling at the back face. This may be different at lower thermal stresses. Grigoriou [114 found that, under 50 kW/m2, the big crack is located near the exposed surface. After several seconds, with the degradation of resin near the back face, the gas can escape again from the sample and the big swelling at the back face is lower.
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 4 9. The swelling data at the center (x=75mm) of the two materials.

	Sample	Cepoxy914	Cepoxy 8552
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 5 1. Thermophysical properties of the individual components of the C/PEKK composite[43 . 

	2.24), as expressed below:					
	𝑘 𝑣 𝑘 𝑟	= 1 +	(	𝑘 𝑓 𝑘 𝑟	3( + 2) -( 𝑘 𝑓 𝑘 𝑟 -1)𝑉 𝑓 𝑘 𝑟 -1)𝑉 𝑓 𝑘 𝑓	(5.2)
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 5 

	parameters	symbol	value	Temperature range ( o C)	references
	Density (kg/m 3 )	𝜌 𝑟 𝜌 𝑓	1245 1760		[43
	Fiber volume fraction	𝜖 𝑓	0.58		[78
	Conductivity (W/m/K)	𝑘 𝑣 𝑘 𝑐	0.353-0.626 0.65-1.69	20-600 450-1000	[43
	Specific heat capacity (J/kg/K)	𝐶 𝑝,𝑣 𝐶 𝑝,𝑐	861-1680 912-1720	20-600 450-1000	[43
	Permeability (m 2 )	𝐾 𝑣 𝐾 𝑐	2.42 × 10 -17 2.83 × 10 -10		[118
	Absorptivity	𝛼 𝑣 𝛼 𝑐	0.9 0.9		[43
	Emissivity	𝜀 𝑣 𝜀 𝑐	0.9 0.9		[43
	Pre-exponential factor (/min)	A	4.23 × 10 10		
	Activation energy (kJ/mol)	Ea	207.71		[87
	Reaction order	n	1.5		
	Decomposition heat (J/kg)	hp	-2.68 × 10 5		[109

2. Input parameters the virgin and char (decomposed) of C/PEKK composite used in PATO.

  Sensitivity analysis consists of local SA and global SA [122 . Local SA examines the effect of small variations in the value of each input parameter on the model output. The interactions between input parameters are not considered. In contrast, in global SA, all input parameters are changed simultaneously. In this study, local SA is used. The details of the calculation of local SA are described in [43 . The simplified transient local sensitivity coefficient 𝑆 𝑖 is calculated by:
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 5 [START_REF] Serra | Validation and Modeling of Aeronautical Composite Structures Subjected to Combined Loadings: The VERTEX Project. Part 2: Load Envelopes for the Assessment of Panels with Large Notches[END_REF]. The variation range of thermophysical properties of C/PEKK.

	parameters	unit	Lower value	Original value	Higher value
	𝑘 𝑣	W/m/K	90% virgin k	0.353-0.626	110% virgin k
	𝑘 𝑐	W/m/K	90% char k	0.65-1.69	110% char k
	𝐶 𝑝,𝑣	J/kg/K	90% virgin cp	861-1680	110% virgin cp
	𝐶 𝑝,𝑐	J/kg/K	90% char cp	912-1720	110% char cp

Table 5 -

 5 [START_REF] Rouchon | Certification of large airplane composite structures[END_REF]. The variation range of kinetic parameters of C/PEKK.

	parameters	unit	Lower value	Original value	Higher value
	Ea	J/mol	186939	207710	228481
	A	/s	6.345 × 10 8	7.05 × 10 8	7.775 × 10 8
	n	-	1.35	1.5	1.65

Table 5 -

 5 [START_REF] Mouritz | Fire Properties of Polymer Composite Materials[END_REF]. Maximum value of dimensionless sensitivity coefficient.

	Speak	Temperature S	Mass loss rate S
	kvirgin	-0.148	-6.410
	kchar	0.015	-0.412
	Cp,virgin	-0.353	-11.05
	Cp,char	-0.014	-0.358
	Ea	-0.227	-9.518
	A	0.032	1.810
	n	-0.011	-0.704
	F	0.018	1.485
	hp	-0.002	0.055
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 5 [START_REF] Biasi | Modélisation thermique de la dégradation d'un matériau composite soumis au feu[END_REF]. Input parameters of virgin and char of C/epoxy composites used in PATO.

	parameters	symbol	value	references
	Density (kg/m 3 )	𝜌 𝑟 𝜌 𝑓	985 1215	[1
	Fiber volume fraction	𝜖 𝑓	0.69	[1

Table 5 -

 5 [START_REF] Mrazova | Advanced composite materials of the future in aerospace industry[END_REF]. Material properties of C/epoxy8552 composites.

	Chapter 5: 1D simulation

Table 5 -

 5 [START_REF] Hsissou | Polymer Composite Materials: A Comprehensive Review[END_REF]. Decomposition scheme and corresponding kinetic parameters of C/epoxy composites[1 . 

	Reaction scheme	A(s -1 )	Ea (J/mol) order	F hp(kJ/kg)
	resin → 0.152 char + 0.848 gas	2.79 × 10 10	1.62 × 10 5	4 0.848	-822
	char → gas	2.08 × 10 7	1.81 × 10 5 1.28	1	-422
	fiber → 0.989 char + 0.011 gas	4.37 × 10 14	3.21 × 10 5	1	0.011	-822

Table 5 -

 5 [START_REF] Khalifeh | Introduction to polymers for electronic engineers[END_REF]. The variation range of kinetic parameters for resin decomposition.

	parameters	unit	Lower value	Original value	Higher value
	Ea	J/mol	1.46 × 10 5	1.62 × 10 5	1.78 × 10 5
	A	/s	2.51 × 10 10	2.79 × 10 10	3.01 × 10 10
	n	-	3.6	4	4.4
	F	-	0.763	0.848	0.933
	hp	J/kg	-7.40 × 10 5	-8.22 × 10 5	-9.04 × 10 5

Table 5 -

 5 [START_REF] Vagner | Chimie de la combustion des polymères et ignifugation[END_REF]. The variation range of kinetic parameters for char decomposition.

	parameters	unit	Lower value	Original value	Higher value
	Ea2	J/mol	1.63 × 10 5	1.81 × 10 5	1.99 × 10 5
	A2	/s	1.87 × 10 7	2.08 × 10 7	2.29 × 10 7
	n2	-	1.15	1.28	1.41
	F2	-	0.9	1	1.1

Table 5 -

 5 [START_REF] Knop | Degradation of Phenolic Resins by Heat, Oxygen and High-Energy Radiation[END_REF]. The variation range of kinetic parameters for fiber decomposition.

	parameters	unit	Lower value	Original value	Higher value
	Ea	J/mol	2.89 × 10 5	3.21 × 10 5	3.53 × 10 5
	A	/s	3.93 × 10 14	4.37 × 10 14	4.81 × 10 14

Table 5 -

 5 [START_REF] Scaffaro | Matrix and Filler Recycling of Carbon and Glass Fiber-Reinforced Polymer Composites: A Review[END_REF]. Maximum value of dimensionless sensitivity coefficient.

	Speak		Temperature S	Mass loss rate S
		virgin k	0.086	-6.79
	Thermophysical	virgin Cp	-0.408	-14.0
	properties	char k	0.039	-0.054
		Char Cp	-0.110	1.06
		E	0.184	-764
		A	-0.008	1.196
	Kinetic parameters of resin decomposition	F	-0.080	1.741
		n	0.014	-0.576
		hp	-0.070	-0.708
		E	1.56 × 10 -2	-26.7
	Kinetic parameters of char	A	-3.17 × 10 -4	0.799
	decomposition	F	-1.46 × 10 -3	4.62
		n	6.63 × 10 -5	-0.18
		E	-1.20 × 10 -5	1.33 × 10 -3
	Kinetic parameters of			
	fiber decomposition			

Table 5 -

 5 [START_REF] Saleem | High Performance Thermoplastic Composites: Study on the Mechanical, Thermal, and Electrical Resistivity Properties of Carbon Fiber-Reinforced Polyetheretherketone and Polyethersulphone[END_REF]. Sensitivity coefficient value of the input parameters during the quasi-steady state period.

	Parameters	𝛼	𝜀	ℎ 𝑐𝑜𝑛𝑣,𝑓𝑟𝑜𝑛𝑡 (W/m 2 /K)	ℎ 𝑐𝑜𝑛𝑣,𝑏𝑎𝑐𝑘 (W/m 2 /K)	𝑞̇𝑟 𝑎𝑑 " (kW/m 2 )	𝑇 𝑓 ( o C)	e (mm)	𝑘 𝑒𝑞𝑢𝑖𝑣
	Reference value 0.9 0.9	49.2	10	67.2	1100	3.76 0.219
	Sensitivity								
	coefficient on	0.18 -0.20	0.05	-0.005	0.19	0.21	0.03 -0.03
	𝑇 𝑓𝑟𝑜𝑛𝑡								
	Sensitivity								
	coefficient on	0.10 -0.24	0.02	-0.04	0.10	0.11	-0.15 0.16
	𝑇 𝑏𝑎𝑐𝑘								
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	-1. Thermophysical properties of insulation.	
	parameters	unit	temperature	value
	𝜌	kg/m 3	-	320
	𝐶 𝑝	J/kg/K	-	1080
	𝑘		300 o C	0.09

Table 6 -

 6 2. The calculation of radiative heat flux qrad and the convection heat transfer coefficient hconv are described in 6.2.2.

Table 6 -

 6 2. Boundary conditions of each region for variable BC.

	distance d (mm)	(kW/m 2 ) Averaged qtotal	qrad	hconv
	< 24	123.2	69.0	51.6
	24-30	112.3	62.9	47.0
	30-36	95.8	53.7	40.1
	36-42	80.8	45.2	33.8
	42-48	70.2	39.3	29.4
	48-54	62.5	35.0	26.1
	54-60	56.2	31.5	23.5
	>60	53.2	29.8	22.3
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 6 3. Input parameters of virgin and char material of C/PEEK composite used in PATO.

	parameters	symbol	value	Temperature range (K)	references
	Density (kg/m 3 )	𝜌 𝑟 𝜌 𝑓	1320 1770	--	[111
	Fiber volume fraction	𝜖 𝑓	0.5	-	[111
		𝑘 𝑣,//	0.465	-	
	Conductivity (W/m/K)	𝑘 𝑣,⊥ 𝑘 𝑐,//	2.325 0.53-1.28	--	[109
		𝑘 𝑐,⊥	2.65-6.4	-	
	Specific heat capacity (J/kg/K)	𝐶 𝑝,𝑣 𝐶 𝑝,𝑐	898 1010-1134	300-500 500-900	[109
	Permeability (m 2 )	𝐾 𝑣 𝐾 𝑐	2.42 × 10 -17 2.83 × 10 -10	--	[109
	Absorptivity	𝛼 𝑣 𝛼 𝑐	0.9 0.9	--	[43
	Emissivity	𝜀 𝑣 𝜀 𝑐	0.9 0.9	--	[43

Table 6 -

 6 [START_REF] Rouchon | Certification of large airplane composite structures[END_REF]. Decomposition scheme and corresponding kinetic parameters of C/PEEK composites.

	Reaction scheme	A(s -1 )	Ea (J/mol) order	F hp(kJ/kg)
	resin → 0.6 resin_res1 + 0.4 gas	4.3 × 10 28	5.05 × 10 5	1	0.4	-268
	resin_resi1 → 0.84resin_char + 0.16gas	1.4	5.2 × 10 4	1	0.16	101
	fiber → 0.989 char + 0.011 gas	4.37 × 10 14	3.21 × 10 5	1	0.011	-822

Table 6 -

 6 [START_REF] Hsissou | Polymer Composite Materials: A Comprehensive Review[END_REF]. The variation range of kinetic parameters 1 st step decomposition of PEEK resin.

	parameters	unit	Lower value	Original value	Higher value
	Ea	J/mol	4.545 × 10 5	5.05 × 10 5	5.555 × 10 5
	A	/s	3.87 × 10 28	4.3 × 10 28	4.73 × 10 28
	n	-	0.9	1	1.1
	F	-	0.36	0.4	0.44
	hp	J/kg	-2.412 × 10 5	-2.68 × 10 5	-2.948 × 10 5
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 6 [START_REF] Alves | Biomedical polyurethanes-based materials[END_REF]. Dimensionless sensitivity coefficient at peak and at 300s.

		Temperature at point 1	Temperature at point 2		MLR
		Speak	Sj at 300s	Speak	Sj at 300s	Speak	Sj at 300s
	q''rad	0.376	0.157	-	0.171	91	0.31
	hconv	0.152	0.051	-	0.062	19	0.09
	h'conv	0.036	0.020	-	-0.069	-0.38	-0.10
	v	-0.196	-0.011	-	-0.135	-6.8	-0.03
	c	-0.203	-0.203	-	-0.074	-1.08	-0.53
	Virgin Cp	-0.428	0.005	-0.176	-0.042	-61	-0.004
	Virgin k	0.135	-0.003	0.114	0.055	-47	0.034
	Char Cp	-0.270	-0.003	-0.012	-0.005	-1.85	0.09
	Char k	0.058	0.030	-	0.026	0.18	0.03
	Ea	0.462	-0.041	-	-0.199	-69447	-1.35
	A	0.015	-0.0004	-	0.003	1.23	-0.02
	n	0.001	0.0002	-	-0.002	-0.312	0.011
	F	-0.057	-0.0003	-0.0027	-0.001	1.373	0.220
	hp	-0.034	-0.0001	-0.0015	-0.0005	0.256	0.129

Table 6 -

 6 [START_REF] Khalifeh | Introduction to polymers for electronic engineers[END_REF]. Input parameters of virgin and char of C/epoxy composite used in PATO.

	parameters	symbol	value	references
	Density (kg/m 3 )	𝜌 𝑟 𝜌 𝑓	1290 1770	[129
	Fiber volume fraction	𝜖 𝑓	0.5	
		𝑘 𝑣,//	4.535	
	Conductivity (W/m/K)	𝑘 𝑣,⊥ 𝑘 𝑐,//	0.907 3.475	[1
		𝑘 𝑐,⊥	0.695	
	Specific heat capacity (J/kg/K)	𝐶 𝑝,𝑣 𝐶 𝑝,𝑐	1058.5 721.44	[1
	Permeability (m 2 )	𝐾 𝑣 𝐾 𝑐	2.42 × 10 -17 2.83 × 10 -10	[118
	Absorptivity	𝛼 𝑣 𝛼 𝑐	0.9 0.9	[1 [1
	Emissivity	𝜀 𝑣 𝜀 𝑐	0.9 0.9	[1

Table 6 -

 6 [START_REF] Vagner | Chimie de la combustion des polymères et ignifugation[END_REF]. Conductive heat flux in three directions at two locations.

	Point coordinates(mm)	Time (s)	Temperature ( o C)	𝑞 𝑥 (W/m 2 )	𝑞 𝑦 (W/m 2 )	𝑞 𝑧 (W/m 2 )
		20	398.14	324	324	41766
	Point 1					
		100	635.831	698	699	33962
	(0, 0, 1.15)					
		900	643.344	393	389	33933
		20	47.238	13529	13531	181
	Point 2					
		100	161.424	36708	38081	1542
	(30, 30, 1.15)					
		900	296.45	27052	25399	5372

This is mainly due to the different decomposition kinetics of the two epoxy resins.
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Therefore, at front side, the total heat flux is expressed as:

𝑞 ′′ 𝑓𝑟𝑜𝑛𝑡 = 𝛼𝑞 ′′ 𝑟𝑎𝑑 + ℎ 𝑐𝑜𝑛𝑣 (𝑇 𝑓 -𝑇 𝑠 ) -𝜀𝜎(𝑇 𝑠 4 -𝑇 ∞ 4 ) (5.11)

The first and second term on the right-hand side represent the radiant part and the convective part of incident heat flux. Based on measurements and calculations performed by Schuhler [1 , the radiative heat flux 𝑞 ′′ 𝑟𝑎𝑑 equals to 22kW/m 2 , the convection heat transfer coefficient ℎ 𝑐𝑜𝑛𝑣 is 66W/m 2 /K and flame temperature 𝑇 𝑓 is 1600K. 𝛼 accounts for the absorptivity, 𝑇 𝑠 the surface temperature of composite. The third term is the radiative heat loss due to the hot surface.

𝜀 accounts for emissivity. 𝜎 is the Stephan-Boltzmann constant (5.67 × 10 8 𝑊/𝑚 2 /𝐾 4 ). 𝑇 ∞ accounts for the atmospheric temperature.

On the back side, the heat flux loss is expressed as: 𝑞 ′′ 𝑏𝑎𝑐𝑘 = 𝜀𝜎(𝑇 𝑏 4 -𝑇 ∞ 4 ) (5.12)

Where 𝑇 𝑏 accounts for the back side surface temperature.

Comparison of mass loss and temperature

The backside temperature and mass loss of C/epoxy composite are simulated by PATO using the material properties and boundary conditions from previous section. The simulation results are compared with the experimental results from Schuhler [1 .

Fig. 5-16 shows the comparison of back side temperature evolution of C/epoxy between the simulations performed by PATO and the experimental results. It can be seen that the simulated Where the left side represents the net heat flux on the back side and the right side is the heat conduction on the back side. The subscript back represents the backside. 𝑇 𝑎𝑚𝑏 is the ambient temperature.

During quasi-steady state, the net heat fluxes at the front and back faces balances. So, Where 𝑇 𝑓𝑟𝑜𝑛𝑡 , 𝑇 𝑏𝑎𝑐𝑘 and 𝑘 𝑒𝑞𝑢𝑖𝑣 are unknown.

Based on the equations above, the the sensitivity coefficients are calculated as follows.

First: 𝑇 𝑏𝑎𝑐𝑘 is measured by IR camera at 3.9μm, giving an average value of 450 °C. So, 𝑇 𝑓𝑟𝑜𝑛𝑡 and 𝑘 𝑒𝑞𝑢𝑖𝑣 can be calculated from equations 5. 

Calculation of conductive heat flux in different directions

In order to quantify the heat conduction at a given point in the composite material, the conductive heat fluxes in three different directions are calculated: x and y are in the ply plane and z is through-the-thickness. The method is that determine the temperature and thermal conductivity of a point (x, y, z) and its neighboring points (x+dx, y, z) using visual postprocessing software paraView. The conductive heat flux in the x direction can be calculated by using Fourier's Law (Equation 2.13). The same method is used in the two other directions. To investigate the differences between the regions inside and outside the flame exposed area, two specific points located at 1/2 the thickness of the sample (z=1/2 thickness) are selected. The positions of the two points in the ply plane are shown in Fig. 6-7(a). The calculated conductive heat fluxes at 20s, 100s and 900s are listed in Table 6-5. In the previous chapter, the local sensitivity analysis was carried out on the 1D simulations to investigate how the variation in each input parameter affects the output results for the backside temperature and the mass loss rate. It can help to identify the key parameters that need to be accurately determined in order to improve the accuracy of the model. It was found that the input parameters affect the backside temperature and the mass loss rate to different degrees. The main difference between the 3D simulations in this chapter and the 1D simulations in the previous chapter is that the heat conduction along the ply plane is considered in 3D simulations.

Theoretically, the input parameters should have influence on the temperature distribution at the backside. Therefore, the sensitivity analysis in this chapter focuses on the effect of the input parameters on the temperatures at different points on the backside. Two points on the backside are selected for the sensitivity analysis and their locations are shown in Fig. 6-7 (a). The effect on the mass loss in the 3D simulations may be similar to that in the 1D simulations, which requires further verification.

In this section, the sensitivity coefficients are calculated for the following input parameters: the boundary conditions (radiative heat flux qrad, convective heat transfer coefficient for the front side hconv,in and the back side hconv,out), the thermophysical properties (thermal conductivity and specific heat capacity of virgin and char materials) and the kinetic parameters (A, Ea and n).

The output temperature of two points on the backside and the MLR (g/s) are selected as output parameters for the analysis. The methodology for the local sensitivity analysis is the same as in the previous chapter. The calculation of the dimensionless sensitivity coefficient is given by Equation 5.8. The variation range of the input parameters remains at 10%.

Boundary conditions

In this section, the sensitivity coefficients are calculated for boundary conditions including radiative heat flux q''rad, convective heat transfer coefficient at the front surface hconv and the back surface h'conv, and the emissivity of virgin v and char c. Table 6-6 shows the variations of the parameters. state is reached (50s). At this moment, the temperature at point 1 is most sensitive to the specific heat capacity of virgin material, activation energy Ea and radiative incident heat flux q''rad.

Then the Sj decreases over time when the steady state is reached. The Sj of the thermophysical properties and decomposition kinetic parameters decrease considerably and approach 0 at 300s.

While the decrease Sj of boundary conditions is relatively small. At 300s, the backside temperature is more sensitive to char emissivity c and radiative incident heat flux q''rad.

For the backside temperature at point 2, there are input parameters for which Sj varies monotonically over time, so there is no Speak for some input parameters. From the data in Table 6-9, it can be concluded that the backside temperature at point 2 is most sensitive to activation energy Ea, radiative incident heat flux q''rad and emissivity of virgin material v.

The Sj of some parameters on MLR are extremely high at the beginning of decomposition, for example, the Sj of activation energy Ea on MLR is -69447. A similar phenomenon is also seen in 1D simulations. The reason is that the MLR is very small when the decomposition just started, so the small variation in MLR can cause a very large calculated Sj. As a result, the Sj results should be analyzed together with the MLR curves. At 300, Sj of MLR is most sensitive to activation energy Ea, char emissivity c and radiative incident heat flux q''rad.

In general, the incident heat flux q''rad and activation energy Ea both have a relatively significant on the backside temperature and MLR at peak and at 300s. So, the values of these parameters should be accurately determined in order to improve the accuracy of the model.

3D simulation of C/epoxy composite

In Chapter 5.4, the C/epoxy8552 composite used in the experiment was simulated using a 1D model in PATO. It was found that the simulated backside temperature was 160 o C higher than the experimental value. In this section, the in-plane heat conduction is considered using a 3D model instead of the 1D model. The aim is to investigate whether the 3D model is more consistent with the experimental results than the 1D model.

Material properties

The material properties, decomposition kinetic parameters and boundary conditions used in the 3D model are presented in Table 6-10 which are the same as in Chapter 5.4. All the input parameters are temperature independent. The C/epoxy8552 laminates are supplied by Hexcel

In simulation, whether in 1D or 3D, the accuracy of the input parameters is critical to the simulation results. Based on the results of the sensitivity analysis, the more sensitive input parameters can be selected for more accurate measurement and optimization in the future. The simulations of composites subjected to fire is a multi-physics problem, and in this thesis, several assumptions had to be made in order to limit the complexity of the subject. Nevertheless, the elimination of some of these assumptions would allow to go further in the modelling of composites. First, other physical processes related to heat exchange, such as melting, glass transition, etc., should be introduced into the model. This will allow for more accurate modelling of the temperature evolution of the composite in the temperature increasing process.

In this work, one-step global reaction scheme and two-step consecutive reaction scheme have been applied in the model. The reaction mechanisms are more complex in practical situations, such as competing reactions and consecutive reactions with more steps. In an oxidative environment, the oxidation kinetics of char is related to the oxygen concentration. A finer classification and application of reaction schemes can contribute to modelling better the mass evolution of composites.

One of the most important aspects in the future is the introduction of cracks and delamination in the 3D model. Since heat and mass transfer are influenced by many factors such as the size of the crack, its location, the appearance time and the gas properties inside the crack, etc., it needs further studies to improve the simulations. The general form of the reaction scheme for the two-step consecutive reaction can be written as:

Appendix

Where k accounts for the reaction rate and γ accounts for the char yield fraction. Subscripts 1 Appendix 198 and 2 account for the first and the second step reaction, which apply to all the equations in this section.

For the first-step, the calculation of reaction advancement 𝜒 1 is the same as in one-step global decomposition scheme:

Where t accounts for the time, 𝑘 1 the reaction rate and 𝑛 1 the reaction order.

The reaction advancement of the second-step decomposition 𝜒 2 is conducted by Chen [131 :

Where 𝑘 2 the reaction rate and 𝑛 2 the reaction order.

The reaction rate 𝑘 𝑗 is expressed by an Arrhenius equation:

) , 𝑗 = 1,2 (A. 3)

As a result, at a certain time, the total pyrolysis rate of gas 𝜋 𝑡𝑜𝑡𝑎𝑙 is expressed as:

𝜋 𝑡𝑜𝑡𝑎𝑙 = 𝜖 𝑟,0 𝜌 𝑟,0 (1 -𝛾 1 )𝜕 𝑡 𝜒 1 + 𝜖 𝑟,0 𝜌 𝑐1,𝑚𝑎𝑥 (1 -𝛾 2 )𝜕 𝑡 𝜒 2 = 𝜖 𝑟,0 𝜌 𝑟,0 (1 -𝛾 1 )𝜕 𝑡 𝜒 1 + 𝜖 𝑟,0 𝜌 𝑟,0 𝛾 1 (1 -𝛾 2 )𝜕 𝑡 𝜒 2 (A. 4)

Where 𝜖 is volume fraction, 𝜌 is density. Subscript r represents resin, c1 represents char1. 0 is the initial state. 𝜌 𝑐1,𝑚𝑎𝑥 is the maximum density of char1 in an ideal state that the resin is completely decomposed into char1 while char1 does not decompose.

The residual density 𝜌 𝑟 at this time is expressed as: