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Abstract
Composite materials are increasingly being used in applications where their fire response
is a critical consideration. Environmental concerns motivate the use of natural fibres, but
they represent an additional fuel source for combustion, and their resulting composites
will perform worse in flammability testing compared to synthetic alternatives.
This research investigates the flammability implications of using natural fibres in
composite material systems through a combination of experiments and numerical
modelling. Flax fibres and glass fibres were selected for the natural fibre reinforcement
and synthetic counterpart respectively, along with an epoxy resin system for the
composite matrix.
An initial set of experiments using glass fibre reinforced composites found that the
permeability and fibre architecture significantly influenced the flammability properties of
their respective specimens.
An experimental study was also conducted, which compared flax fibre reinforced epoxy
specimens to composites formed from glass fibre reinforcements of similar architecture,
reinforcing the same resin system. The results demonstrated that flax fibre reinforced
composites ignited earlier, released greater levels of heat, and took longer to extinguish
than their glass fibre counterparts. A significant amount of structural deformation also
occurred during the combustion process, with expansion of up to 2.5 times the original
thickness in the vertical plane and up to 30 % shrinkage in the horizontal plane.
The effects of key properties on the flammability of natural fibre reinforced composite
systems were investigated using cone calorimetry in a parametric study, which varied
specimen thickness, fibre volume fraction, incident heat flux, fibre type, fibre
architecture, and composite matrix retardancy. Key trends were identified in
flammability properties such as heat release rate, smoke production, ignition time, and
time to extinguishment when the parameters were varied.
A predictive one-dimensional finite difference model was developed from first principles
to predict trends in the material behaviour during the combustion of natural fibre
reinforced composite materials under cone calorimetry testing conditions. The model was
successfully compared to available analytical data in literature for synthetic composites,
as well as the data obtained during the parametric study.
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Chapter 1 Introduction
Objectives

1.1

This project investigated the differences in the flammability of natural fibre and synthetic
fibre reinforced polymer composites. The key objectives of this research were:
•

To gain a fundamental understanding of the influence that natural and synthetic
fibres have on the flammability of a polymer composite system.

•

To develop a one dimensional (1-D) numerical model of the combustion of a
natural fibre reinforced polymer, and apply this to a cone calorimetry testing
scenario.

•

To compare the 1-D numerical model to experimentation and available analytical
data.

1.2
1.2.1

Background
Composite materials

Composite materials are a mixture of two or more constituent materials that interact
synergistically to provide improved properties, mechanical and other. The two types of
constituent materials are the matrix and the reinforcement. The reinforcement is usually
in the form of strong fibres, which are embedded in a matrix of continuous phase
secondary material. Their main advantage comes in their low density, high specific
strength and stiffness, and improved fatigue properties in comparison to their
constituents [1]. The earliest known use of composites dates back to Ancient Egypt,
where straw and mud were combined to form bricks for building construction. Over the
centuries, natural fibres such as grass and animal hair have been used in pottery to
improve strength and lessen shrinking [1]. Wood is a composite that occurs naturally,
consisting of cellulose fibres in a lignin matrix.
Over the last two decades, natural fibre reinforced polymers (NFRPs) have become
increasingly popular as an alternative to synthetic fibre reinforced composite systems,
because natural fibres are renewable, biodegradable, and at least partially recyclable. The
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major disadvantage of NFRPs, however, is the relatively poor fire resistance of natural
fibres. This hinders their usage in highly regulated sectors, particularly the aerospace
industry, where passenger safety is paramount.

1.2.2

Material flammability

Plastics and textiles can be found in a number of products and structures to improve the
quality of modern day life. However, since many of the polymers and textiles used are
organic, they have the susceptibility to be a fire hazard. Over the period of 2001 to 2005,
there has been an average of 40 deaths a year in New Zealand, with an average of 706
injuries by fire [2]. Many deaths caused by fire are due to the inhalation of smoke and
toxic combustion gases such as carbon monoxide, while fire injuries are commonly the
product of exposure to the heat evolved from fires. Thus, there is great social and
legislative pressure and interest in the area of flammability.
The word flammability is a term that encompasses a number of different factors, and
therefore needs to be defined more clearly. Babrauskas and Peacock [3] suggest that
flammability refers to the reaction-to-fire processes of a substance, which can be broken
down into the following sections: ignitability, flame spread, heat release, and the
combustion products (e.g. smoke production). Combustion is defined by Price et al. [4]
as a catalytic exothermic reaction maintained by internally generated heat and free
radicals. Bourbigot and Duquesne [5] refer to similar factors, except heat release is
replaced with the burning rate to incorporate both the heat release and the mass loss
parameters of the process, and flame spread is incorporated into the broader area of
spread rates. Thus the latter options provide a more comprehensive set of sub-sections to
define flammability.
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Chapters and overall layout

The following flowchart illustrates the key components of work that was undertaken as
part of the proposed research:

Figure 1-1: Flow diagram of thesis contents.
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Chapter 2 Literature Review
This chapter reviews the available literature in the area of flammability. The goal of the
review is to investigate the flammability of composite systems and their constituent
materials, with a focus on natural fibre reinforced composites, as well as the numerical
modelling work done on the flammability processes. The flammability testing methods
used in industry are also reviewed to better understand their viability for use in this
research.

2.1

Engineering polymers and their flammability

There are a number of categories in which polymers can be classified into. The simplest
of classifications is whether they are a natural or synthetic polymer. They can also be
categorized by their physical and mechanical properties, in particular their elasticity and
degree of elongation. Using this method of categorisation, polymers can be classified as
elastomers (or rubbers), and plastics. Elastomers are characterized by high extensibility
and recovery, while fibres have higher tensile strength but low extensibility. Plastics
have intermediate properties. Plastics are often subdivided into thermoplastics, which can
undergo reversible deformation at elevated temperatures, and thermosets, which undergo
irreversible changes when heated.
The chemical structure can also be used to define a polymer. This type of classification
gives an important indication of their reactivity, which includes their fire performance
and tendency to produce smoke during combustion.

2.1.1

Thermosetting polymers

A thermoset is a polymer that undergoes an irreversible reaction when heated (i.e. cured),
due to cross-links being formed between polymer chains in a resin. The molecular chains
react at chemically active sites due to the addition of energy and/or catalysts to form a
rigid 3-D structure by the mechanism of cross-linking. When reheated, rather than
melting, the material will undergo thermal decomposition instead. The thermoset
polymer of most interest for this doctoral research is epoxy resin because of its common
use in industry, and thus will be discussed in more detail.
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Epoxy resin
Epoxy resins are a common binder in advanced structural composites. Epoxy thermosets
are generated by the combination of two parts: the epoxy resin itself and a curing agent
or hardener. Figure 2-1 shows the polymer group that is common to all epoxy resins.

Figure 2-1: Epoxy/glycidal group present in epoxy resins [1].
Cross-linked epoxy resins are combustible and can undergo self-sustaining combustion.
Thus they require flame retardants to ensure fire safety in industry. They generally
require reactive flame retardants, and the hardener can sometimes be designed for such a
purpose. Additives are another solution to this problem, and numerous commercialized
products are available.
In general, the ranking of fire resistance of thermoset resin composite components is as
follows: Phenolic > Polyimide > Bismaleimide > Epoxy > Polyester and vinyl ester.

Thermoplastics
Thermoplastic resins are fundamentally different from thermosets as they do not create
irreversible cross-links, instead melting when reheated and re-solidifying when cooled.
Their temperature performances depend on their particular glass transition temperature.
In a fire scenario, thermoplastics can soften enough to flow under their own weight and
drip. Whether dripping is an advantage or disadvantage in terms of flammability depends
on the scenario. If the ignition source is small, dripping can remove heat and flame from
the bulk of the material and protect against flame spreading. Conversely, those drips
might fall onto other materials and cause ignition.

2.1.2

Polymer combustion

When exposed to sufficient heat, natural and synthetic polymers will thermally degrade,
a process also known as pyrolysis, which evolves flammable volatiles. Mixed with air at
appropriate temperatures, such volatiles will ignite. Ignition can occur either
spontaneously (autoignition) or due to the presence of an external source such as a spark
or a flame (flash ignition). The temperatures for pyrolysis and ignition for some common
thermoplastics can be seen in Table 2-1.
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Table 2-1: Decomposition and ignition temperatures together with heats of
combustion of common thermoplastic polymers and cellulose (cotton) [4].
Polymer

ΔHc

Decomposition
range

Flash ignition
temperature

Autoignition
temperature

/ °C

/ °C

/ °C

LDPE*

340 – 440

340

350

46.5

Polypropylene

330 – 410

350 – 370

390 – 410

46.0

Polystyrene

300 – 400

345 – 360

490

42.0

PVC* (rigid)

200 – 300

390

455

20.0

PMMA*

170 – 300

300

450

26.0

Cellulose
(cotton)

280 – 380

210

400

17.0

/ kJ kg-1

*LDPE = Low-density polyethylene, PVC = Polyvinyl chloride, and PMMA = Poly(methyl methacrylate).

In addition to reaching the required temperature, a critical mass flux of combustible
volatiles needs to be reached for a polymer to ignite. This is often represented by a lower
flammability limit (LFL), which is the minimum molar or volume fraction of fuel in a
fuel-air mixture to sustain ignition [6]. This value has been measured for a large range of
different gaseous and liquid hydrocarbon fuels.
If the resulting flame produces sufficient thermal energy to keep the decomposition rate
of the polymer at a point such that the concentration of combustible volatiles (i.e. the
fuel) can be maintained within the flammability limits for the system, then a
self-sustaining combustion cycle will be established. However, if the thermal energy
provided by the reaction exceeds that required for combustion, the process will proceed
at an increasing rate until there is an explosion. Conversely, if there is insufficient energy
to maintain equilibrium, the combustion rate will decrease until the fire is extinguished.
A steady flame will occur if the energy provided equals the demand for combustion.
To understand the mechanisms involved in the flammability of polymers, it is useful to
first understand the basic theory behind the formation of a simple flame. A flame is a
gas-phase combustion process, requiring both a gaseous fuel and oxygen. These can be
‘pre-mixed’ (i.e. the fuel and oxygen are mixed prior to combustion) like in a Bunsen
burner, or the oxygen required for combustion can diffuse into the gas mixture from the
surrounding atmosphere. This is known as a ‘diffusion’ flame. Figure 2-2 shows a
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schematic of the processes that go into creating a candle flame, which is the best known
example of a ‘diffusion’ flame. It provides a good way to understand the processes that
produce a self-sustaining flame.

Figure 2-2: Principal processes occurring in each region of a candle flame [4].
In this example, the heat that radiates from the flame (which is initially started by an
external ignition source, i.e. flash ignition) melts the wax at the top of the candle. The
liquid is then drawn up the wick via capillary action where it pyrolyses on the surface at
temperatures between 600 and 800 °C. The resulting gaseous products migrate away
from the wick to either the inner part of the flame or the outer flame mantle. At the
exterior of the flame, the pyrolysis gases encounter oxygen that is diffusing into the
region which, due to the high temperatures of around 1400 °C, generates high energy
oxygen-containing free radicals that maintain the combustion reaction. Hydrocarbon
fragments from the pyrolysis process move to high temperature regions to form carbon
particles (soot) that cause the luminescence of a flame by glowing. These particles then
react with water to form carbon monoxide. With sufficient oxygen concentrations the end
products are carbon dioxide and water.
In principle, the combustion processes for plastics are similar to those of a candle flame.
Due to the complexity of the process, it is useful to describe it with the aid of the
schematic diagram shown in Figure 2-3.
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Figure 2-3: Schematic representation of processes involved in polymer
combustion [4].
Three stages are required to initiate the combustion process: heating, pyrolysis, and
ignition. The application of a heat source (a flame, spark or high enough ambient
temperatures for auto-ignition) causes the polymer to melt, and then pyrolyse after
sufficient input energy (this differs depending on the polymer structure) to form four
different types of components as can be seen in Figure 2-3. The combustible gases from
the pyrolysis process mix with air and ignite to produce a flame. The burning process is
exothermic, and if the energy fed back into the system is enough to activate the
endothermic pyrolysis process, then a positive feedback loop will be set up and flame
spread will occur.
With a positive thermal feedback loop established, the flame will spread over the
polymer surface due to the acceleration of the rate of pyrolysis in the system. The flames
will spread rapidly due to the propagation of highly reactive hydrogen and hydroxide free
radicals, which is represented in the schematic diagram shown in Figure 2-4.

Figure 2-4: Free radical generation during the combustion of ethane [4].
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Figure 2-5 gives a visual depiction of flame spread across a polymer surface. It is evident
that the heat from the flame is driving the continued pyrolysis reaction to feed itself.
Note that the temperature at the polymer surface is much lower than that where the
reaction with oxygen occurs. Since this occurs near the flame front, this allows the flame
to spread across the surface more quickly than it takes to deplete the polymer depth-wise.

Figure 2-5: Schematic representation of flame spread [4].
The contribution of different molar groups to the thermal combustion properties of
engineering polymers was investigated by Lyon et al. [7]. This was done through
multiple linear regression of data. The research was based on the idea that material
properties are dependent on the polymer chemical structure that correlates with fire and
flame test results. It is important to note that material properties are different from
product properties, which are also affected by extrinsic factors such as:
• the size of a sample.
• the fabrication method.
• physical processes induced by burning.
• chemical processes in the flame.
• the characteristics of the test method.
Experimental data from micro-scale combustion calorimetry was used to validate the
properties obtained by the theoretical approach used, while UL94 tests (explained in
§2.4.2) were carried out on different polymers for comparison.
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Flame retardation of polymers

The main purpose of understanding the flammability of polymers is to understand the
best ways in which to prevent fires from starting, or in the case of the fire starting, to
prevent them from becoming self-sufficient without an external energy source. Flame
retardant systems can either act physically (by cooling the system, diluting the fuel, or
forming a protective layer) or chemically (reacting in the condensed or gas phase to
retard the flame).

Figure 2-6: Schematic representation of self-sustaining polymer combustion
cycle, where a-d represent potential modes of flame retardant action [4].
The schematic diagram in Figure 2-6 shows the self-sustaining polymer combustion
cycle. Flame retardants are used in an effort to disrupt this cycle to either extinguish the
flame or greatly reduce the burning rate. The following methods are some of the ways by
which a flame retardant can do this [4]:
• Reducing the heat flux to below that required for a self-sustaining combustion
cycle, e.g. using a heat sink in the material such as aluminium oxide trihydrate to
absorb some of the energy, or ensuring that there is a barrier between the flame and
the polymer by applying intumescent coatings or by char formation (‘d’ in
Figure 2-6).
• Manipulating the products from the pyrolysis process such that lower amounts of
flammable volatiles are created, and/or char is formed to act as an extra barrier
between the polymer and the flame (‘a’).
• Isolating the flame from the supply of oxygen (‘b’).
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• Using compounds in the plastic which release chlorine or bromine atoms near
ignition temperatures, which act to inhibit the flame (‘c’).
• Developing inherently flame retardant polymer systems at the chemical level.

Inherently flame retardant polymer systems
An obvious way of dealing with the flammability of polymers is to create an inherently
flame resistant polymer system. The development of these began towards the end of the
1950s with the advent of space travel, and was continued through military research.
Bourbigot and Duquesne [5] briefly discuss these types of polymers. While they can
exhibit very low flammability properties, they do not always have the required properties
for a given purpose, whether it is to do with aging properties, cost, or mechanical
properties etc. Polyimides (PI) are such a group of inherently flame retardant (FR)
polymers. They cannot be ignited, and instead incandesce in the presence of a flame. A
relatively new class of heat resistant heat resistant polymer material, known as the rigidrod polymer, has been developed by the US Air Force Ordered Polymer Program, which
exhibit remarkably good fire resistant properties but are extremely costly and difficult to
manufacture [5].
Purely inorganic polymers are non-flammable, and therefore fall under the category of
inherently FR polymers. A specific type of inorganic polymer known as a geopolymer
was found to exhibit promising reaction-to-fire performance compared to organic
polymers [5].

Flame retardant additives
Any type of inorganic filler can influence the reaction of polymers to fire, even if it is
inert. This is because it reduces the content of combustible products, modifies the
thermophysical properties of the material, and changes the viscosity. However, certain
minerals are specifically used as flame retardants because of their physical and chemical
behaviour at high temperatures. The following is an overview of commonly used flame
retardants [8].
Mineral flame retardants
The most common of mineral flame retardants are metal hydroxides, hydroxycarbonates,
and zinc borates, since they decompose endothermically to absorb energy at higher
temperatures. They also release non-flammable materials such as carbon dioxide and
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water to dilute the combustible gases. Some also create a protective ceramic or vitreous
layer to further add to the flame resistance.
Halogenated flame retardants
Halogenated flame retardants are another type of additive whose effectiveness depends
on the halogen in question. Bromine and chlorine can be released most readily because of
their low dissociation energy with carbon atoms, thus being able to affect the combustion
process during the free-radical mechanism shown previously in Figure 2-4 occurring in
the gas phase. Figure 2-7 indicates how the brominated and chlorinated additives work to
slow down the free-radical process and hence retard the flames. Industry and research is
moving away from halogenated flame retardants as they release toxic fumes during fire
scenarios, which in itself is a large fire hazard. While some of the effects may be long
term, they are undesirable and so more research is being done on non-halogenated
products.

Figure 2-7: The chemical reactions that occur to slow down the free-radical
process [8].
Phosphorus-based flame retardants
There is a large range of phosphorus-based flame retardant products. These include
phosphates, phosphonates, phosphinates, phosphine oxides, and red phosphorus. These
are used as either additives or are incorporated into the polymer chain during synthesis.
They are known to be active in the condensed and/or vapour phase.
In the condensed phase, phosphorus-based flame retardants are effective with polymers
containing oxygen atoms, such as polyesters and polyamides. Phosphoric acid is
produced during thermal decomposition, which condenses easily as shown in Figure 2-8
to produce water, which dilutes the oxidizing gas phase, and pyrophosphate structures.
The acid can also cause the generation of carbonized structures such as char, which
further provide a barrier against combustion. Due to the reliance on oxygen- or nitrogen-
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containing polymers, these are either required in the polymer chain or a co-additive must
be introduced to contribute to charring.

Figure 2-8: Pyrophosphate structure formation from phosphoric acid
condensation [8].
In the gas phase, phosphorus-based flame retardants can volatilize to form active radicals
which scavenge the hydrogen and hydroxide free radicals. These free radicals are on
average five times more effective than bromine, and ten times more effective than
chlorine, making volatilized phosphorated compounds some of the most effective
combustion inhibitors available [8].
Red phosphorus is a highly concentrated source of phosphorus for flame retardancy, and
is very effective in small quantities in oxygen-containing polymers. For example, glassfilled PA-6,6 containing only 6 to 8 % of red phosphorous can achieve the V-0
classification in the UL94 V test, which is the best possible classification for the test type
as discussed in more detail later in §2.4.2.
Intumescent flame retardant systems
Intumescent flame retardants work by forming an expanded carbonized layer on the
surface of the polymer during thermal degradation to act as an insulation barrier, which
reduces the heat transfer between the heat source and the polymer surface. It also restricts
the transfer of the fuel to the flame and the oxygen to the material. Intumescent systems
generally require three components:
• An acid source that promotes the dehydration of the carbonizing agent, with
dehydration occurring around the polymer’s decomposition temperature.
• A carbonizing agent that forms char when dehydrated by the acid. This is usually a
carbohydrate that produces char during thermal decomposition.
• A blowing agent that decomposes to release gases, which in turn causes the
expansion of the carbonizing layer to create a multi-cellular layer.
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Nitrogen-based flame retardants
Nitrogen-based flame retardants come in the form of melamine and melamine
compounds. Melamine sublimates (goes directly from a solid phase to a gas phase) at
around 350 °C, which absorbs a significant amount of energy from the system to
decrease the temperature. When melamine decomposes at high temperatures it releases
ammonia, which dilutes the combustible gases and oxygen levels. It also leads to the
formation of thermally stable condensates known as melam, melem, and melon. This
thermal decomposition is demonstrated in Figure 2-9.

Figure 2-9: The thermal decomposition of melamine and its related products [8].
When these three condensates are formed, residues are generated in the condensed phase,
which result in endothermic processes. This further draws energy from the system, aiding
in its flame retarding characteristics.
Furthermore, melamine can form thermally stable salts in the presence of strong acids.
These are melamine cyanurate, melamine phosphate, and melamine pyrophosphate.
When melamine phosphate pyrolyses it forms melamine polyphosphate, while melamine
and phosphoric acid are released. The phosphoric acid phosphorylates many polymer
types to produce similar flame retardant effects to phosphorus-based flame retardant
additives. The pyrolysis of melamine polyphosphate results in the formation of melam
ultraphosphate, ammonium polyphosphate, and gas-phase melamine. Ammonium
polyphosphate dissociates at above 300 °C to release ammonium and the free condensed
hydroxyl groups give cross-linked structures with water elimination, both of which
enhance the flame retarding properties of the system. Melamine pyrophosphate aids in
flame retardancy during pyrolysis by forming carbonaceous structures, with an action
mode that is similar to that of ammonium polyphosphate.
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Silicon-based flame retardants
Silicon-based compounds have been found to significantly improve flame retardant
properties of polymers when introduced in relatively low amounts. These compounds
include silicones, silicas, organosilanes, silsequioxanes, and silicates.
Studies into silicone polymers in polycarbonates (PC) have found that the superior
flame-retardant properties of silicone derivatives could be accredited to their excellent
dispersion in the PC. These would migrate towards the material surface during
combustion and cause the formation of a highly flame resistant char.
Char formation
While the formation of char is generally seen as a good method of inhibiting a flame, its
effectiveness is largely dependent on both its physical and chemical structure.
Figure 2-10 illustrates how the physical structure can affect the char’s ability to protect
the polymer against the flame.
The ideal char structure shows a closed honeycomb cell configuration where the char has
solidified around the gases being emitted by the polymer melt during the pyrolysis
process. This not only prevents gases from flowing between the polymer and flame,
thereby restricting it of its fuel source, but it also provides a sufficiently thick layer to
provide a thermal insulation layer, allowing the polymer to remain below the
decomposition temperature and retain its structural integrity.
On the other hand, the poor char structure still allows pathways between the polymer and
flame, continuing to give it access to its fuel source. The melt can also be drawn through
the char via capillary action into the hotter regions where they can decompose more
readily. The lack of structural integrity of this type of char also means that it is likely to
be flaky, allowing it to fall away from the polymer that it is meant to protect. This in turn
negates the advantages of forming such char.

Figure 2-10: Diagrams showing (a) ideal char structure and (b) poor char
structure [4].
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Smoke production
A major concern when looking at flame retardancy is that of smoke production during a
fire. The term smoke has a vague definition, and is generally used to describe a cloud of
particles that, while individually invisible, appear opaque. Fumes on the other hand refer
to the less opaque forms of smoke; also of concern are the ‘combustible gases’, which
are defined as a separate entity. The main combustible gas that is of concern is carbon
monoxide, though other toxic gases can also be formed in fires depending on the
combusting substance in question.
Both types of flame products are of considerable concern. Smoke production can cause a
loss in visibility in a situation, preventing escape until the toxic gases and temperatures
become critical. Smoke can also suffocate a person due to lack of oxygen and filling their
lungs with particulates. The combustible gases are equally dangerous as they can cause
both short term and long term harm to their victims, depending on their concentration.
The most common approaches of reducing smoke production are using fillers, additives,
surface treatments, and modifying the polymer structure itself. These work by affecting
the chemical reactions that occur during the combustion process to produce the smoke.
Fillers are defined as non-polymeric compounding materials that are used in
concentrations between 20 – 40 %. They can be classed as either inert or active smoke
suppressant fillers. Inert fillers work through two mechanisms: firstly by diluting the
amount of combustible substrate present, and secondly by absorbing heat to reduce the
burning rate. They usually only give marginal improvements in flame retardancy unless
used in high concentrations. Active fillers make use of the same two mechanisms as their
inert counterparts, but also absorb more heat per unit weight through endothermic
processes. Fillers often reduce the mechanical properties of polymers greatly, which is
not preferable in load bearing and structural situations.
Additive compounds are the more preferable method of smoke suppression. They are
usually non-polymeric compounding materials used at concentrations below 20 %.
Antimony compounds have been found to have varying effects on smoke production, and
are therefore not strictly considered smoke suppressants. These are used in halogencontaining polymers. Iron compounds are also used as additives in halogenated
polymers. One of the early additives found to have synergistic flame retardancy and
smoke suppressant properties was Ferrocene. The Molybdenum compound MoO3 has
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been found to be able to optimize smoke and flammability properties for PVC when used
as a partial replacement for its Antimony counterpart Sb2O3. Zinc compounds have been
found to be useful for their smoke suppressant characteristics in chlorinated polymers.
The compounds used in all cases are usually oxides.

2.2

Reinforcing fibres

2.2.1

Synthetic fibres

The three most commonly used synthetic fibres used to reinforce polymers are glass
fibres, carbon fibres, and aramid fibres. Less commonly used synthetic fibres include
boron fibres, alumina fibres, and polyethylene fibres (UHMPE). Table 2-2 shows some
key physical and mechanical properties of these types of fibres. Synthetic fibres, with the
exclusion of polyethylene fibres, are considered to be relatively non-flammable and thus
are rarely treated with flame retardants. While they are non-flammable, they are
susceptible to softening or melting at high temperatures, degrading their mechanical
properties.
Table 2-2: Physical and mechanical properties of various synthetic fibres [1, 9].
Fibre

Diameter
/ µm

Tensile
Strength

Young’s
Modulus

/ GPa

/ GPa

Density
/ kg m-3

Thermal Properties,
Max Temp in
Service
/ °C

Glass

3 - 20

2-6

50 - 100

2400 - 2600

250

Carbon

5-6

1.5 – 7.0

150 - 800

1500 - 2000 400- 450 (LOI 55-60)

Aramid

10

2-4

70 - 150

1410 - 1450

200 (LOI 30)

Boron

100 - 200

2-4

370 - 430

2500 - 2700

350

UHMPE

10 - 30

1.5

70

990 - 1020

100

Alumina

10 - 20

0.5

310

3800 - 4000

1000
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Glass fibres
Glass consists of a number of soluble inorganic oxides, mainly silica. Depending on the
chemical composition, different grades of glass are available commercially.
Glass fibres are created by swiftly and continuously drawing fine filaments (on a
microscopic level) of glass from a melt. This produces continuous fibres of between 3
and 20 µm in diameter. These fibres have a high tensile strength, and due to their wide
and variable use in industry, as well as their easier manufacturing method, they are
relatively cheap compared to other synthetic fibre types. Their main disadvantages lie in
a comparatively low Young’s Modulus and thermal stability. The fibres begin to soften
at temperatures of above 250 °C, which limits their performance range.
Carbon fibres
The manufacture of carbon fibres involves controlled pyrolysis and cyclisation of certain
organic precursors. Due to their good mechanical properties, they are often used in high
performance applications where cost is less of a factor. They can withstand temperatures
of up to 450 °C before experiencing deterioration in mechanical properties.
Aramid fibres
Aramid fibres, often incorrectly referred to Kevlar which is in fact a brand name, are
based on aromatic polyamides. The general chemical formula for a para-aramid can be
seen in Figure 2-11. This type of fibre is available both in a low modulus and high
modulus form. Their main advantages are that they are an even lower density than glass
and carbon, and that they show good abrasive-resistant properties.

Figure 2-11: Chemical formula for poly(p-phenylene terephthalamide) (PPT) [1].
Boron fibres
Boron fibres are produced through the reduction of boron trichloride vapour on a
tungsten or carbon substrate. They are often covered in a refractory silicon or boron
carbide coating to prevent oxidative degradation. Due to their much larger diameter
compared to the other synthetic fibres, normal textile processes such as weaving cannot
be performed on them, and so they generally come in unidirectional pre-impregnated
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(pre-preg) sheets or narrow continuous tapes. Their advantage lies in their high stiffness
and compressive strength, though the disadvantage is that they are an expensive type of
fibre.
Polyethylene fibres
Polyethylene fibres are produced from ultra-high molecular weight polyethylene, and
have similar tensile properties to aramids for even lower densities. While these fibres are
comparable to aramids, they suffer from a low melting point, rendering them useless at
temperatures above 130 – 150 °C.
Alumina fibres
Polycrystalline alumina fibres are created by extruding a thickened mixture of fine
alumina powder suspended in an alginate binder before the fibrous mass is sintered at a
high temperature [9]. This type of fibre is highly resistant to temperature, maintaining
their integrity up to 900 – 1000 °C.

2.2.2

Natural fibres

Commonly used natural fibres include, but are not limited to, wood, flax, sisal, and jute.
Due to the controversial nature of hemp, there are limitations on its use in industry.
These are often used in conjunction with synthetic thermosetting plastics and
thermoplastics, but there are also biopolymers available as suitable substitutes as well,
which are increasingly becoming of interest. Figure 2-12 shows a comprehensive list of
the natural fibres and different matrices that are used in conjunction with them.
Synthetic fibres still have an industrial advantage in terms of high performance and load
bearing applications due to the in-depth amount of research already completed in that
area. Natural fibres are currently used more for internal non-critical (in terms of load
bearing) structures, though they are now seeing wider use in areas of construction, boat
hulls, and automotive parts. However, as more research is done on natural fibres and
their properties, it is likely that they will eventually overtake synthetics in their uses
because of a global shift in mentality towards sustainable solutions.
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Figure 2-12: Various natural fibres and matrices for use in composites [10].
Properties of natural fibres
The mechanical properties of many natural fibres are comparable to glass fibres. From
Table 2-3, it is evident that while natural fibres do not possess the same tensile strength
as E-Glass, their much lower densities make them a viable option mechanically,
especially where thickness is not as great a concern. Flax (Linum usitatissimum) and
Hemp are able to match E-Glass in terms of Young’s modulus, especially when the
specific properties are considered.
A key property that sets the natural fibres apart from synthetic fibres is their ability to
absorb moisture. This is due to their porous structure. While the bonding between the
surface of the synthetic fibres and the matrix system is key, resin is able to saturate
natural fibres, which becomes another factor to take into consideration when looking at
composites. Conversely, residual moisture in natural fibres during manufacturing can
also weaken bonding and provide sites for void creation, reducing key mechanical
properties.
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Table 2-3: Mechanical properties of natural fibres compared to glass fibres [10].
Fibre

Density
/ g cm-3

Tensile
Strength

Young’s
Modulus

/ MN m-2

/ GPa

Specific
Modulus

Elongation Moisture
to break absorption
/%
/%

E-Glass

2.55

2400

73

29

3

---

Flax

1.40

800-1500

60-80

26-46

1.2-1.6

7

Hemp

1.48

550-900

70

47

1.6

8

Jute

1.46

400-800

10-30

7-21

1.8

12

Ramie

1.50

500

44

29

2

12-17

Coir

1.25

220

6

5

15-25

10

Sisal

1.33

600-700

38

29

2-3

11

Abacca

1.50

980

---

---

---

---

Cotton

1.51

400

12

8

3-10

8-25

Natural fibres can also provide a good thermal barrier due to their low thermal
conductivity (0.29 - 0.32 W m-1 K-1). They are also generally known to have good
acoustic properties.
Natural fibres consist of a number of components, including cellulose, lignin,
hemicelluloses, and extraneous materials. The cellular structure of a fibre characterises it.
Each cell contains crystalline cellulose regions, interconnected by lignin and
hemicellulose fragments. The fibre strength increases as the angle between the
microfibrils and the fibre axis decreases. The chemical composition of a variety of
natural fibres is shown in Table 2-4, as well as their microfibular angles.
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Table 2-4: Chemical composition of various natural fibres [10].
Chemical component / %
Type of
fibre

Cellulose

Lignin

Hemicellulose
(or pentosan)
/%

Ash

Microfibrilar
spiral angle
in degrees

64 – 71
44 – 57
61 – 72
70.2 – 77
68.6 – 76.2

2–5
15 – 19
12 – 13
3.7 – 5.7
0.6 – 0.7

18.6 – 20.6
22 – 23
13.6 – 20.4
17.9 – 22.4
13.1 – 16.7

5
2–5
0.5 – 2
0.8
---

10.0
--8.0
6.2
7.5

56 – 63
67.5 – 78
68 – 77

7 – 10
8 – 11
13

15 – 17
10 – 24
4–8

3
0.6 – 1
1.5 – 2

--20.0
---

85 – 90

7 – 16

1–3

0.8 – 2

---

36 – 43

41 – 45

0.15 – 0.25

28 – 48
29 – 51
31 – 45
31 – 48
33 – 50

12 – 16
16 – 21
14 – 15
16 – 19
16 – 19

23 – 28
26 – 32
24 – 29
27 – 38
27 – 30

15 – 20
4.5 – 9
5–7
6–8
2–5

-----------

32 – 48
26 – 43

19 – 24
21 – 31

27 – 32
15 – 26

1.5 – 5
1.7 – 5

-----

33 – 38
---

17 – 19
22

27 – 32
24

6–8
6

-----

40 – 45
38 – 49

26 – 34
23 – 30

7 – 14
19 – 26

<1
<1

-----

Bast fibre
Flax
Kenaf
Jute
Hemp
Ramie
Leaf fibre
Abacca
Sisal
Cabuya
Seed fibre
Cotton
Fruit fibre
Coir

41 – 45

Stalk fibre
Rice
Wheat
Barley
Oat
Rye
Cane fibre
Bagasse
Bamboo
Grass fibre
Esparto
Sabai
Wood fibre
Coniferous
Deciduous
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A review by Kozlowski and Wladyka-Przybylak [10] reveals that thermogravimetric
analysis (TGA) has been used to study the thermal stability of natural fibres, using a
Sertaram instrument in helium flow with a heating ramp of 5 °C/min. The thermal
stability of natural fibres is important in terms of composites as it constrains the curing
temperature and extrusion temperature for thermosetting plastics and thermoplastics
respectively. Hemp, flax, abacca, and cabuya fibres have been compared experimentally
in a study.

Figure 2-13 (a) and (b): Curves of thermogravimetric analysis and their first
derivatives (DTGA) for bast and leaf fibres [10].
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From Figure 2-13, it is clear that the fibres begin to degrade at approximately 230 °C.
While the bast fibres (hemp and flax) degrade in a one-step process, the leaf fibres
(cabuya and abacca) involve a two-stage process, with the first stage being from
230 - 280°C and the second being between 280 - 300 °C. The activation energies of the
two processes are 117 and 146 kJ mol-1 respectively, which are those for the degradation
of hemicelluloses and lignin. Therefore, the conclusion can be drawn that the low
temperature degradation process relates to the degradation of hemicelluloses, while the
high temperature process relates to the degradation of lignin.
Attempts have been made to improve the thermal stability of fibres by coating and/or
grafting them with monomers. These processes can also reduce fibre moisture gain [11].
Mohanty et al. [12] grafted acrylonitrile on jute fibres. Their research showed that the
degradation temperature increased from 170 to 280 °C. Acrylonitrile grafting of sisal
fibres resulted in increased initial degradation temperature, a reduction in the rate of
degradation, and a reduction in the total mass loss [13].

2.3

Flammability of composite materials

For composite materials, the effects of both components have to be considered during a
fire. Most synthetic fibres are incombustible, though softening may occur, and thus will
not contribute to the volatiles required for combustion. However, they can act as a heat
sink when exposed to a heat source. Furthermore, during the decomposition of
char-forming polymers, they will create a fibrous char layer that will aid in slowing down
the release of pyrolysed gases and further shield the underlying virgin polymer from the
heat source.
The fibre-matrix interface can have a significant effect on the flammability of a
composite. If the interface between the two constituent materials is weak, they can be
pushed apart in the case of a fire, allowing the matrix to burn more vigorously. The fibres
will no longer act as a heat sink and can instead act as heat conductors, increasing the
flammability of the composite material.

2.3.1

Flammability of synthetic fibre composites

Mouritz et al. [14] have conducted a study investigating the fire reaction properties of
various synthetic fibre reinforced polymer composites using a cone calorimeter. A linear
relationship was found between the heat release rate and other fire reaction properties,
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except for ignition time for non-combustible fibre composites. When combustible fibres
are used, the heat release rate is only related to the carbon monoxide yield, mass loss rate
and only in some cases the smoke density.
Walters and Lyon [15] investigated the performance of seven glass-fibre reinforced
composite systems with the following matrices: Bisphenol-A (BPA) Epoxy, BPA Epoxy
with Methylenedianiline (MDA), Bisphenol-C (BPC) Epoxy, BPA cyanate ester
(BPACE), BPC cyanate ester (BPCCE), a Silicone Resin, and a commercial, toughened
epoxy resin used in the aerospace industry for structural applications. Their results
showed that the BPCCE laminates had comparable mechanical properties to epoxy resin
laminates while greatly improving their fire performance.
Several authors have investigated the effects of specific flame retardants on the
flammability of synthetic fibre composites [16-24]. It appears that the preferred mode of
fire retardancy is intumescence, with more recent research investigating halogen-free fire
retardants.

2.3.2

Flammability of natural fibre composites

Interestingly, some of the very first flammability research conducted was on natural
fibres. The earliest recorded information came from the Romans, who invented fireretardant treatment for wood used in construction of ships and structures, as they found
that there was a need to limit the ignitability of the wood. However, the first quantitative
study did not occur until 1887, when Hill [25] published his research on the ignition
temperature of wood. Until the last two decades, the focus of natural fibre flammability
research was on wood and other textiles used in industry rather than natural fibre
reinforced polymers. Since then, natural fibre reinforced polymers have become an
increasingly popular alternative to synthetic fibre reinforced composite systems and thus
this field of research has expanded.
A review by Kozlowski and Wladyka-Przybylak [10] indicates that flammability of
natural fibres is a significant parameter, especially concerning the aerospace industry,
due to their higher susceptibility to combustion when compared to synthetics. Coupled
with the stringent regulatory tests and requirements surrounding fire safety in industrial
applications, flammability is often a limiting factor in their use.
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Cone calorimetry has been used previously to investigate the flammability of cabuya,
abacca, hemp, and flax fibres. The heat release rates (HRR) and mass loss rates (MLR)
for these fibres are presented in Figure 2-14.

Figure 2-14: (a) HRR and (b) MLR for four natural fibres using cone calorimetry
[10].
The HRR of bast fibres is considerably lower than that for leaf fibres, which corresponds
to the lower lignin content in hemp and flax fibres. Relatively weak bonds are broken at
lower temperatures during the thermal decomposition of lignin. The cleavage of stronger
bonds in the aromatic rings takes place at a higher temperature. Since the bast fibres have
a lower lignin content compared to leaf fibres, they begin to degrade at a higher
temperature. However, the bast fibres do not have the oxidation resistance given by
aromatic rings in lignin.
The crystallinity and orientation of cellulosic natural fibres are important aspects when
looking at their flammability. The formation of levoglucosan (LG), the cellulose
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monomer usually evolved in the form of an extremely flammable fluid tar, during
pyrolysis is dependent on the crystallinity of lignocellulosic fibres. Therefore, decreasing
the crystallinity of the fibres before or during pyrolysis and combustion is an obvious
way of decreasing the flammability of cellulosic fibres.
The two main methods of increasing the fire retardancy of composites are:
• the application of different types of fire retardants during the manufacturing
process.
• the application of different types of fire retardants at the stage of finishing,
especially intumescent coatings.
Taking this into account, the following methods can be used either separately or in
conjunction with each other to increase the fire-resistant properties of natural fibre
composites:
• Impregnation of natural fibres or lignocellulosic particles with fire retardants
before the manufacturing process.
• Implementation of fire retardants in liquid or solid form during the manufacture of
composites.
• Application of non-flammable matrices.
• Insulation of composites to prevent penetration of heat flux, through the use of
intumescent coatings and fire barriers.
• Application of nanoparticles to lignocellulosic composites.
The flammability of natural fibre reinforced polypropylene (PP) composites has been
widely studied, while there has been less research done on the flammability of natural
fibre reinforced thermoset resins. The flammability of a variety of natural fibres has been
investigated with polypropylene, namely sisal, flax, and wood [20, 23, 24, 26-29]. In
particular, Kozlowski and Wladyka-Przybylak [10] provide a comprehensive overview
of the different stages of heat action on natural fibres and wood, as well as the flame
retardants that can be used in conjunction with lignocellulosic materials and the
mechanisms behind them. Helwig and Pauksta [28] produced interesting results when
looking at the flammability flax fibre reinforced polypropylene composites. Their cone
calorimetry tests found that the inclusion of less than 20% flax fibres by weight reduced
the maximum heat release rate but reduced ignition times. The material’s fire properties
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were found to be similar to those of lignocellulosic materials past 20 % by weight (i.e. a
fibre dominant system).

Figure 2-15: HRR for 5 mm thick PP + Natural Fibre (30 % by volume)
composites compared to PP [28].
It is evident from Figure 2-15 that the introduction of natural fibres into the system
results in a decrease in the HRR. This is likely because the thermal decomposition and
combustion processes occur differently for the reinforced PP than PP alone. The HRR
curves of the composites resemble those of the fibres with two visible characteristic
peaks. While ignition is initiated earlier with the presence of the fibres, the resulting
combustion process proceeds at a lower HRR and MLR. Therefore, the fibre volume
fraction could be varied to help tailor the required flammability properties for a
component. Where ignitability itself is an issue, a higher matrix percentage would delay
ignition, while for situations where the heat release is of concern, a higher volume
fraction of fibres would be better.
While there has been comprehensive research into the flammability of epoxy resins, and
significant work has been done on glass-fibre reinforced epoxy composites, no literature
was found pertaining to the flammability of natural fibre reinforced epoxy composites.
The only work found in the area of natural fibre reinforced thermosets investigated the
thermal degradation and decomposition of jute fibre reinforced vinylester composites
[30]. Dynamic thermogravimetric analysis of the composite exhibited two separate
derivative thermogravimetric (DTG) peaks. By analysing each component separately, it
was determined that the lower temperature peak was caused by the jute fibres, while the
vinylester matrix was responsible for the second peak. It was also determined that the
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introduction of jute fibres into the system decreased the thermal stability of the
composite. Applying alkaline treatment to the fibres also caused a decrease.

2.4

Fire testing methods and standards

Because of the risk that fires pose, there is a need for rigid regulations on materials used
in industry for the purposes of fire safety. Established testing methods also ensure that
materials meet the standards required. There is no universal standard for flammability, as
each industry has its own material requirements depending on the situation. For example,
the flammability of materials in the marine industry would not be as vital as other
industries due to the aqueous environment that they would constantly be exposed to,
minimizing the fire risks. On the other hand, the aviation industry is one of the most
regulated industries in general due to the high risk of flight itself. Any airborne incident
could easily have disastrous results without stringent regulations surrounding materials
and their use.

2.4.1

Fire standards in industry

Aviation industry
The following is a brief overview of the regulations in place for the aviation industry.
The regulations for the aviation industry have been set up by the Federal Aviation
Administration (FAA). The particular set of standards relating to flammability of
materials that will be used in the scope of this research is largely specified in Federal
Aviation Regulation (FAR) 25.853 [31]. These standards require materials (and multilayered material systems) to pass a number of tests to ensure that they are of sufficient
quality to minimize any fire risks. The main tests pertaining to both fire safety and the
scope of this research are:
1.

Vertical Bunsen burner test for cabin and cargo compartment materials

2.

Horizontal Bunsen burner test for cabin, cargo compartment, and miscellaneous
materials

3.

Heat release rate test for cabin materials

4.

Smoke test for cabin materials
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Automotive industry
The automotive industry also has fairly stringent regulations regarding materials used in
vehicle interiors. Their standards are covered by the Federal Motor Vehicle Safety
Standard (FMVSS) No. 302 [32], which specifies the burn resistance requirements for
materials used in the occupant compartments of motor vehicles. This standard applies to
passenger cars, multipurpose passenger vehicles (MPVs), trucks, and buses. Eighteen
different types of interior components must meet these standards.
Rail industry
The regulations for rail fire safety are administered by the Federal Railroad
Administration (FRA). Under their specified testing regimes, the materials used in their
vehicle must pass specific performance criteria when the relevant ASTM test method is
performed. Table 2-6 shows what test methods must be carried out on what type of
material (and its use), as well as what performance criteria that they must adhere to. Brief
explanations of the abbreviated performance criteria terms are provided in Table 2-5.
Table 2-5: Descriptions of abbreviated performance criteria terms for the
flammability and smoke emission characteristics of materials used in passenger
cars and locomotive cabs.
Performance Criteria

Description

Ds (X)

The specific optical density of smoke after X-minutes. The
optical density measured over unit path length within a
chamber of unit volume, produced from a specimen of unit
surface area, which is irradiated by a heat flux of 2.5 W cm-2
for a period of time specified by X in minutes.

Is

Flame spread index, derived from the rate of progress of the
flame front and the rate of heat liberation by the material under
test.

C.R.F.

Critical radiant flux. A measure of the behaviour of
horizontally-mounted floor covering systems exposed to a
flaming ignition source in a graded radiant heat energy
environment in a test chamber.
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Table 2-6: Test Procedures and Performance Criteria for the Flammability and
Smoke Emission Characteristics of Materials Used in Passenger Cars and
Locomotive Cabs [33].
CATEGORY

FUNCTION OF
MATERIAL

TEST METHOD

PERFORMANCE
CRITERIA

Cushions,
Mattresses

All

ASTM D 3675-98

Is ≤ 25

ASTM E 662-01

Ds (1.5) ≤ 100
Ds (4.0) ≤ 175

Fabrics

Seat upholstery, mattress ticking
and covers, curtains, draperies,
wall coverings, and window
shades

14 CFR 25, Appendix F,
Part I, (vertical test)

Flame time ≤ 10 s

ASTM E 662-01

Ds (4.0) ≤ 200

Seat and mattress frames, wall and
ceiling panels, seat and toilet
shrouds, tray and other tables,
partitions, shelves, opaque
windscreens, end caps, roof
housings and component boxes
and covers

ASTM E 162-98

Is ≤ 35

ASTM E 662-01

Ds (1.5) ≤ 100

Flexible cellular foams used in
armrests and seat padding

ASTM D 3675-98

Is ≤ 25

ASTM E 662-01

Ds (1.5) ≤ 100

Burn length ≤ 6”

Ds (4.0) ≤ 200

Ds (4.0) ≤ 175

Other Vehicle
Components
Thermal and acoustic insulation

HVAC ducting

Floor covering

ASTM E 162-98

Is ≤ 25

ASTM E 662-01

Ds (4.0) ≤ 100

ASTM E 162-98

Is ≤ 35

ASTM E 662-01

Ds (4.0) ≤ 100

ASTM E 648-00

C.R.F. ≥ 5 kW m-2

ASTM E 662-01

Ds (1.5) ≤ 100
Ds (4.0) ≤ 200

Light diffusers, windows and
transparent plastic windscreens

ASTM D 162-98

Is ≤ 100

ASTM E 662-01

Ds (1.5) ≤ 100
Ds (4.0) ≤ 200

Elastomers

Window gaskets, door nosings,
inter-car diaphragms, roof mats,
and seat springs

ASTM C 1166-00

Average flame propagation
≤ 4 inches

ASTM E 662-01

Ds (1.5) ≤ 100
Ds (4.0) ≤ 200

Structural
components

Flooring, Other

ASTM E 119-00a

Pass
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Bench-scale testing methods

Bench-scale tests generally investigate material properties rather than to emulate any
specific full-scale fire scenario that might occur. The testing methods outlined here and
in §2.4.3 are generic testing methods that are not industry-based.

Cone calorimetry
The cone calorimeter (Figure 2-16) has derived its name from the shape of the truncated
cone heater used to irradiate test specimens with a heat flux during testing. It was
developed by Dr. Vytenis Babrauskas and his co-workers at the National Institute of
Standards and Technology (NIST), and has now become the primary method for
bench-scale measurements of heat release rates. The modern device has been adopted by
both the ISO standards (ISO DIS 5660) and ASTM standards (ASTM E 1354) as a viable
bench-scale fire test [3].

Figure 2-16: Schematic view of the cone calorimeter [3].
The cone calorimeter has been designed to simultaneously measure heat release rate,
mass loss rates, toxic gas release rates, smoke release rates, and ignitability (time to
ignition and critical ignition flux). Additional components can be installed to analyse
specific gases, control the atmospheric conditions during the test, and to assess the
corrosive potential of combustion products. This makes it one of the most comprehensive
devices in terms of quantitative data.
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Specimens sized 100 mm x 100 mm and up to 50 mm thickness can be loaded either
horizontally or vertically into the device for testing, the size of which is of the smallest
order of magnitude in fire engineering and the largest used in polymer analysis,
providing an important link between polymer science and fire engineering. Heat fluxes of
up to 100 kW m-2 can be applied to the specimen to simulate forced-flaming conditions.
This bench-scale fire test aims to replicate the performance of materials in developing
fires on a very small length scale when coupled with a 35 kW m-2 heat flux. This allows
the user to obtain reasonable insight into developing fire behaviour of a material system
from a small specimen, reducing development times and costs. This is a key feature of
the cone calorimeter.
The cone calorimeter monitors a comprehensive set of data that provides insight into
some intrinsic material properties. Therefore, there is potential to use its data in the
simulation of real fire scenarios or other fire tests. However, the test does have
limitations. There has not been great success in simple empirical approaches to correlate
cone calorimeter results with other tests. It is also limited to certain classes of materials.
Furthermore, there is no real flame spread in the cone calorimeter. Therefore the burning
is one-dimensional in the thickness direction, the variation of which has a significant
influence on results.
When compared to other bench-scale experiments, it is evident that the cone calorimeter
cannot perform similar flammability tests to UL94 or LOI since most of these types of
experiments use free burning scenarios on single items, which allow dripping and
wicking to influence the outcome. Cone calorimetry on the other hand eliminates these
two effects and focuses on the fire response in a developing fire. There has only been
good correlation found with those tests that represent similar fire scenarios. Such tests
include the Swedish Forest Products Research Laboratory (STFI) open-test arrangement,
the Ohio State University (OSU) calorimeter and the Factory Mutual Research
Cooperation (FMRC) flammability apparatus.
A comparison of the testing method to intermediate and full-scale experiments indicates
that it cannot be used to make direct predictions in full-scale tests since the response of
the larger specimen has a crucial impact on the fire scenario. However, specialized
approaches based on empirical flame spread modelling have shown increasingly
satisfactory results.
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Schartel et al. [34] have investigated the influence and impact of the cone calorimeter
setup on the results obtained. Their studies indicate that lower external heat fluxes, such
as below 20 kW m-2, should be used in looking at ignition and flammability properties,
while higher external heat fluxes, such as 50 kW m-2, should be used when investigating
flame spread and combustion properties. Therefore, when looking at flame retardancy in
terms of ignition and flammability, higher heat fluxes may mask the success of
specifically designed materials so that it appears to have failed. For example, char can
decompose at higher temperatures and therefore mechanisms relying on the protective
nature of char will fail. From this study, it is evident that an appropriate external heat
flux must be chosen to draw relevant conclusions from cone calorimeter studies. The
paper also indicates that the commonly used 35 and 50 kW m-2 heat fluxes deliver
reproducible results with respect to flame spread and combustion properties in forcedflaming conditions.
The peak heat release rate of a specimen is shown to be influenced by thermal feedback
from the back of the specimen. An experimental study showed that removing thermal
feedback as a factor caused the peak heat release rate to be greatly reduced and the
general shape of the heat release rate curve to be changed significantly. However, the
introduction of other factors such as nanoparticles in the system caused the reduction in
peak heat release rate to be less drastic. Thus comparing different types of set ups should
be done carefully.

Figure 2-17: Typical HRR curves for different characteristic burning behaviours
[35].
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Various characteristics of HRR curves shown in Figure 2-17 are discussed by Schartel
and Hull [35]. Their work indicates that physical observation techniques (visual
observation, camera and video data reporting) can form a crucial step in understanding
the burning behaviour of a specimen. Important observations include surface rise,
residual stress deformation, intumescence, structural collapse, char formation, char
cracking, bubbling, small explosions, sparking, stable crust formation, surface layers or
bubbles, and afterglow. While these phenomena may influence the HRR, they cannot
necessarily be related to the HRR curves without observation of the phenomena
occurring.
Leonard et al. [36] have developed a controlled-atmosphere cone calorimeter, which
allows the user to obtain data on material flammability at reduced oxygen levels. This is
especially useful in pyrolysis studies, which helps to determine fundamental material
flammability properties.
LIFT
The lateral ignition and flame spread test (LIFT) is another small scale testing method
designed to characterize lateral flame spread properties of materials. The apparatus
required to carry out the test is shown in Figure 2-18. The data obtained from the test can
be correlated with the theory for ignition and flame spread to derive the critical heat flux
for ignition, the ignition temperature, the apparent thermal inertia, and the flame heating
parameter.

Figure 2-18: Schematic view of the LIFT apparatus [37].
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Limited oxygen index
The limited oxygen index (LOI) is a test which indicates the relative flammability of
materials. It has both international (ISO 4589) and US (ASTM D 2863) standard
recognition. The index is defined as the minimum oxygen concentration in an
oxygen/nitrogen mixture to either maintain flame combustion of the material for
3-minutes or to consume a length of 5 cm of the specimen, given that the specimen is
placed in a vertical position. It can be expressed as:
𝐿𝑂𝐼 = 100

[𝑂2 ]
[𝑂2 ] + [𝑁2 ]

A schematic view for the experimental set-up as per ISO 4589 standards can be seen in
Figure 2-19. Specimens sized 80 mm x 10 mm x 4 mm are placed vertically in a glass
chimney and the gas mixture flows upwards through the chimney, becoming
homogenised by passing through layers of glass beads. After the column has been purged
for 30-seconds, the top of the specimen is ignited.

Figure 2-19: Experimental set-up for LOI measurement.
Since natural air contains 21 % oxygen, this is taken as a bench mark when interpreting
the LOI numbers. An LOI of below 21 is considered to be combustible, while above 21
is interpreted as self-extinguishing. Therefore, an increase in LOI indicates better flame
retardant properties. It has to be noted that the LOI values decrease with an increase in
temperature, and thus the self-extinguishing interpretation is only valid at room
temperature or lower. Dripping may also lead to incorrectly high LOI values, and care
has to be taken during the experiment to prevent this. Nanoparticles have also been found
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to provide contradictory results compared to the cone calorimeter and UL94 tests due to
a barrier layer which reduces the propagation of flame inside the material but increases
the flame spread rate over the surface of the specimen. Therefore, lower LOI values are
measured despite improved flammability properties. Overall, LOI is a relatively
unsophisticated test, but is still used as a screening and quality control method in
industry.
UL94 V
The UL94 V burn tests are the most widely used type of test in the plastics industry and
in academic research centres to determine the flammability of a plastic system. The
UL94 standards specify a range of tests, but the V variant focuses on measuring the
ignitability and flame-spread of vertical bulk materials exposed to a small flame and is
set up as shown in Figure 2-20. Specimens are classified as either V0, V1 or V2 in
descending order of fire retardancy.

Figure 2-20: Experimental set-up for the UL94V flammability test (measurements
are in mm).
In this test, a 50 W blue methane flame with a 22 mm high inner core is applied to the
specimen for 10-seconds and then removed. The time for the flame to extinguish, t1, is
recorded. The flame is then applied to the specimen for another 10-seconds and the time
to extinguish again, t2, is noted, along with the time required for the fire glow to
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disappear, t3. Table 2-7 indicates what classification is given depending on the time
values obtained.
While widely used, this information obtained is limited due to the basic nature of the
results. It appears to be best used for cohesive materials rather than specimens that flow
easily.
Table 2-7: Classification of materials for the UL94 V test.
Fire classification
UL94 V0

UL94 V1

UL94 V2

t1 and t2 less than 10 s for each specimen
t1 + t2 less than 50 s for the five specimens
t2 + t3 less than 30 s for each specimen
No afterflame or afterglow up to the holding clamp
No burning drops
t1 and t2 less than 30 s for each specimen
t1 + t2 less than 250 s for the five specimens
t2 + t3 less than 60 s for each specimen
No afterflame or afterglow up to the holding clamp
No burning drops
t2 and t2 less than 30 s for each specimen
t1 + t2 less than 250 s for the five specimens
t2 + t3 less than 60 s for each specimen
No afterflame or afterglow up to the holding clamp
Burning drops allowed
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Large-scale testing methods

Large-scale testing methods provide more holistic information of fire scenarios and how
a fire might spread and evolve in a more complex environment. However, these are also
very expensive to conduct due to size and material costs.
Room corner test
The room corner test (ISO 9705) is a large-scale testing method used to measure the
burning behaviour of surface lining materials in buildings. The setup, as shown in
Figure 2-21, is essentially a small compartment with an open doorway at one end, with a
gas collection system to measure the fire gas properties of the experiment. A gas burner
is used at one of the rear corners to create the fire. The main data that can be collected
from such an experiment are:
• time to flashover
• heat release rate
• smoke production rate
• CO production rate
• CO2production rate
• oxygen depletion rate

Figure 2-21: The room corner test.
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Modelling of flammability

Research by Quintiere [38-40] provides an overview of the foundation for the analytical
methods for determining fire growth, and gives an overview of the equations and
processes involved for ignition, release rates, and flame spread in simple fire scenarios
involving a radiant heat flux on a surface. His work indicates the importance of material
properties on these processes, which can be measured by standard testing methods. These
modelling tools are the basis of the finite difference models that are discussed later in this
research. His latest paper provides information for a radiant heating model for a
thermally thick material, indicating that both convection and radiation heat transfer are
occurring. This model does not take into account the thermal decomposition or ignition
of the material.
Di Blasi [41] discusses the modelling of both non-charring and charring materials,
focusing on the combustion of wood. He outlines three types of kinetic models used to
simulate the thermal degradation process of polymers. His work uses the Arhennius
equation to determine rates of reaction.

Figure 2-22: Comparison of calculated and experimental temperature profiles for
Henderson’s model [42].
Henderson et al. [42] have developed a 1-D transient thermal finite difference model to
investigate the fire behaviour of glass fibre reinforced polymer panels during pyrolysis.
Their work is widely cited in the area of modelling the pyrolysis of polymer composites,
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and has been built upon or used in different applications by other researchers such as
Dodds et al. [43], Mouritz et al. [14] and Gibson et al. [44]. Figure 2-22 indicates that
Henderson’s 1-D model provides fairly good results. Discrepancies between the two are
thought to be due to limitations caused by assumptions made in the model, and also
accuracy in the thermal properties that were not determined experimentally.
Dodds et al. [43] have used the model constructed by Henderson to investigate numerous
synthetic fibre reinforced polymer composites, and have compared the results to furnace
fire testing. A selection of temperature profile comparisons for validation is shown in
Figure 2-23. The accuracy of prediction was shown to depend on the structural behaviour
of the composite, in particular, phenolic composite specimens being prone to greater
delamination during fire testing.

(a)

(c)

(b)

(d)

Figure 2-23: Comparison of Experimental and Predicted Temperature Curves for
a) polyester woven roving b) polyester CSM c) epoxy woven roving and
d) phenolic woven roving composite panels (found by Dodds et al.) [43].
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Looyeh et al. [45, 46] have developed a 1-D finite element model to investigate the fire
performance of glass reinforced polymer composite panels. The predictions agreed well
with experimental and semi-empirical data for the temperature profiles shown in
Figure 2-24.

Figure 2-24: Comparison of the predicted and experimental temperature profiles
found by Looyeh et al. [45].
Ramroth et al. [47] have extended the approach to incorporate a mechanical model of
laminate behaviour to predict premature structural failure in composite panels during a
fire. Krysl et al. [48] have adapted this approach to investigate glass fibre reinforced
polyester sandwich panels, for which they have assumed that the core does not
decompose. They have also identified several material properties that significantly affect
model accuracy through sensitivity studies.
Sullivan [49] discusses a coupled equation approach to modelling composites
combustion. He also discusses a permeability model which relates the permeability of a
composite to the degree of char, the rate of decomposition, and the heating rate. His
finite element model incorporates a 2-D structural response to analyse the elastic strain
during a fire.
A thermo-mechanical model has been presented in work by Feih et al. [50]. The thermal
aspect of the model is based on previous work done by Gibson et al. [44]. Their model
was compared to experimental data from cone calorimetry for mass fraction of material
remaining over time at different incident heat fluxes (Figure 2-25). It was also compared
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to experimental data for the through-thickness temperature-time response of a laminate at
different incident heat fluxes, as shown in Figure 2-26. The measured temperatures are
shown by dashed lines in the Figure, and calculated temperatures from the model are
shown by solid lines.
Based on these results, it was determined that the model was capable of accurately
predicting the through-thickness temperature profile of polymer laminates, as well as the
mass loss and mass loss rate.
The mechanical aspect of the model was based on the progressive softening in the
through-thickness direction due to thermal softening and decomposition of the polymer
matrix. This was used to predict the time-to-failure and load capacity of the laminate
under compressive loading conditions. Their model still required validation using
different composite systems and fire scenarios.

Figure 2-25: Cone calorimetry results and predictions for the effect of incident
heat flux on mass loss using Feih et al.’s model [50].
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Figure 2-26: Comparison of model by Feih et al. [50] to experimental data for the
temperature-time response of the laminate under cone calorimetry testing
conditions at an incident heat flux of (a) 10 kW m-2, (b) 25 kW m-2, (c) 50 kW m-2,
and (d) kW m-2.
Brehob et al. [51] have developed a finite difference model to investigate upward flame
spread on walls. A numerical model has been developed by Weng and Hasemi [52] to
predict the flame spread across a ceiling surface, and can be adapted for upward flame
spread through manipulation of the governing equations. Their model couples a 1-D
flame spread model with a 1-D pyrolysis model to output pyrolysis front and flame front
predictions, as well as the heat release per unit width. These outputs have been
experimentally validated.
The National Institute of Standards and Technology (NIST) provide a range of fire
simulation and research software [53]. However, these tools are developed for use in
larger scale fires for buildings, with an emphasis on modelling smoke production, as well
as suppression systems.
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The fundamental combustion model is at the heart of simulations of more complicated
situations, which motivates the need for a basic model of natural fibre reinforced
composites. No work has been found on modelling the combustion of natural fibre
reinforced polymers, even in simple geometries, and thus the work in this thesis attempts
to address this area of research through the development of a 1-D finite difference model.

2.6

Summary

This literature review has surveyed the available knowledge and work done in the
following areas:
• Flammability of polymers, fibres, and their resulting composite materials.
o The basic mechanisms for how polymers combust.
o Research done for both synthetic fibres and natural fibre reinforced
composites.
o Commonly used fire retardant methods.
• Flammability test methods used in industry.
• Modelling of these flammability processes.
Experimental research carried out on the flammability of natural fibres and their
composites focused on particular material systems. There was an opportunity for novel
research to be conducted in comparing the differences between natural fibre reinforced
composites with synthetic fibre reinforced composites, as well as investigating the effects
of various material properties and flammability parameters.
While research has been carried out on modelling the flammability of synthetic fibre
reinforced composites as well as wood, no modelling work was found in the available
literature for the pyrolysis and combustion of natural fibre reinforced composites. This
presented a gap in current knowledge for novel research to be conducted during this
research.
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Scope and goals of the research

Based on the gaps found in literature from the review, this thesis investigated the
flammability of natural fibre reinforced composites, and attempted to capture the effects
of incorporating natural fibres into a composite system on flammability properties
through the use of numerical modelling.
Therefore, the primary goals of the research were:
• to experimentally investigate the difference in flammability between synthetic and
natural fibre reinforced composite systems.
• to understand the effects of different material properties on the flammability
properties of a natural fibre reinforced composite system.
• to develop a predictive numerical model of the combustion of a natural fibre
reinforced composite system under cone calorimetry testing conditions, that can
predict the trends in flammability properties based on modelling parameters used.
• to compare the developed model to available analytical data in both literature and
experiments carried out during this work.
These goals were addressed through the use of flax fibre and glass fibre reinforced epoxy
composites as the case study natural fibre and synthetic fibre reinforced composite
systems respectively throughout the research.
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Chapter 3 Materials Selection and
Characterisation
This chapter discusses the several fibre and resin systems selected for producing
composite panels, as well as the experimental and literature research into the material
properties required for numerically modelling the pyrolysis and combustion processes
with these materials.

3.1

Selection of resin systems

Early in this research, an infusion grade epoxy resin known as ADR-246 from Adhesive
Technologies NZ Ltd. in New Zealand was used. This resin was used in conjunction with
the ADH-145 hardener, at a 100:25 resin to hardener ratio by weight. The 100 g pot life
of this mixture at 20 °C was 2.5-hours, with a post cure requirement of 20 °C for
24-hours followed by 60 °C for 12-hours.
Prime 20LV, an infusion grade epoxy resin, was supplied by SP-High Modulus in New
Zealand for the matrix material for the non-FR laminates. A 10 % fast / 90 % slow
hardener mixture was used, leading to a cure time of approximately 15-hours at 25 °C.
Post-curing at 65 °C for 8-hours was required to reach full cure. This resin was used for
the majority of this research.
An inherently fire retardant epoxy resin, EL-319, was supplied by Adtech Plastic
Systems in USA. The EL-319 series is a UV stabilized halogen-free FR epoxy
laminating system. The resin has passed FAR regulations in the following: 60-second
vertical burn test, 12-second vertical burn test, and 30-second 45° angle burn test. Using
the slower hardener, EL-319-1, this epoxy resin has a 200 g work life of 108-minutes. It
has a 7-day complete cure time at room temperature, and an accelerated cure schedule of
24-hours at room temperature combined with 4-hours at 100 °C.
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Selection of fibre systems
Selection of flax fibres

Three flax fibre reinforcements, supplied by Libeco-Lagae in Belgium, were used
throughout the course of this research: a unidirectional fabric and two different twill
weaves. Flax is attractive as a natural fibre reinforcement because it has good specific
mechanical properties that are comparable to those of E-glass (particularly when
modified to enhance bonding with polymer matrices), has high aspect ratios, and is easy
to handle. Libeco-Lagae is actively engaging with composites manufacturers and
researchers to develop their products, as well as applying internal effort to modify fibre
surfaces to improve bonding to polymer matrices.

3.2.2

Selection of glass fibres

Three glass fibre reinforcements, supplied by SP-High Modulus in New Zealand, were
also used for the majority of this research for comparative purposes: a unidirectional
fabric, a twill weave, and a plain weave. Early in the research when first experimentally
investigating the flammability properties of synthetic composites, a Chop Strand Mat
(CSM), a woven roving, a 0° / 90° Bi-axial stitch, and a -45° / +45° Bi-axial stitch were
used. Glass was selected as the synthetic fibre reinforcement because it is the fibre type
used in the highest volumes in the composites manufacturing industry, and has been the
focus of most previous flammability research.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-1: Close up images of; (a) Glass Uni, (b) Glass PW, (c) Glass TW,
(d) Flax Uni, (e) Flax TW1, and (f) Flax TW2.
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Table 3-1: Selected properties of fibre reinforcements used in research.
Fibre
Type

Fabric
Type

Areal Weight
/gm

/ mm

Glass

UNI
PW
TW
UNI
TW (1)
TW (2)

450
125
300
305
315
550

2.3
0.6
1.5
2.0
0.5
1.7

Flax

-2

Tow Width

Details of the six reinforcements used for the majority of the research are provided in
Table 3-1, and Figure 3-1 presents close-up images of each. The goal was to select glass
fibres that could replace the natural fibres in terms of fabric architecture, while
maintaining the same fibre volume fraction in the resulting panels. However, natural
fibre tows are typically more circular in shape than glass tows, which are more ovular,
leading to the need for a compromise between matching areal weight and tow width. For
the purpose of this research, fabrics with similar tow widths were selected. This meant
that more layers were required for glass fibre specimens than for flax fibre specimens to
achieve the same fibre volume fraction and laminate thickness. While this may have an
effect on specimen combustion due to phenomena such as layer nesting, it was decided
that maintaining the out-of-plane tow distribution was more important to obtain a
similarly tortuous path for pyrolysed gases permeating to the combustion surface. Weave
type was also kept the same where possible. A plain weave was used instead of a twill
weave for the lighter woven glass fabric because glass fibre twill weaves were not
available at the areal weight required.
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Material properties

Several material properties for the resin and fibre reinforcements had to be determined in
order to create a model for the flammability of composite materials. These properties
were either obtained from the literature or determined through experimentation.
For the purposes of this research, only the Prime 20LV epoxy resin system was
characterised, as it was the primary resin used throughout the project.

3.3.1

Density

The mixed density of Prime 20LV with each hardener type was provided by
SP-High Modulus. The mixed density was 1089 kg m-3 with fast hardener, and
1084 kg m-3 with slow hardener. Since a 10 % fast / 90 % slow hardener mixture was
used throughout this research, the mixed density used for the resin was 1085 kg m-3 by
rule of mixtures.
From literature, E-glass has a density range of 2550 to 2600 kg m-3, depending on the
manufacturer [1, 10, 45, 54, 55]. For this research, the density of E-glass used was
2580 kg m-3 based on an average density value.
The density of flax is dependent on the grower, the manufacturer, and the specific variety
of flax plant being used to produce the reinforcement. The flax density used in this
research was 1400 kg m-3, which was obtained from literature [10].

3.3.2

Specific heat capacity

Specific heat capacity data for several of the materials used in this research were
collected using differential scanning calorimetry (DSC). A TA Instruments Q1000 DSC
was used, which had a maximum testing temperature of 500 °C. The maximum
temperature used for the DSC was 280 °C for virgin flax and epoxy to avoid degradation
of the material within the machine. Flax ash was able to be tested up to 480 °C as it was
not combustible. Flax fabrics were placed in a vacuum oven at 65 – 70 °C to reduce
moisture content and replicate the conditioning of the fabrics prior to the manufacturing
processes used in this research.

Specific heat capacity / J kg-1 K-1
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Figure 3-2: Specific heat capacity profile for Prime 20LV epoxy resin.
Figure 3-2 presents the specific heat capacity of epoxy with respect to temperature. There
is a significant increase in the specific heat capacity of epoxy between 25 °C and 120 °C,
before the specific heat capacity reduces to a fairly consistent value averaging
1529 J kg-1 K-1. The specific heat curve for Prime 20LV epoxy was modelled using the
following equations:
For T ≤ 171 °C,

C p ,epoxy =1.976 ×10−7 T 5 − 5.5631×10−5 T 4 + 5.5631×10−4 T 3 ...
+0.804066T 2 − 46.673T + 1890.3

(3-1)

For T> 171 °C,
C p ,epoxy = 1529

where,

C p ,epoxy = Isobar specific heat of epoxy resin / J kg −1 K −1
T = Temperature of epoxy resin / K

(3-2)
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Figure 3-3: Specific heat capacity profiles for flax fibres.
Figure 3-3 presents the specific heat capacity of virgin flax with respect to temperature.
Like the epoxy resin profile, this has been modelled by multiple equations for different
temperature ranges as follows:
For T < 105 °C,
C p , flax =
−3.04171× 10−4 T 4 + 0.076634T 3 − 6.1439T 2 + 216.83T − 1276.9

(3-3)

For 105 °C ≤ T ≤ 186 °C
C p , flax =
−2.4687 × 10−4 T 4 + 0.14842T 3 − 32.449T 2 + 3002.6T − 93853

(3-4)

For T > 186 °C,
C p , flax = 1600

where,

C p , flax = Isobar specific heat of flax fibres / J kg −1 K −1
T = Temperature of flax fibres / K

(3-5)

Specific heat capacity / J kg-1 K-1

Chapter 3 Materials Selection and Characterisation

55

900
800

Flax Ash

700
600
500
400
300
200
100
0
0

100

200
300
Temperature / °C

400

500

Figure 3-4: Specific heat capacity profile for flax ash
Figure 3-4 presents the specific heat capacity of flax ash with respect to temperature. Due
to the complexity of the specific heat profile, the specific heat capacity of ash was
approximated as the average value above 300 °C, when flax begins to degrade. This
provides a specific heat capacity value for flax ash of 120 J kg-1 K-1.
The specific heat of glass fibres used for this research was obtained from modelling work
done by Looyeh and Bettess [46]. They provide the following equation for the isobar
specific heat of glass fibres:
C p , glass = 760 + 3.88 × 10−2 (T − T∞ )

(3-6)

where,
C p , glass = Isobar specific heat of glass fibres / J kg −1 K −1
T = Temperature of glass fibres / K
T∞ = Ambient temperature / K

3.3.3

Thermal conductivity

Thermal conductivity values were obtained from the literature. While thermal
conductivity is a function of temperature, no temperature range data was available.
Therefore the thermal conductivities of materials at room temperature were used.
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The thermal conductivity of epoxy resin at room temperature is 0.19 W m-1 K-1 based on
findings by Lyon and Janssens [56] for their epoxy resin.
Kozlowski [10] provides a thermal conductivity range of 0.29 to 0.32 W m-1 K-1 for
natural fibres, and thus 0.3 W m-1 K-1 was selected. While other sources provide values
as low as 0.04 W m-1 K-1 for flax, these are based on insulating flax where the thermal
conductivity of air plays a major factor in the value [57].
The thermal conductivity of E-glass at room temperature is approximately 1.3 W m-1 K-1,
which is the value used for this research [54, 58].

3.3.4

Kinetic rate properties

Kinetic rate properties define the rate of a reaction with respect to temperature. The
pyrolysis kinetic rates for mass loss are of interest in this research. These rates can be
determined from thermo-gravimetric analysis (TGA) and are modelled using the
Arrhenius equation shown below:




 ( m − mF )   RgasT 
∂m
= − Am0 
 e
∂t
m
0


n

E

(3-7)

where,

m = mass per unit area / kg m -2
m0 = initial mass per unit area / kg m -2
mF = final mass per unit area / kg m -2
A = pre-exponential factor / s −1
n = order of reaction
E = activation energy / J mol −1
Rgas = gas constant / J mol−1 K −1
The three kinetic rate properties A, n and E were obtained from literature for flax and
epoxy. Dodds et al. [43] have provided the following kinetic rate properties for epoxy
based on their TGA measurements:

A = 500 s -1
n =1
E = 60500 J mol−1
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Yang and Kokot [59] determined the following kinetic rate properties for the major stage
of pyrolysis of flax in air from their TGA measurements:

=
A 9.03 ×107 s −1
n =1
=
E 1.15 ×105 J mol−1
Glass does not undergo pyrolysis, but carbon-silica reactions can occur above 1000 °C
which have to be taken into account if there is sufficient carbon present from resin
system char. The work carried out by Henderson et al. [42] provides the following values
for this reaction:

A 2.61×107 s −1
=
n = 0.53
=
E 3.54 ×105 J mol−1
The final mass, mf, is determined by the char yield of the material. For epoxy, the char
yield is 0.04 kg kg-1 (i.e. the final mass after pyrolysis is 4 % of the initial mass) and
approximately 0.05 kg kg-1 for flax fibres from experimentation.

3.3.5

Decomposition expansion factors

The decomposition expansion factor was determined for flax by measuring the central
thickness (i.e. where the greatest amount of expansion occurs) of 6 mm flax TW(2)
reinforced epoxy specimens after being subjected to cone calorimetry tests carried out in
§5.3. Five specimens were measured, three of the specimens being subjected to a
50 kW m-2 incident heat flux and two of the specimens to a 75 kW m-2 incident heat flux.
More specimens were not measured because of the fragility of the char.
The average resulting thickness of the 50 kW m-2 specimens was 15 mm, and 11 mm for
the 75 kW m-2 specimens, giving decomposition expansion factors of 2.5 and 1.8
respectively. This indicates that the heating rate of a specimen has an effect on the
expansion factor, though the measurements are rudimentary in nature. For the purposes
of this research, the expansion factor used for flax fibre reinforced epoxy was 2.5 since
50 kW m-2 was the base incident heat flux used during experiments.
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Heat of thermal decomposition

The heat of thermal decomposition for epoxy was obtained from literature. This is the
amount of energy required to break the materials down into their respective volatiles
during pyrolysis, and is generally an endothermic process due to the breaking of bonds.
Lyon and Janssens [56] provide a heat of thermal decomposition of -1.5 MJ kg-1 for
epoxy.
The heat of thermal decomposition for flax was not available in literature. However, this
value can be approximated based on the heat of decomposition for cellulose. Work
carried out by Milosavljevic et al. [60] determined that the heat of thermal decomposition
of cellulose is dependent on char yield and the char formation process is exothermic. For
no char yield, the heat of thermal decomposition is -0.538 kJ kg-1. This value changes to
the extent of 2.0 MJ kg-1 of char formed. The char yield of flax is approximately 5 %,
leading to an approximate heat of thermal decomposition value of -0.411 kJ kg-1 for flax.
The heat of thermal decomposition value of -2.093 MJ kg-1 was obtained for carbonsilica reactions between glass and carbon char from Henderson et al. [42].

3.3.7

Effective heat of combustion

The effective heats of combustion for epoxy and flax were obtained from cone
calorimetry experiments and validated by literature. The cone calorimeter determines the
heat release rate of a specimen based on oxygen consumption, with a default heat of
combustion of 13.1 MJ per kg of oxygen consumed. The effective heat of combustion
can then be calculated by the product of the heat release rate and mass loss rate of the
specimen.
This value is important in determining the amount of energy released by the material
system, and thus is used to calculate the resulting heat release rate in modelling work.
The effective heat of combustion takes into account incomplete combustion of a material
based on combustion efficiency. The lower the combustion efficiency, the greater the
smoke yield becomes.
Lyon and Janssens [56] provide a value of 20.4 MJ kg-1 for their epoxy resin based on a
combustion efficiency of 0.75 in air, but is likely to be flame retarded due to its use in the
aircraft industry. Walters et al. [61] obtained a net heat of combustion value for DER-332
Dow Chemical Bisphenol-A epoxy resin of 30.94 MJ kg-1 using oxygen bomb
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calorimetry and 30.79 MJ kg-1 using oxygen consumption calorimetry. Babrauskas [62]
obtained a net heat of combustion value of 28.9 MJ kg-1 for hardened epoxy using
oxygen bomb calorimetry. The effective heat of combustion for the epoxies used by
Babrauskas and Walters et al. [61, 62] would be lower than the net heat of combustion
values obtained. Experimental data from cone calorimetry provide an effective heat of
combustion value closer to 25 MJ kg-1 for Prime 20LV epoxy resin, which is in an
acceptable range for the type of resin and thus used in this research.
The heat of combustion from the flax fibres used was approximately 11 MJ kg-1.
Helwig [63] obtained a range of effective heat of combustion values between 10 and 12
MJ kg-1 from cone calorimetry tests, supporting this result.

3.3.8

Ignition criteria

The two criteria that must be met for ignition to occur are ignition temperature and a
critical mass flux of gas at the surface. The flash ignition temperature for epoxy resin
from literature was equal to the degradation temperature (427 °C). Based on the TGA
data used for the kinetic rate properties [43], the degradation temperature is
approximately 350 °C and thus this value was used as the ignition temperature of epoxy.
The critical gas mass flux used for epoxy was 1.0 g m-2 s-1 [56].
No literature was available for the flash ignition temperature of flax. For the purposes of
this research, the flash ignition temperature was set at 312 °C, the degradation
temperature from TGA experiments on flax documented by Yang and Kokot [59].
Chrebet and Balog [64] found a critical gas mass flux value of 0.744 g m-2 s-1 for flax,
which was used for this research.

3.3.9

Maximum flame temperature

The maximum flame temperatures for individual materials were not found in literature,
and could not be determined experimentally with the equipment available. An article by
Babrauskas [65] on flame temperatures discusses the difficulties involved in measuring
flame temperatures. However, work carried out by McCaffrey [66] found that the flame
temperature slightly above the base of the flame is approximately 900 °C in open fires,
which is the fire scenario that the cone calorimetry setup attempts to capture. Therefore a
maximum flame temperature of 900 °C was used for both flax and epoxy in this research.
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Summary

Early in the research, four glass fibre fabric architectures were selected in conjunction
with the ADR-246 epoxy resin system to create panels. These were a Chop Strand Mat
(CSM), a woven roving, a 0° / 90° Bi-axial stitch, and a -45° / +45° Bi-axial stitch.
The majority of the research utilised three flax fibre reinforcements, along three glass
fibre reinforcements of similar architecture. These were used in conjunction with the
Prime 20LV resin system, though a fire retardant epoxy resin alternative, EL-319, was
also used for parts of the research.
The density, specific heat of conduction, thermal conductivity, and kinetic rate properties
were defined for flax fibres, glass fibres, and non-FR epoxy resin. The heat of thermal
decomposition, effective heat of combustion, ignition criteria, and maximum flame
temperature were also defined for the flax fibres and non-FR epoxy resin. The
decomposition expansion factor was determined for a flax fibre reinforced non-FR epoxy
resin system.
Flax fibres were defined with the following properties for numerical modelling purposes:
• A density of 1400 kg m-3.
• A virgin specific heat capacity defined by Equations 3-3, 3-4, and 3-5 depending
on temperature range.
• A char specific heat capacity of 120 J kg-1 K-1.
• A thermal conductivity of 0.3 W m-1 K-1.
• Kinetic rate properties for Equation 3-7 of:
o A = 9.07×107.
o n = 1.
o E = 1.15×105.
• A heat of thermal decomposition of -0.411 kJ kg-1.
• A char yield of 5 %.
• An effective heat of combustion 11 MJ kg-1.
• An ignition temperature of 312 °C
• A critical gas mass flux of 0.744 g m-2 s-1.
• A maximum flame temperature of 900 °C.
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Glass fibres were defined with the following properties for numerical modelling
purposes:
• A density of 2580 kg m-3.
• A specific heat capacity defined by Equation 3-6.
• A thermal conductivity of 1.3 W m-1 K-1.
• Kinetic rate properties for Equation 3-7 during carbon-silica reactions of:
o A = 2.61×107.
o n = 0.53.
o E = 3.54×105.
• A heat of thermal decomposition for carbon-silica reactions of -2.093 MJ kg-1.
Epoxy resin was defined with the following properties for numerical modelling purposes:
• A density of 1085 kg m-3.
• A virgin specific heat capacity defined by Equations 3-1 and 3-2 depending on
temperature range.
• A thermal conductivity of 0.19 W m-1 K-1.
• Kinetic rate properties for Equation 3-7 of:
o A = 500.
o n = 1.
o E = 60500.
• A heat of thermal decomposition of -1.5 MJ kg-1.
• A char yield of 4 %.
• An effective heat of combustion 25 MJ kg-1.
• An ignition temperature of 350 °C.
• A critical gas mass flux of 1.0 g m-2 s-1.
• A maximum flame temperature of 900 °C.
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Chapter 4 Experimental
Techniques
Several experimental techniques were conducted during this research to both
manufacture composite specimens and test their flammability properties. This chapter
discusses the different methodologies used to manufacture composite panels and extract
appropriate specimens from them. The three flammability testing methods utilised are
also discussed in detail.

4.1
4.1.1

Panel manufacturing
Vacuum-assisted resin infusion

For panels required during preliminary stages of this work, the Vacuum-assisted Resin
Infusion (VARI) process was utilised. Panels of 450 mm x 300 mm in size were
manufactured. Only glass fibre reinforced epoxy composite panels were made using this
manufacturing process, specifically for the purpose of establishing the experimental
techniques described in this chapter and to gain some initial observations in composite
flammability.

Figure 4-1: Schematic of VARI setup [67].
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The layout for this manufacturing process is shown in Figure 4-1. Compaction of the
fibres is provided by the difference between the cavity pressure and the atmospheric
pressure (1 bar) since the vacuum bag lacks rigidity.
Prior to infusion, the resin was de-gassed carefully for 10-minutes in a vacuum pot to
remove air bubbles. A leak check was also carried out on the system under vacuum
before each infusion to ensure there were no gaps between the sealant tape and the
vacuum bag or mould surface. Bridging can occur if the vacuum bag is drawn too tight
and cannot go into the corners, creating an unwanted cavity in the mould. Therefore
pleating of the vacuum bag was employed to prevent this from occurring.
During filling, the inlet was left at atmospheric pressure while full vacuum was applied at
the outlet. Once the resin reached the outlet, the inlet was clamped to avoid air entering
the part if the resin pot were to run out of resin. The outlet post-filling pressure was set to
200 mbar. This is commonly done to prevent degassing in the part itself during the postfilling stage, which would create voids as volatiles are drawn out of the resin. While this
also means a lower achievable volume fraction due to decreased compaction pressure,
the compromise is worthwhile.
A rectilinear filling process was used, with the inlet tube and vacuum port being at
opposite ends of the pre-form. Temperature was not regulated during these experiments,
though an electric blanket was used on cold days to ensure that the resin would cure
within a reasonable amount of time for de-moulding.

4.1.2

Resin transfer moulding

The resin transfer moulding (RTM) process was used as the main manufacturing process
during the research to create composite panels. This method provides good control of
panel thickness and fibre volume fraction (Vf). VARI relies on the difference in mould
pressure and atmospheric pressure to determine part thickness. The mould used in the
RTM process on the other hand is assumed to be rigid, and is designed to achieve this
within cost limitations. Thus the RTM process uses a fixed cavity size to maintain
constant thickness with the number of layers in the fibre pre-form determining fibre
volume fraction. The ability to control thickness and fibre volume fraction is very useful
when comparing different fibre reinforcements, as it allows for the removal of two
variables during the comparative study. It also allows for the varying of those same two
variables during parametric studies.
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Figure 4-2: Photograph of RTM mould set up for parametric study.
The RTM mould used, shown in Figure 4-2, produces panels up to 450 mm x 300 mm in
the in-plane dimension, with a selection of spacer plates being employed to adjust panel
thickness. There are two seals on the mould: A red silicone rubber ‘P’ seal on the top
surface (Figure 4-3), and a smaller 4 mm grey silicone rubber cord seal on the bottom
surface both sealing against the spacer plate in between. It should be noted that a larger
4.8 mm red silicone rubber cord seal was used on the bottom surface for a period of time,
but upon further review it was determined that this size was slightly too large for the
groove once fully compacted. While it did not affect panel quality, it caused the seal to
wear out and damage quickly as some of the seal was pinched each time. The top surface
employs a ‘P’ seal to allow for compression RTM processes to take place, where the
infusion process is undertaken under partial compaction with full compaction of the
mould occurring during post-filling. However, this particular capability was not
employed during this research.

Figure 4-3: Schematic for ‘P’ seal used in RTM mould. All measurements are in
mm.
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The standard spacer plate thickness used during this research was 6 mm. A schematic of
the full RTM setup for rectilinear filling is shown in Figure 4-4. It should be noted that a
clamp was used instead of a valve to open and close the inlet.
Fibre Reinforcements

Mould

Valve

Heat
Exchanger

Pressure
Regulator

Valve
Compressed
Air
Resin

Catch Pot

Catch Pot

Vacuum
Pump
Dual Vacuum
Regulator

Valve

Figure 4-4: Schematic of RTM Mould Setup [68].

Compaction pressure
The RTM mould used in this research was originally designed to be used in conjunction
with a 100 tonne press for compaction pressure. However, due to misalignment issues in
the press causing a large variability in panel thickness across its length (i.e. > 1 mm), the
press was not used during this research.
For the work outlined in §5.2, four G-clamps were used to hold the two halves of the
mould together for pressure. The limited compaction force restricted the maximum
volume fraction to just above 0.40, which was adequate for the comparative study.
Volume fractions of up to 0.50 were desired for the parametric study in §5.3. For the
manufacturing of these panels, the mould was placed in a steel frame and a hydraulic ram
was attached to the top mould to provide the pressure. This particular setup is the one
shown in Figure 4-2. Steel RHS beams were used to help distribute the ram pressure
across the mould in order to reduce thickness variability within the finished parts.

Pre-filling procedure
Prior to being infused, the pre-forms consisting of flax fabrics were conditioned in a
vacuum oven at 65 - 70 °C for at least 24 hours to reduce the moisture content in the flax
fibres, as suggested by Umer [69]. There was an unavoidable delay between removing
fabrics from the vacuum oven and the initiation of the infusion process due to a
15- to 20-minute setup time being required once the fabrics were removed from the
vacuum oven. However, the majority of the setup time had the fibres under vacuum
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conditions inside the mould, reducing the likelihood of this having a significant effect on
the resulting fibre moisture content.
The mould was held under vacuum for at least 10-minutes prior to the mixing of the resin
to ensure air was removed from the compacted pre-form and was not trapped during the
infusion process. It also allowed the vacuum level within the mould to stabilize. A leak
check was then performed under vacuum.
Prior to infusion, the resin was de-gassed carefully for up to 15-minutes. The degassing
procedure developed just prior to the parametric study stage of the research involved
2-minutes at 0.75 bar, 3-minutes at 0.5 bar, and 10-minutes at as close to vacuum as
possible (i.e. between 7 and 13 mbar).

Filling methods
Two different filling methods have been used. The RTM mould has 3 possible vent
locations: one at each end length-wise and one in the middle. The brass fittings for these
potential vent locations are visible in Figure 4-2, on the bottom surface of the mould.
A rectilinear filling method was used for the comparative study in §5.2. The two outside
ports were used as an inlet and outlet, with the middle port closed up by a blank fitting.
However, using a rectilinear filling method with the RTM process presents problems that
can reduce panel quality. With this filling method, the fibres need to be right up against
the sides of the mould to avoid race-tracking of the resin around the pre-form instead of
through it. This can be difficult to achieve with glass fibres, and also risks fibres spilling
over the side of the spacer plate, affecting panel thickness and sealing quality.
Therefore a circumferential filling technique was utilised for the parametric study in
§5.3, with the two outside ports used as inlets and the middle port used as an outlet.

Pre-forms were cut slightly smaller in width to allow resin to flow easily around the
longer edges so that infusion occurred from all sides. This technique avoids the issue of
race-tracking, and reduces the likelihood of loose fibres spilling over the side of the
spacer plate. It also reduces the filling time since filling occurs from all sides, and the
overall path to the outlet is shorter in distance. The main drawback is that the outlet is
under the pre-form itself, and the resulting suction greatly affects part quality at the outlet
location as proper compaction does not occur due to fabric being drawn down slightly
into outlet gap.
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The filling time was controlled by a combination of a vacuum pump used in conjunction
with a dual-vacuum device, and an air pressure regulator. The dual-vacuum device
provided control of two different vacuum levels at the inlet and vent of the mould, while
the air pressure regulator allowed for higher than atmospheric pressures at the inlet
during filling as well as post-filling. During filling, full vacuum was drawn at the mould
vent, while the inlet pressure was varied from 0.5 bar up to 3 bar depending on the fabric
being infused and the viscosity of the resin. Maintaining full vacuum at the vent served
to minimise void creation in the parts. Positive pressure was maintained at the inlet
during the post-filling stage to ensure consolidation and void collapse within the parts.

Temperature control
A Boe-Therm Temp 95-9-2-3 Vac heat exchanger was connected to the aluminium
mould through a water piping system embedded in both the top and bottom halves of the
mould, providing temperature control during the filling and resin cure phases of the
process. Temperature control also provided for reduction in the time to cure the resin
during the post-filling period. The heat exchanger’s temperature output was set to 25 °C
during the filling stage to remove the effects of fluctuating ambient temperature
conditions on viscosity and gel time of the resin.
The temperature was increased to 65 °C for post-filling to aid in resin cure of the panels.
All panels made using the Prime 20LV resin remained in the mould at 65 °C for at least
7-hours to post-cure the resin, as recommended by the resin supplier. The EL-319 resin
system also remained in the mould at 65 °C for at least 7-hours as it was found that the
panels were not rigid enough for de-moulding after 24-hours at 25 °C. The EL-319
panels were then post-cured in a separate oven at 100 °C for 4-hours as recommended by
the resin supplier.
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Specimen manufacturing

Once panels were made to an acceptable standard (i.e. low visible void content) using the
previous manufacturing processes outlined, three different types of specimens had to be
extracted from each panel; Vertical burn, horizontal burn, and cone calorimetry test
specimens.

Figure 4-5: Schematic for test specimen layout for each panel (CC = cone
calorimetry specimens, VB = vertical burn specimens, Blank = horizontal burn
specimens).

4.2.1

Specimen cutting scheme

All specimens were cut using the basic layout shown in Figure 4-5. This scheme was
devised to give a good distribution of the specimens throughout the panels, accounting
for any variability in the panel thickness and quality for each test type. A more detailed
cutting scheme can be found in Appendix A, which is based on 450 mm x 290 mm
panels produced for the parametric study outlined in §5.3. It should be noted that even
though the parametric study did not include horizontal burn experiments, the panels for
the study were still cut with those specimens.

4.2.2

Specimen cutting methods

Multiple cutting methods were utilized throughout the course of this research. For the
specimens used in §5.1, specimens were cut manually using a diamond saw. Water was
used as a lubricant for this method of cutting, and thus it was only useful for cutting glass
fibre reinforced specimens in the case of this research. It was also a time consuming
method, with the inaccuracies associated with manual measurement and cutting, and
therefore was only useful when low quantities of panels require cutting.
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The glass-fibre reinforced specimens in §5.2 were cut manually using a diamond saw,
while the flax fibre reinforced specimens were cut manually using a bench saw. Again,
the bench saw was a time consuming method, though less so than the diamond saw due
to a more efficient setup.
Because of the size of the parametric study in §5.3, other cutting methods were explored.
The non-FR flax fibre reinforced specimens in this study were cut using the laser cutting
method. While this cutting method resulted in slight charring around the edges of each
specimen, the soot was determined to be superficial and unlikely to affect results
significantly. All glass fibre reinforced specimens in this study were manufactured using
water jet cutting, as the glass fibres could not be cut using laser cutting. While some
bubbling of the water bath under the cutter was observed during the cutting process, there
was no noticeable effect on specimen quality. The FR flax fibre reinforced specimens
still had to be machined using a bench saw because the FR nature of the epoxy resin
prevented the laser from cutting through the specimens, while the high pressure of a
water jet would risk causing the flax fibres to absorb moisture.

4.3

Flammability experiments

In order to gain experience with experimental flammability testing procedures, and gain
basic insight into the mechanisms governing flammability, a selection of experiments
were performed. The tests addressed include a horizontal burn, a vertical burn, and cone
calorimetry. These techniques were modified in certain cases to adjust to what was
needed from each type of test as well as to account for the limited equipment available.
The resulting experimental techniques have been used for the entirety of the research.
Prior to all types of experiments conducted, the relevant specimens were placed in an
environmental chamber at 21.1 °C and 50 % humidity for at least 24-hours prior to
testing.

4.3.1

Horizontal burn experiments

An experimental setup and corresponding procedure were developed, using the
ASTM D 2843 standard as a guideline. This test provides simple qualitative and
quantitative measurements, whilst having the advantage of utilising small specimens.
Due to the lack of a chamber that meets the standard, the experiments were carried out in
an open environment. The main goal of the experiments was to make basic observations
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of flame ignition and development, smoke generation, and mass loss during the burning

50 mm

90 mm

42 mm

of relevant 50 mm x 50 mm specimens.

50 mm
90°

45°

Figure 4-6: Schematic of Horizontal Burn Test [70].
50 mm x 50 mm specimens were used as opposed to the 25 mm x 25 mm specimens
specified in the standard, because previous research by Bickerton [71] indicated that this
larger specimen size provided a significant improvement in the repeatability of this type
of experiment. The specimens were placed in the centre of a 150 mm x 150 mm holder
with a gauze bottom, and a 90 mm LPG Bunsen flame (42 mm inner core) was applied
from below at a 45° angle for 4-minutes and then removed. A schematic of the horizontal
burn apparatus is presented in Figure 4-6. The parameters of ignition time, flameout
time, and mass loss were measured.
This experiment type was not used for the parametric study described later in §5.3
because it was decided that the quantitative and qualitative information gained from this
experiment would be less comprehensive when compared to that gained during the cone
calorimetry experiments.

4.3.2

Vertical burn experiments

The Federal Aviation Administration (FAA) maintains a stringent regulatory system
through the use of Federal Aviation Regulations (FARs) to ensure the highest level of
safety for aircraft. The FAR 25.853 standard pertains to the fire safety regulations for
materials used in compartment interiors. It includes specifications for a vertical burn test,
a horizontal burn test, and a 45° burn test to determine fire resistance of materials. A 60°
burn test is also outlined for testing wire insulation materials.
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38 mm

23 mm

19 mm

290 mm

75 mm

Figure 4-7: Schematic of Vertical Burn Test Setup [70].
An experimental setup was established to closely simulate the FAR 25.853 60-second
vertical burn test specifications [31]. Panels 290 mm x 75 mm in size were suspended
vertically, as shown in Figure 4-7, and an LPG Bunsen burner was placed 19 mm below
the lower leading edge for 60-seconds, after which the flame was removed. The Bunsen
burner was set to provide a 23 mm core flame and 38 mm outer flame for all tests. Three
specimens were tested per reinforcement type. Mass loss and total burn time
measurements were made for each test.
This experiment allows for better qualitative observations to be made than the horizontal
burn test due to the much larger specimen size, while still providing fire response
information at a reasonably low cost. However, quantitative data is difficult to obtain.
Due to the edge-on nature of the applied flame, the Bunsen flame can mask the exact
time of ignition of the specimen. Furthermore, it can be very difficult to hold the
specimen in place, as the specimens lose structural integrity as the flame passes any
holding point, potentially causing them to fall and thus disrupting quantitative results
such as flameout time. For this type of experiment, burn time and mass loss are the only
two quantitative values measured.

4.3.3

Cone calorimetry experiments

A cone calorimeter is the most common scientific apparatus used to quantitatively study
the fire behaviour, primarily the heat release, of materials at a bench scale level. A
truncated cone heater is applied to irradiate test specimens, applying a constant heat flux
during testing, and can be calibrated to either of the ISO DIS 5660 or ASTM E 1354
standards.
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The cone calorimetry tests done during this research were run according to the
ASTM E 1354 standard. An external heat flux was applied to 100 mm x 100 mm
specimens in a horizontal orientation, as depicted in Figure 4-8. The specimens were
wrapped along the sides and bottom in aluminium foil as described in the standard. A
50 kW m-2 heat flux was used in experiments as the default. However, the applied flux
could be adjusted between 25 and 100 kW m-2 depending on the context of the study.
The magnitude of applied flux can be correlated to the scale and intensity of a fire
scenario.

Figure 4-8: Schematic View of Cone Calorimeter [3].
Cone calorimetry is the most comprehensive of the tests applied in this study, providing
a large range of quantitative data, along with qualitative visual information. The
calorimeter allows data collection with respect to time, whereas the vertical and
horizontal burn tests track totals of a test. The key measurements that can be made are
the evolution of heat release, the smoke production rate, mass loss, and critical times
such as ignition time and flameout time. A high-resolution video camera has been
installed into the calorimeter at the Plastics Centre of Excellence, allowing the user to
easily correlate visual observations with quantitative data at specific times.
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The main drawback of cone calorimetry is high cost, due to the complex equipment
required, and a range of expensive consumables. There is also a long setup and shutdown
time associated with this method of testing. Therefore, cone calorimetry is best used
when detailed data is actually required.

4.4

Summary

Two manufacturing methods were used to create composite panels. These were:
• Vacuum-assisted resin infusion for initial experiments discussed in §5.1.
• Resin transfer moulding for the comparative and parametric studies discussed in
§5.2 and §5.3 respectively.
A specimen cutting scheme was defined for these composite panels. The specimens were
cut with this scheme using the following methods:
• Diamond saw cutting for initial experiment specimens and the glass fibre
reinforced composite specimens for the comparative study.
• Bench saw cutting for the flax fibre reinforced composite specimens used in the
comparative study.
• Laser cutting for the flax fibre reinforced composite specimens used in the
parametric study.
• Water jet cutting for the glass fibre reinforced composite specimens used in the
parametric study.
Three flammability testing methods were used to investigate flammability properties
during this research. These were:
• Horizontal burn experiments based on the ASTM D 2843 standard.
• Vertical burn experiments based on the FAR 25.853 standard.
• Cone calorimetry experiments using the ASTM E 1354 standard.
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Three key sets of flammability experiments were conducted during the course of this
research. This chapter presents and discusses the results that were obtained for initial
experiments conducted on synthetic fibre reinforced composites, a comparative study
between synthetic and natural fibre reinforced composites, and a parametric study
investigating the effect of different key properties on a flax fibre reinforced composite.

5.1

Initial observations

During the preliminary stages of this work, experiments were performed using different
glass fibre reinforcement architectures to gain a better fundamental understanding of the
flammability of synthetic fibre reinforced composite materials.
For these experiments, four different architecture types of glass fibres were used in
conjunction with the ADR-246 resin system to produce composite panels. The fibre
architectures used were a chop strand mat (CSM) fabric, a woven roving fabric, a
0° / 90° bi-axial stitched fabric, and a -45° / +45° bi-axial stitched fabric.

5.1.1

Horizontal burn experiments

Table 5-1 presents measurements taken from combustion of the glass fibre reinforced
epoxy specimens. From experimental observation, the total burn time correlates to the
in-plane permeability of the particular reinforcement, as the pyrolysed resin has to escape
through available pathways in the reinforcement. It also correlates to the fibre volume
fraction of the specimen, and mass loss due to the amount of resin that is available for
combustion. Ignition time relates to fibre volume fraction, as it depends on the fraction of
resin exposed to the flame on the composite surface.
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Table 5-1: Horizontal burn test results for initial experiments.
Fibre architecture
Flammability properties

CSM

Woven

0° / 90°

-45° / +45°

Fibre volume fraction

0.49

0.54

0.50

0.52

Initial mass / g

23.05

21.57

23.26

23.53

Mass lost / g

8.46

5.27

6.38

6.51

Ignition time / s

20

36

35

40

Total burn time / s

321

167

185

200

During the burn tests, it was noticeable with the naked eye that the resin was bubbling in
the regions that it was combusting. This mostly occurred around the edges of the
specimen, where the resin products could flow to easily, but could also be seen later on
during the burning process on the top surface of the composite. This is the melted resin
pyrolysing into the gas that fuels the combustion process, and the amount of bubbling
qualitatively reveals the volume of resin being pyrolysed with time.

5.1.2

Vertical burn experiments
Table 5-2: Vertical burn test results for initial experiments.
Fibre architecture
Flammability properties

CSM

Woven 0° / 90°

-45° / +45°

Fibre volume fraction

0.49

0.54

0.50

0.52

Initial mass / g

206.5

188.6

199.3

203.9

Mass lost / g

69.3

44.29

51.61

49.62

Total burn time / s

522

370

416

413

Table 5-2 indicates that the total burn time for the composite is related to the associated
mass loss, as this dictates the amount of fuel available for combustion. A constant fibre
volume fraction would be required to confirm this correlation. As in the horizontal burn
tests, the permeability of the fibre reinforcement appears to have an effect on the total
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burn time of the composite. The lower the permeability, the more difficulty the pyrolysed
gases have when permeating to the surface to combust. It was observed that the random
orientation of short fibres in the CSM specimen inhibited the combustion process, while
resin-rich regions between the tows of the other reinforcements provided for lower
resistance pathways.
A number of interesting qualitative experimental observations were made, which have
presented useful insight into the effect of the different fibre reinforcements, as well as
composite combustion in general.
During the initial stages of flame growth, two points were ignited either side of the
specimen centre, which then grew and combined to create a triangular flame region at the
lower edge of the specimen as visualised in Figure 5-1. The flame grows from two points
on the specimen because the thermal energy of the Bunsen flame is greatest at the edge
of the core flame. Since the core flame has a greater height than the distance between the
Bunsen and bottom surface of the specimen, the region of greatest energy is shifted
outwards from the centre of the specimen.

Figure 5-1: Initial flame growth at bottom surface of vertical burn specimen.
The flame front travelled up the specimen quickly as it was fuelled by the surface resin.
In composites manufacturing literature addressing flow of liquid resin through fibre
reinforcements, it is well known that fibre reinforcement permeability is significantly
higher in-plane than out of plane. Analogous to this, the flow of pyrolysed resin gas inplane within the burning composite is faster than gas flow through-thickness. Thus, the
edges continue burning for the longest time.
Once the bulk of the flame had passed, the specimens exhibited inconsistent burning
behind the main flame front in the way of flashes on the surface. These were generally
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bluer in colour than the main flame, indicating a cleaner (fully oxygenated) combustion
process. This is due to there being more oxygen available in these areas once the main
flame front has moved past. Resin gases that reach the surface and combust will have a
higher air to pyolysis gas ratio, resulting in cleaner combustion.
Concentration Point

Figure 5-2: Concentration point on CSM specimen.
During testing, concentration points were observed in resin-rich areas on the surface of
the CSM fabric (Figure 5-2), while regular patterning occurred for the biaxial stitched
and woven fabrics, as Figure 5-3 depicts. The 0° / 90° stitched reinforcement specimens
displayed a regular pattern as well. Due to the outer surface layers being of the zero
degree orientation (i.e. aligned with the length of the specimen), the pyrolysed resin
gases can escape most easily between each vertical tow, leading to a streaky appearance
at the base of the flames once the major flame front has passed that section. This is best
illustrated in Figure 5-3(b). The woven roving reinforced specimens experienced a
similar phenomenon, except with a grid pattern rather than streaking.
(a)

(b)

Figure 5-3: Patterning on (a) Woven Roving and (b) 0°/90° Stitched fabric.
Flame bias towards one side of the specimen was observed for the double bias fabric, due
to the orientation of the fibre bundles at the surface exposed to the Bunsen flame being at
45° to the vertical direction. Pyrolysis gases would therefore be channelled in that
direction before combusting.
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Cone calorimetry experiments
Table 5-3: Cone calorimetry test results for initial experiments.
Fibre architecture
Flammability properties

CSM

Woven 0° / 90°

-45° / +45°

Fibre volume fraction

0.49

0.54

0.50

0.52

Mass lost / g

31.5

21.8

25.6

23.8

Total smoke release / m2 m-2

2872

2076

2404

2484

Time to ignition / s

47

75

72

70

Time to flameout / s

996

374

348

422

Time to peak HRR / s

60

180

225

165

Mean HRR / kW m-2

92

221

280

190

Peak HRR / kW m-2

359

404

490

355

Total heat release / MJ m-2

87

66

77

67

600
CSM

HRR / kW m-2

500

Woven
0°/90°

400

45°/-45°

300
200
100
0
0

100

200

300

400

500

Time / s
Figure 5-4: HRR curves for different reinforcements.

600
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Table 5-3 summarises data recorded for single tests of epoxy specimens reinforced by the
four glass fibre reinforcements initially considered. The CSM specimen stands out from
the three bi-directional reinforcements, igniting sooner, burning the longest, and
releasing the largest amount of heat. Figure 5-4 presents heat release evolution for the
four tests, further highlighting that transient HRR is affected by the fibre reinforcement.
It should be noted that very little control is maintained on the thickness and fibre volume
fraction of specimens manufactured by resin infusion. The CSM specimen had the
highest resin content, leading to the greatest total mass loss, and heat release. However,
heat was released at the slowest rate on average, due to the low through-thickness
permeability of the CSM laminate to the pyrolysis gases. More subtle differences have
been noted between the other three specimens, but more repeats would have been
required to make more definitive conclusions.

5.1.4

Initial experimental summary

The key conclusion from the initial experiments is that the permeability and fibre
architecture of a laminate has a significant influence on the flammability properties of
their respective specimens. The CSM mat exhibited the worst flammability properties
overall with a shorter ignition time and longer flameout time, as well as greater overall
heat release and smoke production.

5.2

Comparison of synthetic and natural fibre
reinforced composites

In this study, the flammability characteristics of epoxy-based composite systems were
explored experimentally. The performance of flax fibre reinforced composites was
compared to glass fibre reinforced composites, while endeavouring to match the fibre
architectures for the two systems. Three flax and glass fibre reinforcements were
considered, and the results from three types of fire tests are presented (horizontal burn,
vertical burn, and cone calorimetry). Details of all six fibre reinforcements and the
resulting composite specimens are provided in Table 5-4.
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Table 5-4: Properties of manufactured panels for comparative study.
Areal
weight

Target
panel
thickness
/ mm

Actual
panel
thickness
/ mm

Target
Vf

Actual
Vf

No. of
layers

Fibre
material

Fabric
type

Flax

UNI

305

6

6.3

0.40

0.38

11

TW (1)

315

6

6.6

0.40

0.38

11

TW (2)

550

6

6.2

0.40

0.39

6

UNI

550

6

6.3

0.40

0.39

14

PW

550

6

6.2

0.45

0.37

48

TW

300

6

6.2

0.40

0.38

20

Glass

5.2.1

/ g m-2

Horizontal burn experiment results

Table 5-5 summarises the results from the experiments, highlighting the observed
differences between glass and flax reinforced specimens. There is a significant difference
in mass loss between the two material types. The flax fibre reinforced composites lost
between 89 and 92 % of their mass while the glass fibre reinforced composites only lost
between 37 and 41 % of their mass, indicating the greater extent to which the flax fibres
combusted.
Table 5-5: Horizontal burn test results for comparative study.
Glass

Flax

Fibre type
UNI

PW

TW

UNI

TW(1)

TW(2)

Ignition time / s

59

45

35

22

36

38

Flameout time / s

255

269

240

265

307

287

Initial mass / g

26.1

25.4

25.5

18.2

19.2

17.8

Final mass / g

16.5

15.3

15.1

1.5

2.0

2.0

Mass lost / g

9.6

10.1

10.4

16.7

17.2

15.8
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The natural fibre specimens ignited earlier than their synthetic counterparts. The glass
fibres provide partial protection to ignition, acting as a heat sink as well as a physical
barrier to the heat source, thus increasing the ignition time. The flax fibres on the other
hand are themselves susceptible to ignition and combustion. The time to flame
extinguishment was also longer for the flax fibre reinforced specimens, despite appearing
to burn more vigorously visually. However, this is to be expected as the flax fibres
provide additional fuel for combustion at a lower heat release rate.
Visually, there was a significant difference between the flax and glass fibre specimens in
terms of changes in shape during combustion. The flax fibre specimens expanded more
in terms of thickness than the glass fibre specimens. This is due to the difference in
compaction stress exerted on the fibre reinforcements during manufacture of the
laminates to a Vf of 0.40. As the matrix is burned away, the restriction on the
reinforcement is removed, causing the reinforcements to expand in the thickness
direction. The flax fibre reinforcements required significantly higher compaction during
manufacture, and thus their composites expanded more. The flax fibre specimens also
changed more radically than their synthetic counterparts in other directions. For the flax
UNI specimens, the sides that were perpendicular to the fibre direction curved upwards,
while the top surface appeared wrinkled. There was also some minor twisting of the
specimen about the fibre direction axis. The twisting of specimens could be explained by
the twist in the flax fibre tows themselves. As the fibre itself burns, the forces
maintaining the twisting angle are removed and the fibres straighten, in turn twisting the
specimen as a whole. Analysis of the specimens post-testing showed significant
delamination, with hollow areas between layers. Specimens of both flax twill weave
types curled upwards at the corners during testing. They also experienced minor twisting,
though less than the UNI specimens.
All of the flax specimens shrunk significantly in-plane, with specimen widths reducing
from 50 mm to approximately 40 mm. The shrinkage of the natural fibre specimens is
likely similar to that indicated by Bryden [72] regarding the combustion of wood. This
author notes that there is a radial shrinkage due to drying, but this is minimal (4.2 - 6.6 %
for the wood species used in his thesis) compared to the shrinkage due to char, which is a
function of the material species, heating rate, and temperature. Values of this char
shrinkage have been recorded by Tran and White [73] for different heat fluxes, with
shrinkage factors of up to 0.753 being found.
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The progression in which the specimens burned was similar for both the natural and
synthetic fibre specimens. For all specimens, pyrolysis was first evident at the sides of
the specimens in the form of bubbling, and then travelled across the top surface from the
outside edges towards the centre. This is interesting as it indicates that techniques used to
determine flame front and pyrolysis front progression for synthetic fibre reinforced
composites can also be used for natural fibre reinforced composites.
There was also an audible difference between the flax and glass fibre reinforced
specimens. Before ignition occurred, the flax specimens made sporadic crackling sounds.
This may be due to the moisture trapped within the plant cells vaporizing, causing the
cells to explode.

5.2.2

Vertical burn experiments

Table 5-6 displays the quantitative results from the vertical burn experiments. The
vertical burn experiments resulted in similar mass loss trends to the other two experiment
types. The purpose of this type of experiment is to provide more qualitative observations
of pyrolysis and flame spread.
Table 5-6: Vertical burn test results for comparative study.
Glass

Flax

Fibre type
UNI

PW

TW

UNI

TW(1)

TW(2)

Total burn time / s

500

560

575

510

515

743

Initial mass / g

228.8

224.4

222.1

169.5

177.1

170.9

Final mass / g

155.5

147.5

140.9

14.3

19.7

37.7

Mass lost / g

73.3

76.9

81.2

155.2

157.4

133.2

As shown in Figure 5-5, the flax fibre specimens burned more vigorously than their glass
fibre counterparts. This is due to the greater amount of available fuel, as well as a
continually deteriorating fibre structure that would otherwise have restricted the release
of volatile gases for combustion. The rate of flame spread was also greater for the flax
fibre specimens. The additional fuel in the flax fibre specimens provides more energy to
feed back into the pyrolysis and combustion processes, accelerating the progression of
the flame front.
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Figure 5-5: Vertical burn test specimens 180 s into test for; a) Flax TW2,
b) flax TW1, c) flax UNI, d) glass TW, e) glass PW, and f) glass UNI.
There were also noticeable differences between the glass and flax fibre composites in
terms of structural shape and integrity during the experiments. While the glass fibre
specimens maintained their original shape, the flax fibre specimens experienced
significant changes in shape. There was evident shrinkage in the width and length
directions, and the specimens twisted to different degrees along the vertical axis. In some
cases, the fibres themselves broke off near the top of specimens and split the specimens
into two pieces. A vertical crack was also visible at the bottom of some specimens. This
was likely caused by the excessive twisting of brittle char.

5.2.3

Cone calorimetry experiments

The cone calorimetry data for ignition time, flameout time, and mass loss shown in
Table 5-7 reinforce the observations made for the horizontal burn experiments. The
differences between the natural and synthetic fibre composite ignition and flameout times
are more significant due to the larger specimen sizes and different heat sources
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(100 mm x 100 mm compared to 50 mm x 50 mm). The flax fibre specimens experienced
higher peak Heat Release Rates (HRR) than their glass fibre counterparts due to the
fibres themselves combusting exothermically.
Table 5-7: Cone calorimetry test results for comparative study.
Glass

Flax

Fibre type
UNI

PW

TW

UNI

TW(1)

TW(2)

Ignition time / s

75

76

76

35

38

50

Flameout time / s

533

655

556

622

717

652

Peak HRR time / s

298

353

358

405

430

70

Peak HRR / kW m-2

527

332

426

507

464

611

Total heat release
/ MJ m-2

101

109

112

167

178

162

Total smoke release
/ m2 m-2

3189

3828

4050

4463

4562

4155

Mass lost / g

36.6

38.4

39.7

71.1

75.7

70.4

The HRR curves (HRR versus time) for all specimens are presented in Figure 5-6. The
characteristics of these curves provide information on the burning behaviour of the
materials.
Double peaks are evident in all curves presented in Figure 5-6, but are more pronounced
for the flax specimens. This behaviour has been observed with pure flax fibres (as
opposed to composites), and previous research has shown that fibre volume fractions
above 30 % result in the fibre dictating the HRR curve shape.
Schartel and Hull [35] suggest that double peaks result from thick charring, which
creates a drop from the initial peak in HRR as a char layer forms, before two events
occur towards the end of an experiment. Firstly, the char cracks, exposing the material
underneath to the heat source and letting pyrolysed gases through more easily. Secondly,
there is an increase in the effective pyrolysis when the pyrolysis front approaches the
glass wool that the specimen sits on during testing. This prevents heat transfer to the
specimen holder and amplifies the effective heat release that is measured. The fact that
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both the glass and flax fibre specimens exhibit double peaking indicates that similar
charring mechanisms are occurring.
Due to the intensity of the flames for all specimens, no visual observations could be
made with regards to char formation and cracking during testing with relation to the
peaks in HRR. However, post-experiment examination showed that the resin was
completely burnt away for the glass fibre specimens, which could explain the peaking for
the synthetic specimens (any char layer formed by the resin would have deteriorated).
The observed greater expansion of the flax specimens in the thickness direction may
have increased the gas permeability of the specimens, and could explain peaking for the
natural fibre specimens.
The heavy woven flax fibre reinforced composite specimens were the only specimens to
exhibit maximum HRR at the initial peak during testing. This is likely caused by there
being a much greater rate of combustion at the surface before charring since the looser
weave allows the pyrolysed gases from the resin to escape to the surface at a faster rate.
Comparing the glass and flax specimen curves, the flax fibre specimens are generally
exhibiting either the same or higher HRRs than their glass counterparts at any point in
time. This indicates that the natural fibre specimens burn as or more vigorously during
combustion. It must be noted that the Glass UNI C specimen experienced a much higher
peak heat release rate than the A and B specimens. This specimen was tested on a
different occasion to the rest of the specimens, and is likely to represent an outlier in the
results.
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Figure 5-6 : HRR curves for; a) UNI, b) light woven, and c) heavy woven fabrics.
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The Smoke Production Rate (SPR) curves shown in Figure 5-7 follow a similar trend to
that of the HRR curves, as an increase in the heat release rate invariably indicates
increased combustion, and in turn a greater SPR. The traces are noisier due to the
variability in smoke production during the tests.
The peak amplitudes of SPR for the natural fibre specimens are similar to that for their
respective glass fibre counterparts. Visually, there should be very little difference in the
volume of smoke being emitted between the glass and respective flax specimens during
the combustion process due to this. Given that the flax specimens generally ignite earlier
and extinguish later, this typically leads to a greater amount of total smoke produced, as
is confirmed by total smoke release data presented in Table 5-7.
While the Flax TW(2) specimens have a greater mass of available fuel than the
Glass TW specimens, which indicates a greater potential for total smoke production, it
should be noted that only small differences were recorded in total smoke production
between the natural and synthetic heavy woven specimens. This is because the total
smoke release is also based on the amount of incomplete combustion that occurs. The
glass twill weave is less permeable than the heavy flax twill weave, which degrades
during testing and results in char that is more permeable than the glass twill weave. As a
result, there is less mixing with oxygen at the combusting interface for the Glass TW
specimens, increasing the amount of incomplete combustion and thus total smoke
release.
Incomplete combustion is also invariably linked to carbon monoxide (CO) yield, which
is defined as the mass of CO produced per mass of fuel consumed. The greater the CO
yield, the greater amount of incomplete combustion that is occurring. The mean CO yield
is 0.028 kg kg-1 for the Flax TW(2) specimens and 0.039 kg kg-1 for the Glass TW
specimens, which validates the above analysis of why the Flax TW(2) and Glass TW
specimens have such a small difference in total smoke release.
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Figure 5-7: SPR curves for; a) UNI, b) light woven, and c) heavy woven fabrics.
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Figure 5-8: Images of a) flax TW (2) in cone calorimeter, and b) a burnt flax UNI
specimen.
It was noted during the experiments that while the glass fibre specimens for the most part
maintained their initial shape, the flax fibre specimens delaminated and bulged outwards,
with largest expansion at the specimen centre. This effect is visible in Figure 5-8. The
author’s current hypothesis for this effect is that an internal force may be applied to the
fibres during combustion to cause buckling. Two possibilities are firstly that the
temperature gradient creates a more constrained solid region at the edges of the
specimens to restrict any initial horizontal expansion, or secondly that the natural twist
angle in the fibre tows unravels to affect the specimen geometry. However, the exact
cause of these forces has not been successfully determined. Smaller sized specimens of
50 mm x 50 mm and 75 mm x 75 mm were tested to remove any potential effects of the
specimen holder overlapping the specimen edges, but the buckling mechanism still
occurred, though to a lesser degree with decreased specimen size. The same buckling
effects were also observed when using circular specimens of 50, 75, and 100 mm in
diameter respectively. It should be noted that while the edges of the horizontal burn
specimens curve upwards, they curve in the opposite direction of the cone calorimetry
specimens despite both being set up horizontally during testing. This indicates that the
direction of the incident heat flux is a determining factor on the resulting shape changes.
The specimens also experienced shrinkage of approximately 30 % in the horizontal
plane.

5.2.4

Comparative study discussion

Some common key observations have been made between all three experimental
techniques, and are discussed here. All experiments illustrated a significantly greater
mass loss for the flax fibre specimens as compared to their respective glass fibre
counterparts. The flax fibre specimens also experienced earlier ignition times and later
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flameout times. They also burned more vigorously, as is demonstrated both visually by
the intensity of the flames in all experiments and quantitatively through the HRR in the
cone calorimetry experiments. These differences are all a direct result of the flax fibres
providing an additional source of fuel for pyrolysis, and combustion of the flax fibres
concurrently with the resin. A heat sink due to the presence of the glass fibres is replaced
with a heat source due to the presence of the flax fibres.
In all experiments, the natural fibre specimens experienced a distinct change in structural
shape and integrity of some sort. As is discussed earlier, the compaction stresses required
to manufacture laminates at a 0.40 fibre volume fraction accounts for a change in
specimen thickness during the experiment as the matrix is burnt away, removing the
restriction on the reinforcements and allowing them to expand. However, this does not
explain the twisting and bending experienced by specimens. The twisting of specimens
could be explained by the twist in the flax fibre tows themselves. As the fibre itself
burns, the forces maintaining the twisting angle are removed and the fibres straighten, in
turn twisting the specimen as a whole.
The shrinkage of the natural fibre specimens is likely similar to that indicated by
Bryden [72] regarding the combustion of wood. This author notes that there is a radial
shrinkage due to drying, but this is minimal (4.2 to 6.6 % for the wood species used in
his thesis) compared to the shrinkage due to char, which is a function of the material
species, heating rate, and temperature. Values of this char shrinkage have been recorded
by Tran and White [73] for different heat fluxes, with shrinkage factors of up to 0.753
being found.
The bending of the specimens, which contributes to the bulging effect of the cone
calorimetry specimens, is still not explained by any of the effects discussed above. The
current hypothesis of the authors is that an internal or external force may be applied to
the fibres to cause buckling, but the mechanics of these forces have not yet been
successfully determined. Future work will need to be conducted to determine the cause
of this effect. It should be noted that while the edges of the horizontal burn specimens
curve upwards, they curve in the opposite direction of the cone calorimetry specimens
despite both being set up horizontally during testing. This indicates that the direction of
the incident heat flux is a determining factor on the resulting shape changes.
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Comparative study summary

This experimental study provides insight into key differences in the fire response of flax
fibre reinforced epoxy composites and glass fibre reinforced epoxy composites of similar
fabric architecture.
The results demonstrate quantitatively that the flax fibre specimens ignite earlier, release
more heat overall, and have an increased time to extinguish when compared to their glass
fibre counterparts. There was also noticeable deformation of the flax fibre specimens
during the combustion process, while the glass fibre specimens maintained their
integrity. Further investigation is required to better understand the mechanisms and
behaviours governing the combustion of natural fibre reinforced composites.

5.3

Parametric study

A parametric study was conducted to investigate the effects of key parameters on the
flammability of natural fibre reinforced composite systems using cone calorimetry. The
properties of specimen thickness, fibre volume fraction incident heat flux, fibre type,
fibre architecture, and matrix fire retardancy were varied. Their effects on different
flammability properties were evaluated. The properties of the panels manufactured for
this study are shown in Table 5-8. Vertical burn tests were also conducted to provide
information for the study based on a different orientation of specimens. However, a lack
of repeatability of experiments (specimens would often fall out of the vice grips once
flames enveloped that section) meant that quantitative measurements could not be used
confidently. However, some interesting qualitative information was obtained for certain
specimens and will be discussed as appropriate in this section. Three specimens for each
given combination of properties were tested, and the results were averaged. For
comparative graphs, the data was shifted to align the ignition times for averaging of three
specimens from a given panel.
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Table 5-8: Properties of manufactured specimens for parametric study.
Fibre
material

Panel
No.

Fabric
type

Resin
type

Target
panel
thickness
/ mm

Actual
panel
thickness
/ mm

Target
Vf

Actual
Vf

No. of
layers

Flax

1

UNI

Prime 20

6

5.93

0.40

0.37

10

2

TW (1)

Prime 20

6

6.06

0.40

0.41

11

3

TW (2)

Prime 20

6

5.91

0.40

0.40

6

4

TW (2)

Prime 20

6

5.81

0.40

0.41

6

5

TW (2)

Prime 20

6

5.75

0.40

0.41

6

6

TW (2)

Prime 20

6

6.03

0.40

0.39

6

7

TW (2)

Prime 20

4

4.04

0.40

0.39

4

8

TW (2)

Prime 20

8

8.28

0.40

0.38

8

9

TW (2)

Prime 20

6

6.01

0.45

0.46

7

10

TW (2)

Prime 20

6

6.09

0.50

0.52

8

11

UNI

EL-319

6

6.01

0.40

0.40

6

12

TW (1)

EL-319

6

6.11

0.40

0.41

6

13

TW (2)

EL-319

6

6.13

0.40

0.38

6

14

TW

Prime 20

6

5.96

0.40

0.41

21

15

UNI

EL-319

6

6.02

0.40

0.41

14

16

PW

EL-319

6

5.98

0.40

0.41

50

17

TW

EL-319

6

6.00

0.40

0.41

21

-2

-2

Glass

Panels 4, 5, and 6 were used for experiments conducted with incident heat fluxes of 25 kW m , 75 kW m , and
100 kW m-2 respectively.

5.3.1

Effects of specimen thickness

A selection of flammability properties obtained from cone calorimetry tests for three
different thicknesses of Flax TW (2) reinforced epoxy composite specimens is shown in
Table 5-9. The effect of varying the specimen thickness, t, of the flax fibre reinforced
epoxy composite on the heat release rate is shown in Figure 5-9. Two repeats were
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averaged for the flameout time, mean HRR and mean MLR results of the 4 mm thick
specimens in Table 5-9, because of experimental problems in the third repeat skewing
these values. A small sporadic flame at one corner extended the flameout time for the
third repeat, significantly reducing the mean values obtained. This also occurred for the
second repeat, but to a lesser extent.
Specimen thickness had no apparent effect on the ignition time. This is because ignition
time is influenced by the boundary conditions at the top surface of the specimens, and is
independent of the specimen thickness. Increasing the specimen thickness increased the
flameout time, the total heat release, total smoke release, and mass loss. This was due to
the greater amount of material available for combustion.
Table 5-9: Comparison of flammability properties for different specimen
thicknesses.
Specimen thickness
Flammability
properties

4 mm

6 mm

8 mm

Ignition time / s

43

42

41

Flameout time / s

376

513

818

Peak HRR / kW m-2

680

714

711

Mean HRR / kW m-2

334

319

278

Total heat release
/ MJ m-2

110

150

216

Total smoke release
/ m2 m-2

3175

4199

5779

Mean MLR / g s-1

0.141

0.140

0.118

Initial mass / g

51.6

75.3

104.3

Mass lost / g

46.7

66.2

92.0

While Table 5-9 indicates that the peak HRR was similar between all three thicknesses,
an inspection of Figure 5-9 reveals that this peak HRR refers to a different peak for the
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4 mm specimens, since the HRR curves exhibit a double peaking phenomenon for flax
fibre reinforced epoxy resin composite systems.
Schartel and Hull [35] suggest that this double peaking phenomenon is exhibited for
thermally thick charring materials. The drop from the initial peak is due to a char layer
forming, insulating the virgin material underneath from the incident heat flux and
restricting the flow of pyrolysis gases to the surface of the specimen for combustion.
Schartel and Hull [35] also indicate that the second peak is a result of two possible
occurrences: Firstly, the char layer is cracking and thus reducing its insulating effects,
and/or secondly, there is an increase in the effective pyrolysis as the pyrolysis front
approaches the glass wool that the specimen sits on and therefore preventing heat transfer
to the specimen holder, which amplifies the effective heat release recorded by the cone
calorimeter.

t = 4 mm

HRR / kW m-2

t = 6 mm
t = 8 mm

Time / s
Figure 5-9: Comparison of heat release rates for different specimen thicknesses.
Testing of the 4 mm specimen resulted in a significantly lower primary peak compared to
the thicker specimens. There was a critical thickness between 4 and 6 mm for this
material system, below which the primary peak value was most affected, since the
difference in primary peak amplitudes for the 6 and 8 mm specimens was comparatively
negligible.
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There was a reduction in the amplitude of the secondary HRR peak with increased
thickness. Based on Schartel and Hull’s [35] theories, this is likely due to a thicker layer
of char that has to degrade for the underlying virgin material to be exposed. Figure 5-9
indicates a reduction in the mean HRR with increased thickness. This trend is due to a
thicker char layer forming for thicker specimens, inhibiting the heat transfer between the
incident heat flux and virgin material.

5.3.2

Effects of fibre volume fraction

The flammability properties for specimens of two different fibre volume fractions are
compared in Table 5-10. The properties for Vf = 0.50 were averaged over two repeats due
to specimen manufacturing problems making the other two specimens in the panel
unusable for testing.
Table 5-10: Comparison of flammability properties for different fibre volume
fractions.
Specimen fibre volume fraction
Flammability properties

0.40

0.45

0.50

Ignition time / s

42

35

36

Flameout time / s

513

564

588

Peak HRR / kW m-2

714

791

902

Mean HRR / kW m-2

319

280

276

Total heat release
/ MJ m-2

150

146

152

Total smoke release
/ m2 m-2

4199

4246

3564

Mean MLR / g s-1

0.140

0.128

0.128

Initial mass / g

75.3

77.9

79.3

Mass lost / g

66.2

67.4

70.8

While there was a 17 % reduction in ignition time between fibre volume fractions of 0.40
and 0.45, a further reduction was not observed between Vf = 0.45 and Vf = 0.50. This
indicates that there may be a critical Vf at which the ignition time is fibre-dominated as
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opposed to resin-dominated. More data points would be required to confirm this
critical Vf. However, this was restricted by the manufacturing process and materials used
in this research. The flameout time increased with increased fibre volume fraction due to
flax fibre char providing more effective protection than epoxy char. This is also shown
by the reduction in mean HRR with increased fibre volume fraction.
The peak HRR increased with increased Vf. It is hypothesized that a larger amount of
pyrolysed gases are trapped prior to combustion due to the greater volume of flax fibres
creating a more tortuous path to the surface. At the point of combustion, there is a greater
amount of fuel readily available before an effective char layer can form to retard the gas
flow to the combusting surface.
While this trend is evident in Table 5-10, the peak HRR appears to decrease in
magnitude between Vf = 0.40 and Vf = 0.45 when examining Figure 5-10. This is due to
the averaging of HRR data where the peak HRR for each repeat occurs sufficiently out of
phase with the others to dampen the apparent peak. This highlights the need to examine
data in both tabular and graph form to better understand what is occurring during testing.
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Figure 5-10: Comparison of heat release rates for different fibre volume fractions.
Interestingly, there was a significant reduction in total smoke release when 0.50 Vf
specimens were tested. This is further highlighted in the SPRs shown in Figure 5-11. The
cause of this has not been determined, but indicates that there is a critical fibre volume
fraction above which the combustion process becomes significantly more efficient, thus
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reducing the smoke production rate. The 0.50 Vf specimens were also tested on a
different day, and as occurred in §5.2.3, this may be an outlier in results due to testing
conditions. Therefore further investigation is required to determine the cause of this
significant reduction in total smoke release.
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Figure 5-11: Comparison of smoke production rates for different fibre volume
fractions.

5.3.3

Effects of incident heat flux

Altering the incident heat flux applied by the cone calorimeter had a significant effect on
the flammability properties of the material. Table 5-11 shows a decrease in ignition time
with increased incident heat flux since the specimen surface temperature reached
pyrolysis and ignition temperatures more quickly. The flameout time decreases with
increased incident heat flux between 25 and 75 kW m-2. While the 100 kW m-2
specimens did not follow this trend, it should be noted that the glowing caused by the
high temperatures made it extremely difficult to determine flameout time accurately.
Events logged during testing indicate that flameout time likely occurred prior to the
flameout time recorded for all specimens. Only two specimens were averaged for the
flameout time and mean values at this incident heat flux because the third specimen’s
flameout time was out by over 200-seconds.
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Table 5-11: Comparison of flammability properties for different incident heat
fluxes.
Incident heat flux
Flammability properties

25 kW m-2

50 kW m-2

75 kW m-2

100 kW m-2

Ignition time / s

145

42

26

16

Flameout time / s

790

513

384

396*

Peak HRR / kW m-2

498

714

1100

1865

Mean HRR / kW m-2

226

319

415

430 *

146

150

153

168

Total smoke release
/ m2 m-2

3504

4199

4109

5269

Mean MLR / g s-1

0.099

0.140

0.176

0.181*

Initial mass / g

74.1

75.3

73.6

76.4

Mass lost / g

63.4

66.2

65.5

70.7

Total heat release
/ MJ m-2

The peak HRR increasing with increased incident heat flux was a result of a greater
volume of pyrolysis gases being released before a sufficient char layer could form to
shield the virgin material from the heat flux and inhibit the gases from reaching the
specimen surface. The mean HRR also followed the same trend as the higher heat fluxes
pyrolysed the specimens at a faster rate, which is reflected in the increased mean MLR.
The total smoke release and mass loss of the specimens increased with increased incident
heat flux, except for at 75 kW m-2. The relatively lower initial mass of the specimens at
this incident heat flux accounts for the trend not being followed, as both the mass loss
and total smoke release are dependent on material available for combustion. The total

*

Only two samples were averaged to obtain these values due to the inaccurate flameout time skewing results for the

third sample.
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smoke release data indicates that as incident heat flux increases, a greater amount of
incomplete combustion occurs to produce more smoke. Pyrolysis gases were produced
during combustion at a greater rate, reducing the oxygen to pyrolysis gas ratio during the
combustion process. The mass loss trend indicates that the higher heat fluxes break down
the char to a greater extent.
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Figure 5-12: Comparison of heat release rates for different incident heat fluxes.
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Figure 5-13: Comparison of specimen mass for different incident heat fluxes.
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There was an increase in the secondary peak with increased incident heat flux when
comparing heat release rates, as shown in Figure 5-12. This was because the char layer
lost its integrity faster when exposed to a higher incident heat flux. Figure 5-13
highlights the faster degradation rate of the specimen when exposed to a higher heat flux,
and substantiates the increase in mean MLR shown in Table 5-11.

5.3.4

Effects of composite fibre type

The investigation of the effect of fibre type on the flammability properties of the
composite system supports the findings from the comparative study in §5.2. There was a
33 % increase in the ignition time when the flax fibres were substituted by glass fibres of
a similar architecture. The glass fibres act as both a heat sink and insulation from the
incident heat flux for the resin. This, in addition to the removal of a fuel source (flax
fibres), resulted in a reduction in all other flammability properties as presented in Table
5-12. The Glass TW specimens experienced a 34 % reduction in mass during testing,
while the Flax TW (2) specimens lost 88 % of their mass. This demonstrates the effect of
natural fibres as an additional fuel source to the composite system.
Table 5-12: Comparison of flammability properties for different fibre types.
Fibre type
Flammability properties

Flax TW (2)

Glass TW

Difference / %

Ignition time / s

42

56

33

Flameout time / s

513

494

-4

Peak HRR / kW m-2

714

392

-45

Mean HRR / kW m-2

319

223

-30

150

97

-35

4199

3562

-15

Mean MLR / g s-1

0.140

0.079

-44

Initial mass / g

75.3

101.6

35

Mass lost / g

66.2

34.2

-48

Total heat release
/ MJ m-2
Total smoke release
/ m2 m-2
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Figure 5-14: Comparison of heat release rates for different fibre types
There are also key differences between the two fibre types in the heat release rate profiles
shown in Figure 5-14. The replacement of flax with glass in the system removes any
notable primary peak in the heat release rate profile. Schartel and Hull [35] equate this
profile more closely to that for an intermediate thick non-charring material, though a
very minor primary peak indicates some level of char formation. While the glass fibres
do act as a heat sink, the porosity of the glass fibre reinforcement is too high to prevent
the pyrolysis gases from permeating through to the surface. This indicates that any char
layer formed by the Prime 20LV resin system either breaks down quickly, or does not
provide effective insulation under these testing conditions.
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Effects of composite fibre architecture

Table 5-13 shows a decrease in the ignition time when different fibre architectures are
used in the composite system. The flax light twill has a thinner tow width compared to
heavy flax twill. There are also larger gaps between the fibre tows, exposing more
surface area of resin to the incident heat flux. However, due to a greater number of layers
used for the TW(1) specimens, the pyrolysis gases produced below the surface during the
test must permeate through a more tortuous path to reach the surface. This leads to a
longer flameout time and lower peak HRR for the light twill (Figure 5-15).

Table 5-13: Comparison of flammability properties for different composite fibre
architectures.
Fibre architecture
Flammability properties

Flax UNI

Flax light twill

Flax heavy twill

(TW(1))

(TW(2))

Ignition time / s

36

31

42

Flameout time / s

530

544

513

Peak HRR / kW m-2

512

657

714

Mean HRR / kW m-2

292

300

319

149

154

150

3466

4345

4199

Mean MLR / g s-1

0.132

0.132

0.140

Initial mass / g

76.6

76.7

75.3

Mass lost / g

67.1

67.9

66.2

Total heat release
/ MJ m-2
Total smoke release
/ m2 m-2

While the ignition time for the Flax UNI specimens were lower than for the TW(2)
specimens, it was also greater than for the TW(1) specimens. Although the unidirectional
fabric is more tightly packed between fibre tows than TW(1), it also lacks the cohesion
that a woven fabric provides between the tows themselves. The Flax UNI specimens
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have a similar number of layers to the TW(1) specimens, and therefore like the TW(1)
specimens this results in a longer flameout time and lower peak HRR than TW(2).
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Figure 5-15: Comparison of heat release rates for different fibre architectures.
It is interesting to note that the Flax UNI specimens had a significantly lower total smoke
release value compared to its other architectural counterparts. This is likely due to the
way in which the unidirectional fabric deforms compared to the woven fabrics. While the
woven fabric reinforced specimens bulge at the centre with all sides expanding much less
in comparison, the unidirectional fabric reinforced specimens bulge at the centre with the
two sides in line with the tow direction expanding just as much. This is demonstrated
visually in Figure 5-8 from the comparison study. With the two sides expanding with the
centre, air is able to flow in from the sides, reducing the amount of incomplete
combustion from the specimen and thus reducing the total smoke release during
combustion. This may also volatiles to escape away from the surface flame more easily,
helping to account for the reduced peak HRR and mean HRR observed.
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Effects of inherently fire retardant epoxy resin

The results from using FR epoxy resin EL-319 instead of Prime 20LV epoxy resin as the
matrix were compared to the results in §5.3.4 and §5.3.5. (See Table 5-12 and
Table 5-13). Interestingly, there was a reduction in the ignition times for the glass fibre
reinforced specimens when the FR epoxy resin was used, while the ignition times for the
flax fibre reinforced specimens were similar (Table 5-14). It would be expected that the
addition of fire retardancy to the system would increase the ignition time. However, from
observation the resin does not use intumescence as a mechanism for fire retardancy. The
FR epoxy specimens also had shorter flameout times overall.
Table 5-14: Cone calorimetry results for composites reinforced with FR epoxy
resin.
Fibre type
Glass

Flax

Flammability properties
TW

UNI

TW(1)

TW(2)

Ignition time / s

40

31

30

41

Flameout time / s

490

608

570

591

Peak HRR / kW m-2

327

326

559

515

Mean HRR / kW m-2

128

189

198

204

58

108

107

112

3965

4421

4531

4879

Mean MLR / g s-1

0.073

0.113

0.119

0.120

Initial mass / g

104.2

80.1

81.2

81.5

Mass lost / g

34.4

64.6

64.6

66.0

Total heat release
/ MJ m-2
Total smoke release
/ m2 m-2

The peak HRR decreased when using the FR epoxy resin. The total heat release values
were also lower when using the FR epoxy resin by approximately 50 MJ m-2 in all
instances. These differences are due to EL-319 having a lower heat of combustion,
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reducing the amount of energy being released from the composite system at any given
time as well as overall.
The total smoke release increased for all specimens when EL-319 was used instead of
Prime 20LV epoxy resin. This indicates that the EL-319 resin causes a greater amount of
incomplete combustion in comparison. While an increase in smoke generation is not
ideal, particularly in confined spaces, the significant reduction in total heat release
counteracts this as it is less likely that objects in the surrounding environment will absorb
enough heat to ignite.
An overall slight reduction in the percentage mass lost by all EL-319 specimens suggests
that the FR resin results in a denser char. While not intumescent, the greater mass of char
still provides additional protection to the virgin material during combustion.
It is imperative to highlight some of the observations made from the vertical burn
experiments for the EL-319 specimens to better understand the fire retardant mechanisms
occurring and why these effects are not fully translating to a cone calorimetry testing
scenario. For all specimens using EL-319 as the resin system, the flame self-extinguished
instantly when the Bunsen burner was removed. This means that an external heat source
is required to sustain combustion, which is why the cone calorimetry experiments didn’t
properly demonstrate the fire retardancy of the EL-319 epoxy resin. The burn lengths of
these specimens were also below the maximum burn length allowed in the FAR 25.853
standard that the vertical burn testing method is based on. Based on these observations,
the heat of combustion of the EL-319 resin is sufficiently low that without an external
heat flux, not enough energy is fed back into the system to sustain combustion. As
discussed in §2.4.2, higher heat fluxes from cone calorimetry may mask FR mechanisms
relying on non-intumescent char, and therefore lower heat fluxes may better highlight the
FR capabilities of this resin system.

5.3.7

Parametric study summary

This parametric study provides insight into the trends that occur when different specimen
and testing properties are modified for cone calorimetry testing of flax fibre reinforced
composites.
Increasing specimen thickness had no effect on ignition time and reduced the mean
MLR, but increased the flameout time, total heat release, total smoke release, and mass
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loss of specimens. A lower primary HRR peak was observed for specimen thicknesses of
4 mm.
A 17 % reduction in ignition time was observed when fibre volume fraction was
increased from 0.40 to 0.45, but no reduction occurred between 0.45 and 0.50. The
flameout time and peak HRR increased with higher fibre volume fractions, while the
mean HRR and total smoke release experienced reductions.
The general trends with increasing incident heat flux were an increase in peak HRR, total
smoke release, and mass loss, as well as a decrease in ignition time and flameout time.
Quicker char layer degradation resulted in higher secondary peaks with increased
incident heat flux when examining the HRR-time profiles.
When the flax fibres were substituted with glass fibres of similar architecture, there was
an increase in ignition time and a significant decrease in mass loss due to the removal of
flax fibres as a fuel source. The Prime 20LV resin system used exhibits HRR behaviour
of an intermediate thick non-charring material, indicating that the char layer formed by
the resin does not provide an effective barrier between the incident heat flux and
underlying virgin material.
Specimens exhibited lower ignition times when different fibre architectures were used
due to gap size between fibre tows. The light twill weave used also resulted in a longer
flameout time and lower peak HRR values, as well as the lowest ignition time of the
three fibre architectures investigated. Deformation profiles for the unidirectional fabric
allowed better air flow through the specimen during testing, resulting in a significant
reduction of total smoke release.
Substituting Prime 20LV with an inherently fire retardant epoxy resin, EL-319, resulted
in reduced ignition times for the glass fibre specimens but had no noticeable effect on
this property for all flax fibre architectures. The peak HRR, total heat release, and mass
loss values decreased for all fibre types and architectures when EL-319 was utilised,
while total smoke release experienced an increase. The resin system did not use
intumescence as a retarding mechanism, but flames self-extinguished instantly during
vertical burn experiments when the Bunsen burner was removed, indicating its viability
in practical applications.
These results provided useful trends that could be compared to the phenomenological
model developed in the next chapter.
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Chapter 6 Combustion Modelling
The key objective discussed in this chapter is the development of a simplified model to
assess and understand the thermal response of natural fibre reinforced composites during
combustion. As this was undertaken as a first step in the current research formulation, the
incorporation of all the physical and chemical phenomena into the model was beyond the
scope of this work considering the complex nature and physics involved in the overall
system.
Consequently, a one dimensional finite difference numerical model was developed from
first principles to predict the pyrolysis and combustion of composite materials, with the
ability to take into account the use of natural fibres in the composite. The model was
primarily designed to simulate the scenario of cone calorimetry experiments performed
using the ASTM E 1354 standards, while having the capability to be modified for
prediction of specimen behaviour under different testing conditions (e.g. constant
temperature boundaries, incident heat fluxes on both surfaces).
The following assumptions were made prior to developing the model:
• All the combustible gases produced during pyrolysis are immediately available for
combustion at the material surface. Gases do not accumulate within the material.
• There is thermal equilibrium between the decomposition gases and solid material.
• The resulting char that forms during pyrolysis does not crack.
• The percentage of expansion of the material is related linearly to the mass fraction
of virgin material remaining.
• The incident heat flux does not change with expansion of the heated surface.
• A maximum flame temperature is used when calculating energy transferred back
into the material from the combustion flame.
Because of these assumptions made, the developed model was qualitative in nature,
allowing for comparison of general trends with experiments, but unable to provide exact
quantitative matches in data due to the simplification of complex phenomena occurring
during the pyrolysis and combustion processes.
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(a)

(b)

Figure 6-1: Schematic diagrams of cone calorimetry testing scenario (a) prior to
testing and (b) during testing.
A schematic diagram of the test scenario being modelled is shown in Figure 6-1. In
Figure 6-1(a), radiation and convective heat transfer are applied to the virgin test
specimen at the upper surface. Heat is then conducted into the specimen with time. Once
the virgin material begins to thermally decompose, the specimen is split into three
regions as shown in Figure 6-1(b). The physics applied to the virgin material region is
still only transient heat conduction. In the pyrolysis region, there is transient heat
conduction, pyrolysis of the material, thermal expansion of the material, and gas flow.
The char region only experiences transient heat conduction and gas flow through it. The
physics applied are discussed in greater detail later in this chapter.
This model was developed using a step-by-step methodology with each step building on
the previous one, as opposed to building the entire combustion model all at once. This
allowed for verification at multiple stages of the model development to help ensure that
the fundamentals behind its design were sound.
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Basic design of the model

The first step in designing the combustion model was to decide on a coding language to
use. MATLAB was chosen due to personal familiarity, as well as its ability to deal with
matrices efficiently. The finite difference method was chosen as the basis for the model.
The Crank-Nicolson method of solving finite difference equations was used, as this is a
common solving method for convection-diffusion equations, including the generic heat
equation. It is also known as a Centred Time, Centred Space (CTCS) method.
The Crank-Nicolson method is described by the following nodal equation:

y ij+1 − y ij 1  y ij++11 − 2 y ij+1 + y ij+−11 y ij +1 − 2 y ij + y ij −1 
=
+


K
2 
h2
h2


(6-1)

where,
y = unknown array of vectors
i = time step
K = time step size
j = spatial step
h = spatial step size
This solution method is most accurate for small time steps, and is always numerically
stable and convergent according to the von Neumann theory. This theory is valid for
constant coefficient, linear initial value equations. It is unconditionally stable for the heat
equation [74].
The solution error for this type of method is quadratic over both the time step and spatial
step, i.e.:

=
∆y O (k 2 ) + O (h 2 )

(6-2)
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Transient heat conduction model

6.2.1

Solving the 1-D transient heat conduction
equation

The first step in developing the model was to create a code using the Crank Nicolson
method to solve for the 1-D transient heat conduction equation. A schematic of the model
being solved in this step is shown in Figure 6-2.
Top Surface
x=L

Y-Axis

Δx

VIRGIN
MATERIAL

x
x=0

Bottom Surface

Figure 6-2: Schematic of the geometry of a basic transient heat conduction
model.
Applying conservation of energy without internal heat generation, the thermal behaviour
of the body is governed by the following partial differential equation:

ρC p

∂u ∂  ∂u 
=
k
∂t ∂x  ∂x 

(6-3)

If the material properties do not vary with position,

∂u
∂ 2u
ρC p
=k 2
∂t
∂x

(6-4)
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k
, the commonly used form of the 1-D heat equation is obtained:
ρC p

∂u
∂ 2u
=α 2
∂t
∂x

(6-5)

where,
u = Temperature / °C
t = Time / s
x = Spatial variable / m

ρ = Density / kg m -3
k = Thermal conductivity / W m -1 K -1

α = Thermal diffusivity / m 2 s -1
C p = specific heat / J kg -1 K -1

Converting Equation 6-4 into Crank-Nicolson form, this equation becomes:

u ij+1 − u ij
k
=
( (u ij++11 − 2u ij+1 + u ij+−11 ) + (u ij +1 − 2u ij + u ij −1 ) )
2 ρ c p (∆x 2 )
∆t

Letting R =

(6-6)

k ∆t
,
2 ρ c p (∆x) 2

i
u ij+1 − u=
Ru ij++11 − 2 Ru ij+1 + Ru ij+−11 + Ru ij +1 − 2 Ru ij + Ru ij −1
j

(6-7)

+1
⇒ − Ru ij++11 + (1 + 2 R )u ij+1 − Ru ij=
Ru ij +1 + (1 − 2 R )u ij + Ru ij −1
−1

(6-8)
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This equation can be converted into a system of equations in matrix form, resulting in:

−R
0
.
.
0 
(1 + 2 R)
 −R
(1 + 2 R)
−R
0
.
. 

 0
−R
(1 + 2 R) − R 0
. 


.
.
.
.
. 
 .
 .
.
.
.
.
. 


.
.
0 − R (1 + 2 R) 
 0
R
0
. .
0 
(1 − 2 R)
 R
(1 − 2 R)
R
0 .
. 

 0
R
(1 − 2 R) R 0
. 


.
.
. .
. 
 .
 .
.
.
. .
R 


.
.
0 R (1 − 2 R) 
 0

u1n +1 


 . 
 . 

 =
 . 
 . 
 n +1 
u j 

u1n 
 
.
.
 
.
.
 n
u j 

(6-9)

Because all of the values on the right hand side are known, this can be condensed into a
single array:

−R
0
.
.
0 
(1 + 2 R)
 −R
(1 + 2 R)
−R
0
.
. 

 0
−R
(1 + 2 R) − R 0
. 


.
.
.
.
. 
 .
 .
−R 
.
.
.
.


.
.
0 − R (1 + 2 R) 
 0

u1n +1   d1 

  
 .  .
 .  .

= 
 .  .
 .  .
 n +1   
u j   di 

(6-10)

The matrix on the left hand side is known as a tridiagonal matrix. These are matrices that
have non-zero elements only in the main diagonal, the first diagonal below this, and the
first diagonal above. Because of this, the tridiagonal matrix algorithm (also known as the
Thomas algorithm) can be used to solve the system of equations. This method reduces
the solving time for this type of problem, as it is more efficient than using the inverse
function.
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For equations of the form:

 b1
a
 2
0

.
.

 0

c2

.
0

.
.

a3
.

b3
.

c3
.

0
.

.
.

.
.

.
0

.

c1
b2

0

an

0   y1 
.   . 
.  . 
  =
.  . 
cn −1   . 
 
bn   yn 

 d1 
.
 
.
 
.
.
 
 d n 

(6-11)

The coefficients are modified as follows using a forward sweep:
ci

; i =1
 b

i
ci′ = 
ci

=
; i 2,3,..., n − 1
 bi − ci′−1ai

(6-12)

di


bi

di′ = 
 di − di′−1ai
 bi − ci′−1ai

(6-13)

; i =1
; i = 2,3,..., n

The solution is then obtained by back substitution:

yn = d n′
yi =di′ − ci′xi +1

; i =n − 1, n − 2,...,1

(6-14)

This solution method can be observed in the TDMAsolver function of the MATLAB
code in Appendix B-15. Because there is no heat transfer interaction between nonadjacent nodes once all elements of the model have been included later, this solving
method is still valid.
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Variable material properties

Due to the high temperature differences with respect to position in the model, and the
phase changes that will occur with the implementation of pyrolysis and combustion, the
material properties k, Cp, and ρ will have strong variations along the x direction. This
means that a more general form of the 1-D transient heat conduction equation must be
used:

ρcp

∂u ∂  ∂u 
=
k
∂t ∂x  ∂x 

(6-15)

Expanding the right hand side:
∂u
∂t

k
ρ c=
p

∂ 2u ∂k ∂u
+
∂x 2 ∂x ∂x

(6-16)

The Crank-Nicolson form becomes:
n
n
u nj +1 − u nj
k nj
1 k j +1 − k j
(u nj ++11 − 2u nj +1 + u nj −+11 ) + (u nj +1 − 2u nj + u nj −1 ) ) + n n
=
2 (
n n
2 ρ j c p , j (∆x )
ρ j c p , j ∆x
∆t

Letting R =

k nj ∆t
2 ρ nj c np , j (∆x 2 )

and S =

(k nj +1 − k nj )∆t
2 ρ nj c np , j (∆x 2 )

 u nj +1 − u nj

 ∆x





(6-17)

, the equation is simplified and

rearranged into the following:
u nj +1 − u nj = Ru nj ++11 − 2 Ru nj +1 + Ru nj −+11 + Ru nj +1 − 2 Ru nj + Ru nj −1 + Su nj +1 − Su nj

(6-18)

⇒ − Ru n +1 + (1 + 2 R )u n +1 − Ru n +1 = ( R + S )u n + (1 − 2 R − S )u n + Ru n
j +1
j
j −1
j +1
j
j −1

(6-19)
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In matrix form:

−R
0
.
.
0 
(1 + 2 R)
 −R
(1 + 2 R)
−R
0
.
. 

 0
−R
(1 + 2 R) − R 0
. 


.
.
.
.
. 
 .
 .
.
.
.
.
. 


.
.
0 − R (1 + 2 R) 
 0
R+S
0
.
(1 − 2 R − S )

R
(1 − 2 R − S )
R+S
0


0
R
(1 − 2 R − S ) R + S

.
.
.
.


.
.
.
.

0
.
.
0


u1n +1 


 . 
 . 

 =
 . 
 . 
 n +1 
u j 



.
.


0
.

.
.

.
R+S 

R (1 − 2 R − S ) 
.

0

u1n 
 
.
.
 
.
.
 n
u j 

(6-20)

Again, all the values on the right hand side are known, and thus can be consolidated into
a single array, resulting in Equation 6-20. This system of equations is still able to be
solved using the tridiagonal matrix algorithm.

−R
0
.
.
0 
(1 + 2 R)
 −R
(1 + 2 R)
−R
0
.
. 

 0
−R
(1 + 2 R) − R 0
. 


.
.
.
.
. 
 .
 .
.
.
.
.
. 


.
.
0 − R (1 + 2 R) 
 0

6.3

u1n +1   d1 

  
 .  .
 .  .

 = 
 .  .
 .  .
 n +1   
u j   d n 

(6-21)

Pyrolysis model

The foundation of the pyrolysis aspect of the numerical model comes from the work
previously carried out by Henderson et al. [42]. Their work is widely cited in the area of
pyrolysis modelling for polymer composites, and has been built upon or used in different
applications by other researchers such as Dodds et al. [43] and Mouritz [14]. Henderson
and Wiecek [75] have also developed this model further to include thermo-chemical
expansion. Figure 6-3 shows a diagram of the model setup used at this development
stage. The terms xpyro and xchar refer to the pyrolysis-virgin boundary and the char-
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pyrolysis boundary respectively. The boundary xpyro is determined by finding which node
the pyrolysis temperature is reached in the virgin material. The boundary xchar is
determined by finding the node at which the mass is equal to the mass of char.
Incident Heat Flux,
q
Top Surface

x=L

PURE CHAR
ZONE
x = xchar

PYROLYSIS
ZONE

Y-Axis

VIRGIN
MATERIAL

Bottom Surface

Y-Axis

Δx

Y-Axis

x = xpyro

x
x=0

Adiabatic
conditions

Figure 6-3: Diagram of Basic Pyrolysis Model setup.
When modelling pyrolysis of decomposing homogenous materials in an inert
environment, the following assumptions are made:
1.

There is no accumulation of decomposition gases in the solid material.

2.

There is no thermo-chemical expansion.

3.

There is thermal equilibrium between the decomposition gases and solid material.

Assumption 1 is valid for materials that do not char or have a high permeability when
charring, thus allowing all of the gases to escape freely as the material pyrolyses. Initial
experiments that were performed during this research resulted in very little char
formation. This assumption provides simplicity to the numerical model, though in reality
gases will accumulate in the material based on out-of-plane permeability of the char.
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Assumption 2 is valid for materials that have non-expanding char, have sufficiently low
coefficients of linear thermal expansion as a function of temperature, and for composites
that have very low compaction stresses. Low volume fraction glass fibre reinforced
epoxies are a good example of a material that this assumption is valid for.
While Assumption 3 is made for this pyrolysis model, its effects become more obvious if
Assumption 1 no longer becomes valid. For the purposes of the model at this stage, it is
only used to determine the enthalpy of gas for energy losses from the system.
With these assumptions, the following 1-D non-homogenous transient heat conduction
equation is used due to the introduction of external and internal energy sources:

∂u
∂ 2u ∂k ∂u
∂u ∂ρ
ρ Cp = k 2 +
− m g C pg
− ( Qi + h − hg )
∂t
∂x ∂x ∂x
∂x ∂t

(6-22)

where,
h = enthalpy / J kg -1
hg = enthalpy of gas / J kg -1
m g = mass flux of gas / kg m -2 s -1
Qi = heat of decomposition / J kg -1
C p = specific heat / J kg -1 K -1
C pg = specific heat of gas / J kg -1 K -1

For Henderson et al.’s [42] work with a glass-fibre reinforced polymer composite, i = 1
for pyrolysis reactions and i = 2 for carbon-silica reactions, a reaction that is specific to
glass fibre composites. This provides separate Q terms for each reaction. The first and
second terms on the right hand side of this equation are the same as discussed in §6.2.2.
The third term represents the energy transfer due to the mass transfer of gaseous products
out of the system. The fourth term represents the rate of heat transfer due to the
decomposition processes themselves. Both the third and fourth terms in the heat transfer
equation are controlled by the rate of decomposition of the material, i.e.

∂m
.
∂t
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To determine the rate of decomposition, a kinetic rate equation is used in the form:
∂ω
= − f (ω , u )
∂t

(6-23)

where ω is the mass fraction (ratio of specimen mass to initial mass).
It has been found that the pyrolysis rate of a polymer matrix is dependent on temperature,
and is well modelled by using an Arrhenius equation. Therefore for this research, an
Arrhenius equation is used. The following nth order kinetic rate equation was applied:
 Ei 

 ( m − mF )   Rgasu 
∂m
= − Ai mo 
 e
∂t
m
o


ni

(6-24)

where,
m = mass per unit area/ kg m -2
mo = initial mass per unit area/ kg m -2
mF = final mass per unit area/ kg m -2
Ai = pre-exponential factor / s -1
ni = order of reaction
Ei = activation energy / J kg -1 mol-1
Rgas = gas constant / J kg -1 mol-1 K -1

While Dodds et al. [43] use a density form of this kinetic rate equation, this can cause
problems when expansion of the material is introduced, and therefore a mass relationship
has been kept. It should be noted that while the Arrhenius parameter Ai is associated with
collision rate in the theory of statistical mechanics of gas particles where the equation is
often used, there is no known physical significance of the parameter when used for
polymer decomposition.
Due to the assumption that there is no accumulation of pyrolysis gases within the solid
material, the gas mass flux in a 1-D model can be expressed as:

g
∂m
∂t

=−

∂ρ
∂t

(6-25)
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Equations 6-22, 6-24, and 6-25 are solved simultaneously as a set of non-linear partial
differential equations. To increase efficiency of the model, Equation 6-24 and 6-25 are
only applied to the pyrolysis zone.

6.3.1

Boundary and initial conditions

The following boundary conditions are used:
1. At the top surface ( x = L)

qnet = −k

∂u
∂x

(6-26)

2. At the bottom surface ( x = 0)

∂u
=0
∂x

(6-27)

m g = 0

(6-28)

where L is the thickness of the specimen being tested, and q net .is the net incident heat
flux on the top surface of the specimen.
The heat flux boundary conditions were hard-coded into the model as a fixed difference
between the boundary nodes and their adjacent, which overrode Equation 6-22. Because
of this type of boundary condition enforcement, the model was developed to be able to
have a variable initial spatial step size, so that the mesh could be refined closer to the
boundaries.
While incident heat flux boundary conditions were used throughout this work, the model
has been designed with options for constant temperature and forced convection
conditions, as can be seen in Appendix B-9. This will allow for different testing
scenarios to be tested with the code in the future, should the need arise.
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The net heat flux for the top surface boundary, qnet , is expressed in Henderson et al.’s
[42] work as:
4
qnet =
h(u∞ − usurface ) + σ (ε rα mur4 − ε musurface
)

(6-29)

For cone calorimetry, where an incident heat flux from the cone is known rather than an
incident temperature, the net heat flux can be expressed as:
4
qnet =H (u∞ − usurface ) + (ε rα m qcone − σε musurface
)

(6-30)

where,

qcone = incident heat flux from cone calorimeter / W m -2
H = convection coefficient / W m -2 K -1
u∞ = ambient temperature / K
usurface = surface temperature of material / K

ε r = radiation source emissivity
ε m = emissivity of the material
α m = absorptivity (a.k.a.spectralabsorbance) of the material
σ = Stefan-Boltzman constant (5.73×10-8 ) / W m -2 K -4
For the cone calorimeter heat flux, it can be assumed that the emissivity of the radiation
source is 1. This is because the heat flux of the device is measured with a heat flux meter,
which determines the incident heat flux on a black body at surface height, meaning that
any reduction in emissivity has already been taken into account during setup.
Radiation source emissivity and material absorptivity data were not provided by
Henderson et al. [42] in their work, while providing a material emissivity of 0.9.
However, in later modelling research, which includes thermochemical expansion as a
factor, Henderson and Wiecek [75] provide material absorptivity and emissivity data for
both the virgin and char material. No radiation source emissivity was provided.
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The data provided uses the following equations to determine their values:
=
α α v Fsurface + (1 − Fsurface )α c

(6-31)

=
ε ε v Fsurface + (1 − Fsurface )ε c

(6-32)

where,
Fsurface = Fraction of virgin material remaining at the surface

ε v = Emissivity of virgin material
ε c = Emissivity of char material
α v = Absorptivity of virgin material
α c = Absorptivity of char material
The following initial conditions were applied to the model:
Throughout the material, at t = 0 ,
1. u = uinit
2. ρ = ρ 0
3.

m g = 0

where,

uinit = Initial temperature / K

ρ0 = Initial density / kg m -3
The model can be easily modified to allow for variable initial temperature and density
throughout the material should it be required in any case study utilizing it. However, for
the cone calorimetry testing scenario, these initial values were assumed to be constant
throughout the material. While in reality there may be a slight temperature profile
throughout the material due to a difference in the conditioning temperature and the
testing room temperature, this profile is considered small enough to be able to neglect.
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Pyrolysis and pure char zone properties

Within the pyrolysis zone of the model, there is a mixture of virgin and char material.
The thermal conductivity and specific heat properties have to be determined by the rule
of mixtures for this zone. Equation 6-33 is used to determine the fraction of virgin
material remaining within each spatial step, F.

F=

m − mF
mo − mF

(6-33)

The thermal conductivity and specific heat are weighted by this term as follows:

k= Fkv + (1 − F )kc

(6-34)

C=
FC p ,v + (1 − F )C p ,c
p

(6-35)

where,
kv = Thermal conductivity of virgin material / W m -1 K -1
kc = Thermal conductivity of char material / W m -1 K -1
C p ,v = Specific heat of virgin material / J kg -1 K -1
C p ,c = Specific heat of char material / J kg -1 K -1

The values for kv, kc, Cp,v, and Cp,c are functions of the material temperature. Thus while
the specific heats and virgin thermal conductivity can all be described by linear
equations, the char thermal conductivity requires a cubic polynomial equation to fit
experimental data previously presented in literature by Henderson et al. The following
curve fitting equations were used to determine their values:
k=
kv ,1 + kv ,2u
v

(6-36)

kc =kc ,1 + kc ,2u + kc ,3u 2 + kc ,4u 3

(6-37)

C
=
C p ,v ,1 + C p ,v ,2u
p ,v

(6-38)

C
=
C p ,c ,1 + C p ,c ,2u
p ,c

(6-39)

Chapter 6 Combustion Modelling

125

where,
kv , j = polynomial thermal conductivity coefficients for virgin material (j=1,2)
kc , j = polynomial thermal conductivity coefficients for char material (j=1,2,3,4)
C p ,v , j = polynomialspecific heat coefficients for virgin material (j=1,2)
C p ,c , j = polynomialspecific heat coefficients for char material (j=1,2)

Knowing the equations for specific heat, the solid material enthalpy value, h, in
Equation 6-22 can now be determined with the following:
u

h=

∫ C du

(6-40)

p

uinit

Substituting Equations 6-37 and 6-38 into Equation 6-34,

=
C p F (C p ,v ,1 + C p ,v ,2u ) + (1 − F )(C p ,c ,1 + C p ,c ,2u )

(6-41)

Substituting this into Equation 6-39,
u

=
h

∫ F (C

p , v ,1

+ C p ,v ,2 u ) + (1 − F )(C p ,c ,1 + C p ,c ,2 u ) du

(6-42)

uinit

u

1

=
h  ( FC p ,v ,2 + (1 − F )C p ,c ,2 ) u 2 + ( FC p ,v ,1 + (1 − F )C p ,c ,1 ) u 
2
u

(6-43)
init

For the finite difference equation, the upper bound becomes u nj , allowing enthalpy to be
found at each node. This is calculated by the MATLAB function in Appendix B-7.
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In the pure char zone, there is an absence of virgin material and thus the equations are
simplified to:

k=
kc =
kc ,1 + kc ,2u + kc ,3u 2 + kc ,4u 3

(6-44)

C p = C p ,c = C p ,c ,1 + C p ,c , 2u

(6-45)

u

1

h =  C p ,c , 2u 2 + C p ,c ,1u 
2
 uinit

(6-46)

The enthalpy of gas, hg, is found in the same way as the solid material enthalpy:
u

hg =

∫C

pg

du

(6-47)

uinit

While Henderson et al. [42] indicate that the specific heat of gas can be described by a
cubic polynomial equation, it is a constant in the material properties table provided in
their paper. Henderson and Wiecek [75] on the other hand provide a linear equation for
the specific heat of gas. Thus the integral term is still expanded in the model similar to
what is shown in Equations 6-42 and 6-43, but with the Cpg,2 coefficient equalling zero
for the case where the specific heat is a constant. The model would require modification
if higher order polynomials are used to describe specific heat as a function of
temperature.
With the enthalpies calculated, when Equation 6-42 is converted into finite difference
form, the terms on the RHS of the resulting set of equations now contain all known
values. Thus this side of the equation can be condensed into a single array of values (the
“d” matrix in Equation 6-10), and the equations can again be solved using the tridiagonal
method.

Chapter 6 Combustion Modelling

6.4

127

Implementation of combustion

Henderson et al.’s work was carried out with specimens surrounded by an inert gas,
preventing combustion. However for cone calorimetry, specimens are exposed to air and
ignite under the right conditions. Previous researchers have outlined how to model the
combustion process [39, 56, 76], however no literature is available with experimental
data to be compared with the numerical model presented here. With the addition of
combustion to the system, the diagrammatic version of the model setup is shown in
Figure 6-4. From this diagram, it is evident that the key difference is in the net heat flux
applied to the top surface.

Figure 6-4: Diagram of Pyrolysis and Combustion model setup.
For ignition to occur, two key conditions must be satisfied; a critical mass flux of
combustible gases at the surface of the material and a critical temperature for ignition. It
should be noted that while ignition temperatures are well documented for different
materials, critical mass gas fluxes are not as easy to locate in literature, particularly for
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natural fibres. For the case of cone calorimetry, the experiment involves the use of a
spark ignition device and thus the spark ignition temperature is required as opposed to
the auto-ignition temperature, which is typically higher.
Once these criteria are met, the combustible gases ignite and exotherm. A portion of the
resulting energy released is fed back into the material, while the remainder is released
into the surroundings. Because of this feedback process, the equation for the net heat flux
incident upon the top surface must be modified. While the heat release late can be
determined using the heat of combustion for the gases produced, the heat transfer
relationships between this heat flux, the surroundings, and the material can be more
complex. Stability issues also arise in the numerical model when flame temperatures
become exceedingly high, due to the large amount of energy input at the interface. Thus
the assumption is made that there is a maximum flame temperature, u flame ,max , that is used
to determine the maximum feedback of energy from combustion into the material. This
can be used in conjunction with the incident heat flux to determine the maximum heat
flux, qmax , and then reverted back into a maximum heat flux temperature that can be
applied to the top surface, umax , through the following equations:
q=
qcone + σ u 4flame ,max
max

umax =

4

qmax

σ

(6-48)

(6-49)

The maximum flame temperature is determined by obtaining the maximum flame
temperatures of each combustible pyrolysis gas being released, along with the fraction
compared to the other combustible gases.
Because the flame is just above the surface of the specimen, the convection term, h, also
requires modifying to be in relation to the flame temperature as opposed to the ambient
temperature. However, without accurate knowledge of the pyrolysis and combustion gas
composition at this interface, as well as convection term profiles with temperature for
each gas, it is difficult to determine this value. Therefore the assumption has been made
in the numerical model that the convection term is that for air at room temperature.
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The heat release rate and resulting of the system can be determined through the following
equation:
 g , surfaceQcomb
qrelease = m

(6-50)

where,

qrelease = Heat release rate / W m -2
m g , surface = Mass gas flux at materialsurface / kg m -2 s -1
Qcomb = Heat of combustion of pyrolysis gases / J kg -1
From this, an equivalent flame temperature, u flame,release , can be obtained as follows:

u flame ,release =

4

qrelease + qcone

σ

(6-51)

Therefore, if u flame ,release ≤ umax the net incident heat flux can be expressed as:
4
)
qnet h(u flame ,release − usurface ) + (ε rα mu 4flame ,release − σε m usurface
=

(6-52)

If u flame,release ≥ umax , the net incident heat flux is instead:
4
4
)
qnet = h(umax − usurface ) + (ε rα mumax
− σε musurface

6.5

(6-53)

Implementation of expansion and porosity

The next step in developing the model was to include expansion of the material in the
thickness direction, as well as to include porosity within the material which arises from
loss of mass and separation of layers due to expansion. The porosity in the material also
allows pyrolysis gas distribution throughout the pyrolysis and char zones of the material.
The model setup diagram is modified to its final form shown in Figure 6-5.
When including these two factors into the model, the assumptions from the basic
pyrolysis model discussed in §6.3 are replaced with the following:
1. There is thermal equilibrium between the solid material and pyrolysis gases.
2. The pyrolysis gases are non-reactive with the material or other pyrolysis gases.
3. There is no accumulation of decomposition gases in the solid material.
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Assumption 1 is important at this stage because it removes the requirement of complex
heat transfer interactions between the gas and solid at each node. Assumption 2
simplifies the resulting energy transfer effects, and also simplifies the thermal
decomposition effects when multiple materials pyrolyse. Assumption 3 is maintained
from §6.3 to remove the complexity of mass transfer through the material. However, the
instantaneous mass of gas at each node is still taken into account when determining
material properties.

Incident Heat Flux,
q

Combustion just
above surface

Top Surface
Combustion Feedback Heat Flux

=
x

n

∑ ∆x

j

Δxn

j =1

PURE CHAR
ZONE

x = xchar

Y-Axis

VIRGIN
MATERIAL

Bottom Surface

x = xpyro

Y-Axis

Δxj

Y-Axis

PYROLYSIS
ZONE

x
x=0

Adiabatic
conditions

Figure 6-5: Diagram of model setup including expansion and porosity.
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With the addition of expansion, density is no longer a reliable variable to use in pyrolysis
heat equation. Instead, the following substitution is made

ρ=

m
∆x∆A

(6-54)

where,

∆x =
Control volume width / m
∆A =
Cross-se ctional area / m 2
With a gas distribution within the material, the heat and mass transfer properties of the
pyrolysis gases becomes relevant. Therefore the general thermal conductivity, mass, and
specific heat terms are now defined as:
k= φ k g + (1 − φ )k s

(6-55)

m = φm g + (1 − φ )m s

(6-56)

C p = φC p , g + (1 − φ )C p , s

(6-57)

where,

φ = Porosity of material
k g = Thermal conductivity of gas / W m -1 K -1
k s = Thermal conductivity of solid material / W m -1 K -1

mg = Mass of pyrolysis gases stored within material per unit area/ kg m -2
ms = Mass of solid material per unit area / kg m -2
C p , s = Specific heat of solid material / J kg -1 K -1
Modifying these terms within the heat equation, the following equation is developed:
mC p ∂u
∂ 2 u ∂k ∂u
1 ∂m s
∂u
(Qi + h − hg )
=k 2 +
− m g C p , g
−
∆x∆A ∂t
∂x ∂x
∂x ∆x∆A ∂t
∂x

(6-58)
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The cross sectional area ΔA is set to 1 m2 since the model is one dimensional. This
results in:
mC p ∂u
∂ 2 u ∂k ∂u
∂u 1 ∂m s
(Qi + h − hg )
=k 2 +
− m g C p , g
−
∆x ∂t
∂x ∂x
∂x ∆x ∂t
∂x

(6-59)

The porosity of the material at any location is determined by the instantaneous density
fraction, G. This is defined as:
m mf
−
∆x ∆x f
G=
m
mo
− f
∆xo ∆x f

(6-60)

where,

∆xo =
Initialspatialstep thickness / m
∆x f =
Finalspatialstep thickness / m
Given this, porosity can then be defined as:
φ= φv G + (1 − G )φc

(6-61)

where,

φv = Virgin material porosity
φc = Char material porosity
The composite material in its virgin state has very low porosity, based on the void
content of the particular specimen. For the purposes of this research, it is assumed that
φv = 0 and thus:
φ= (1 − G )φc

(6-62)

The expansion of the material also needs to be considered within the system. Buch
proposes the following type of expansion equation in literature [77]:
∂u
∂u η ∂m
1 ∂x
= χv F
+ χ c (1 − F )
+
∆xo ∂t
∂t mo ∂t
dt

(6-63)
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where,

χ v = Coefficient of linear expansion of virgin material / K -1
χ c = Coefficient of linear expansion of char material / K -1
η = Decomposition expansion factor
Henderson and Wiecek [75] indicate linear expansion coefficients in the order of
10-4 to 10-5 K-1. Therefore for the purposes of this research, these terms are considered to
be negligible. Instead, a term is utilized to take into account the effect of compaction
from the compressive stresses applied to the reinforcement during the manufacture of the
laminate. As the resin is burnt off, the forces that were compacting the fibres are
removed and the material is allowed to expand back to its free thickness. While in
practice this would cause a step increase in thickness each time the entirety of the resin
surrounding a fibre layer is removed, this is assumed to be a smooth transition within this
numerical model, as individual layers are not recognized in the code. The following
equation is therefore used to determine the expansion of the material:

∂x η∆xo ∂m
=
+ (1 − F )(∆x free − ∆xo )
∂t
mo ∂t

(6-64)

where,
∆x free =
Spatial step thickness of uncompacted material / m

6.6

Incorporation of natural fibres

The goal of this work is to be able to predict the flammability of composite materials
when natural fibres are introduced into the system. The addition of combustible fibres
adds another layer of complexity to the model.
For the purposes of this research, the assumption has been made that the pyrolysis
processes occurring for the fibre and matrix are mutually exclusive, i.e. no chemical
reactions occur between the fibre and matrix or their respective gases to alter the
pyrolysis process. This was done for simplicity of the model.
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With the introduction of natural fibres, the fibre volume fraction becomes an important
factor in determining composite material properties.
=
k F ( v f k f ,v + (1 − v f )km ,v ) + (1 − F ) ( v f k f ,c + (1 − v f )km ,c )

(6-65)

=
C p F ( v f C p , f ,v + (1 − v f )C p ,m ,v ) + (1 − F ) ( v f C p , f ,c + (1 − v f )C p ,m ,c )

(6-66)

where,

v f = Fibre volume fraction
k f ,v = Thermal conductivity of virgin fibre / W m -1 K -1
km ,v = Thermal conductivity of virgin matrix / W m -1 K -1
k f ,c = Thermal conductivity of charred fibre / W m -1 K -1
km ,c = Thermal conductivity of charred matrix / W m -1 K -1
C p , f ,v = Specific heat of virgin fibre / J kg -1 K -1
C p ,m ,v = Specific heat of virgin matrix / J kg -1 K -1
C p , f ,c = Specific heat of charred fibre / J kg -1 K -1
C p ,m ,c = Specific heat of charred matrix / J kg -1 K -1

Including the effects of porosity, the final form of these equations becomes:

(

)

k = (1 − φ ) F ( v f k f ,v + (1 − v f )km ,v ) + (1 − F ) ( v f k f ,c + (1 − v f )km ,c ) ...
+φ ( Fg k g , f + (1 − Fg )k g ,m )

(

(6-67)

)

C p = (1 − φ ) F ( v f C p , f ,v + (1 − v f )C p ,m ,v ) + (1 − F ) ( v f C p , f ,c + (1 − v f )C p ,m ,c ) ...
+φ ( Fg C pg , f + (1 − Fg )C pg ,m )

where,
Fg = Fibre pyrolysis gas mass fraction
k g , f = Thermal conductivity of fibre pyrolysis gases / W m -1 K -1
k g ,m = Thermal conductivity of matrix pyrolysis gases / W m -1 K -1
C pg , f = Specific heat of fibre pyrolysis gases / J kg -1 K -1
C pg ,m = Specific heat of matrix pyrolysis gases / J kg -1 K -1

(6-68)
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In the pure char zone, these equations are simplified as follows:
k = (1 − ϕ )(v f k f ,c + (1 − v f )k m ,c ) + ϕ (Fg k g , f + (1 − Fg )k g ,m )

(6-69)

C p = (1 − ϕ )(v f C p , f ,c + (1 − v f )C p ,m ,c ) + ϕ (Fg C p , g , f + (1 − Fg )C p , g ,m )

(6-70)

Each specific heat term can be described by a linear equation, that when substituted into
Equation 6-64 or 6-66 creates a complex equation that requires integrating to find the
enthalpy of the material.
The total mass per unit area between two nodes can be described as:

m F ( ρ f ,v v f ∆x + ρ m ,v (1 − v f )∆x) + (1 − F )( ρ f ,c v f ∆x + ρ m ,c (1 − v f )∆x)...
=
+ mg , f + mg , m

(6-71)

where,

ρ f ,v = Density of virgin fibres / kg m -3
ρ f ,c = Density of charred fibres / kg m -3
ρ m,v = Density of virgin matrix / kg m -3
ρ m,c = Density of charred matrix / kg m -3
mg , f = Mass of pyrolysed fibre gas stored in material per unit area / kg m -2
mg ,m = Mass of pyrolysed matrix gas stored in material per unit area / kg m -2
The heat equation has been developed into the following to take into account natural
fibres:

mC p ∂u
∂ 2u ∂k ∂u
∂u
∂u
=k 2 +
− m g , f C p , g , f
− m g ,mC p , g ,m ...
∆x ∂t
∂x
∂x ∂x
∂x
∂x
1 ∂m f
1 ∂mm
1 ∂ms
−
Q p , f − hg , f ) −
Q p ,m − hg ,m ) − −
h
(
(
∆x ∂t
∆x ∂t
∆x ∂t
where,

m f = Mass of solid fibres per unit area / kg m -2
mm = Mass of solid matrix per unit area / kg m -2

(6-72)
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With this equation, separate Arrhenius equations are used to determine the rate of mass
loss of fibres and matrix respectively:

∂m f
∂t

n

= − A f mo , f

E 

 (m f − m f , f )   Ru

 e 
mo , f



(6-73)

ni

E 

 (mm − m f ,m )   Ru
∂mm

e
= − Am mo ,m 

mo , m
∂t



(6-74)

The combustion heat flux and resulting flame temperature are also affected by the
introduction of natural fibres into the system. Instead of having a set maximum flame
temperature for the combustion process, this becomes a dynamic value dependent on the
proportion of fibre pyrolysis gases compared to matrix pyrolysis gases that are
permeating from the top surface at any given time. The overall maximum flame
temperature becomes:

u flame,max

m g , surface, f
m g , surface,m
u flame, f +
u flame,m (6-75)
m g , surface, f + m g , surface,m
m g , surface, f + m g , surface,m

where,

u flame, f = Maximum flame temperature of fibre pyrolysis gases / K
u flame,m = Maximum flame temperature of matrix pyrolysis gases / K
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Comparison to available analytical data

The model developed in this chapter was compared to available analytical data found in
literature. The two case studies used were from Henderson et al. [42] and Feih et al. [50].
These provided validation for the model for synthetic fibre reinforced composites.

6.7.1

Comparison to Henderson’s model

The work done by Henderson et al. [42] predicted the thermal response for a material
designated as H41N, a phenolic resin with a glass and talc filler. The material consisted
of 60.5 % filler by volume. The relevant material properties for H41N were provided by
the authors, and subsequently inputted into the model developed during this research.
Temperature-time profiles at four different depths were recorded experimentally and
compared to their model at identical depths. The mass fraction-depth profiles were also
predicted by their model at four different time steps.
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Figure 6-6: Comparison of temperature-time profiles calculated by model
developed during this research with calculated and experimental temperature
profiles from Henderson et al. [42].
Figure 6-6 compares Henderson et al.’s [42] temperature-time profiles with those
predicted by the model developed in this research. A good correlation between the
temperature-time profiles produced can be observed. The profiles exhibit a slightly lower
final temperature than Henderson’s model for depths of 0.1, 0.5, and 1.0 cm. However,
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this matches more closely the experimental data than the match obtained by Henderson’s
model. Neither of the two numerical models is able to fully capture the experimental
temperature-time profiles, which exhibit less gradual increases in temperature earlier on.
The developed model predicts a higher final temperature than both experiments and
Henderson’s model at a depth of 2.9 cm, which may be due to how the boundary
conditions at the unheated surface are defined.

Mass fraction remaining, M/M0

50 s

200 s

400 s

800 s

1

0.95

0.9

0.85
Present Model
Henderson's Model
0.8
0

0.01

0.02

0.03

Depth / m
Figure 6-7: Comparison of mass loss profiles at different time steps predicted by
model developed during this research and those predicted by Henderson’s
model [42].
Figure 6-7 displays the theoretical mass fraction profiles predicted by both this research’s
model and Henderson’s model. While being similar, a lower amount of mass loss is
predicted by the developed model at each time step examined. While the pyrolysis
process is an endothermic reaction, the resulting char material has lower specific heat
capacity and higher thermal conductivity values. This allows for more efficient heat
transfer into the material for Henderson’s model, resulting in the elevated temperatures
observed in Figure 6-6, which leads to the greater amount of mass loss due to
degradation in Henderson’s model observed in Figure 6-7.
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Comparison to Feih’s model

The developed model was also compared to the results of Feih et al. [50].Their studies
were based on 9 mm glass fibre reinforced vinyl ester resin laminates with a 55 % fibre
volume fraction. Specimens were exposed to four different incident heat fluxes (10, 25,
50, and 75 kW m-2). The temperature profiles at both surfaces and in the middle of the
specimens were recorded as (Figure 6-8), as well as the overall mass fractions of the
specimens with respect to time (Figure 6-10). Corresponding results from their own
numerical model were also provided on the same figures.

Figure 6-8: Temperature-time response of laminate at a heat flux of (a)
10 kW m-2, (b) 25 kW m-2, (c) 50 kW m-2, and (d) 75 kW m-2. The measured and
calculated temperatures are shown by the dashed and solid lines, respectively,
and are obtained from Feih et al.’s [50] results.
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The author’s numerical results provided in Figure 6-9 were compared to Figure 6-8. The
developed model produced higher temperatures at the hot face for all incident heat
fluxes. The temperature profiles at the cold face were cooler for all incident heat fluxes,
except at 10 kW m-2. This discrepancy increased at higher incident heat fluxes, and may
be because of how the two numerical models define the boundary conditions at both
surfaces.
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Figure 6-9: Temperature-time response, predicted by the developed model, of
laminate at a heat flux of (a) 10 kW m-2, (b) 25 kW m-2, (c) 50 kW m-2, and
(d) 75 kW m-2.
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Figure 6-10 compares the mass fraction data obtained by Feih et al. with the data
obtained from the model developed in this work. There is a good correlation between the
theoretical values for incident heat fluxes of 50 and 75 kW m-2, with both models
experiencing plateaus at approximately the same mass fraction and time. While these
mass fraction plateaus are similar, the model developed in this research predicts initial
degradation at an earlier time, which is explained by the higher hot face temperatures
found when comparing the temperature-time responses.
Experiments conducted by Feih et al. found that a significant reduction in mass loss rate
occurred earlier and at a higher mass fraction than predicted by the two numerical
models, and instead of plateauing continued to lose mass slowly. The final mass fraction
of the resin determined by TGA includes the degradation of any char formed to its final
form. Therefore the models lose mass at an accelerated rate until this final degradation
form, whereas in reality the material degrades into a protective char that will then slowly
degrade over time with a sufficient incident heat flux.
The plateau mass fraction was not reached for both models after 3000-seconds when an
incident heat flux of 25 kW m-2 was used. The remaining mass fraction after this time
frame was similar (2 % difference in mass fraction remaining), with the material in the
developed model degrading slightly faster. Again, initial degradation occurred earlier for
the present model due to higher hot face temperatures.
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Figure 6-10: Comparison of mass loss between the present model and results
obtained from Feih et al. [50] for incident heat fluxes of a) 25 kW m-2,
b) 50 kW m-2, and c) 75 kW m-2.
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Comparison to experiments

Once the model was compared to available analytical data in literature, it was then
compared to the results obtained from experiments conducted in §5.3. While available
analytical data from literature focused on synthetic fibre reinforced composites, the study
conducted in §5.3 introduced natural fibre reinforced composites, namely flax fibre
reinforced epoxy resin laminates.

6.8.1

Effects of expansion

The numerical model both with and without expansion effects was compared to the
experimental data. As illustrated in Figure 6-11 and Table 6-1, the incorporation of
expansion effects into the model greatly reduced the heat release rate overall and
significantly lengthened the flameout time. The flameout time and heat release rates
without expansion effects however were more comparable in magnitude.
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Figure 6-11: Comparison of model heat release profile, with and without
expansion effects, to corresponding experimental heat release profile.
The addition of expansion effects causes the model results to become less realistic
because the expansion of the char was assumed to be linear with respect to mass fraction
in this model. The initial and final thicknesses of specimens were measured to obtain an
expansion factor, and the amount of expansion was interpolated linearly. During
experiments, expansion did not occur immediately upon decomposition, indicating that
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expansion is in fact a non-linear mechanism. However, the phenomena involved in the
expansion of flax fibres are not properly understood, and therefore an accurate
mechanism has not been implemented in the model. Further studies are required to
determine what is causing the specimens to expand as they do. Inter-lamina effects may
have to be taken into account. Because a linear model was used, the char layer in the
model formed more quickly than in reality, and thus the underlying material was better
insulated from the incident heat flux, reducing the heat release rates significantly.
Table 6-1: Comparison of flammability properties for the numerical model with
and without expansion effects to experimental data.
Data type
Expansion

No expansion

Experimental

Ignition time / s

16

16

42

Flameout time / s

> 800

505

513

Peak HRR / kW m-2

516

632

714

Total heat release / MJ m-2

91

129

150

Initial mass / g

72.6

72.6

75.3

Mass lost / g

47.9

69.3

66.2

Flammability properties

A noticeable discrepancy between experiments and the model, both with and without
expansion effects included, is a significant reduction in ignition time. From all
comparisons (Table 6-1 to Table 6-4), ignition is occurring roughly 2.5 to 3 times earlier
in the model. This is due to the assumption in the model that all of the pyrolysed gases
produced during pyrolysis are immediately available for combustion. The critical gas
mass fraction is thus reached earlier in the model than in reality, resulting in an earlier
ignition time. An in-depth look into how to correctly implement mass transfer based on
gas permeability is required to reduce this discrepancy.
A discrepancy in initial mass between the model and experiments present throughout all
comparisons due to several factors. Firstly, the model values are based on the theoretical
Vf, rather than the actual Vf for a given comparison. As such, if the actual Vf for
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manufactured panel used during experiments is higher than the theoretical value, the
experimental initial mass will be greater than for the model.
Secondly, the actual Vf of the specimens used in experiments may be different from the
overall panel Vf, due to variability in panel thickness, textile architecture and yarn density
throughout the panel.
Thirdly, the flax fibre density used to calculate Vf was obtained from literature, which is
only a close approximation. In reality, the density is based on the manufacturing process,
how the flax is grown, and the specific variety of flax used. Furthermore, it is a variable
property with a statistical distribution, and only a mean value is typically provided.
Unfortunately, the manufacturer for the flax fibre reinforcements used in this research
was not able to provide the exact mean density of their material.
Fourthly, initial masses predicted in the model are based on exact specimen dimensions,
whereas the experimental initial masses are based on the actual specimen dimensions,
which vary based on manufacturing tolerances. For example, a 1 mm increase in both
major dimensions of a specimen, which is likely to be within tolerance based on
manufacturing methods, would account for over 56 % of the discrepancy observed in
Table 6-1.
Fifth and finally, the void content within each experimental specimen is unknown. While
no surface voids were visible prior to testing, any voids within the specimens would
lower their initial mass, creating a discrepancy with the model prediction, which assumes
no void content prior to testing.
Given all of the factors mentioned above, using the theoretical Vf in the model is justified
for comparison purposes, especially since the model in its current form focuses on
comparing trends rather than exact numerical values.
Mass transfer was initially introduced into the model with the assumption that the
produced gases behaved ideally, as suggested by Henderson et al. [42]. However,
problems such as the gas being expelled in pulses (i.e. the flames would repeatedly ignite
and extinguish due to the ignition criteria) were encountered, and thus this mechanism
not taken into account in the model.
For comparative purposes, the expansion effects were disabled to observe the effects of
different parameters on the model compared to experiments. While the model has been
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designed to allow for expansion, a more realistic expansion mechanism needs to be
developed before it can be implemented.
Interestingly, a study that was conducted by Subasinghe et al. [78] produced the heat
release profiles shown in Figure 6-12. Comparing this to Figure 6-11, the profiles are
more similar in shape to the numerical model results than the experiments conducted on
flax fibre reinforced epoxy composites are. This indicates that kenaf reinforced
polypropylene composites with ammonium polyphosphate fire retardant additives create
a stable layer of char that does not crack, without significant amounts of expansion. This
material system may be a useful case study in the future for the developed model in its
current state, once the key material properties required for input into the model are
investigated and defined appropriately.
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Figure 6-12: Heat release profiles for kenaf reinforced polypropylene composites
with different ammonium polyphosphate (APP) based fire retardants, as found by
Subasinghe et al. [78].

Chapter 6 Combustion Modelling

6.8.2

147

Effects of thickness

Figure 6-13 and Figure 6-14 display the heat release profiles at different specimen
thicknesses for the numerical model and experimentation respectively. The model
exhibits a similar magnitude of the first peak when compared to experimental data. It
also displays the same trend of longer flameout time with increased specimen thickness.
Figure 6-15 and Figure 6-16 show a similar mass loss trend with increased specimen
thickness. The greater the specimen thickness, the slower the mass fraction loss with
time, which is intuitive due to the greater amount of mass available. The time to attain a
plateau (i.e. when negligible mass loss with time occurs) for both the model and
experiments for the 4 mm specimens was approximately at the 250-second mark.
However, for the 6 and 8 mm specimens, the model mass loss profiles plateaued later
than observed in experiments.
The longer plateau times predicted by the model for the thicker specimens may be due to
the lack of a second HRR peak in the modelling results. While the effect of this is less
noticeable for the 4 mm specimens due to a significantly shorter flameout time, the
secondary peak that occurs in experiments increases the mean and therefore allows the
material to degrade at a faster rate during this period of combustion. Thus the time to
mass plateau is shorter for experiments than what is predicted by the developed model.
This hypothesis is supported by the increased mass loss rate, i.e. the steeper gradient of
the curves in Figure 6-16, during the later stages of testing (between 280 – 400 s for
6 mm specimens, and 450 – 600 s for 8 mm specimens).
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Figure 6-13: Modelling comparison of heat release rates for different specimen
thicknesses.

800
t = 4 mm

700

t = 6 mm

HRR / kW m-2

600

t = 8 mm

500
400
300
200
100
0
0

200

400

600

800

Time / s
Figure 6-14: Experimental comparison of heat release rates for different
specimen thicknesses.
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Figure 6-15: Modelling comparison of mass fraction profiles for different
specimen thicknesses.
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Figure 6-16: Experimental comparison of mass fraction profiles for different
specimen thicknesses.
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Table 6-2: Comparison of experimental and model flammability properties for
different specimen thicknesses.
Specimen thickness
Flammability
properties

4 mm

6 mm

8 mm

Exp

Model

Exp

Model

Exp

Model

Ignition time
/s

43

16

42

16

41

16

Flameout time
/s

376

257

513

505

818

1280

Peak HRR
/ kW m-2

680

633

714

632

711

607

110

86

150

129

216

168

Initial mass / g

51.6

48.3

75.3

72.6

104.3

96.8

Mass lost / g

46.7

46.1

66.2

69.3

92.0

91.1

Total heat
release
-2

/ MJ m

From Table 6-2, the trends of total heat release are similar for both the experiments and
the numerical model. The mass lost at each specimen thickness is similar to that observed
in experiments and that predicted by the model. Despite this, the total heat release values
are consistently lower than data obtained from the model. This suggests that the heat of
combustion values approximated in §3.3.7 are lower than reality. The Prime 20LV
resin’s heat of combustion value was obtained experimentally, whereas the flax fibre
value was obtained from literature. Thus the flax used in this research is likely to have a
higher heat of combustion value than that used in the model, which may be due to
treatments specific to the Libeco-Lagae flax fabrics used. This highlights the need for
accurate material property data for the specific materials being utilised in order to
provide better correlation between the model and experimentation.
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Effects of fibre volume fraction

Comparable peak heat release rates at different fibre volume fractions are observed when
comparing Figure 6-17 and Figure 6-18. There is a significant increase in peak heat
release rate when a 0.50 fibre volume fraction is used in both the model and experiments.
The model consistently predicted peak heat release rates lower than those of the
experiments by between 11 and 21 % (Table 6-3). However, the flameout time trend is
not followed by the model. While experiments show an increase in flameout time with
increased fibre volume fraction, the model exhibits the longest flameout time at a fibre
volume fraction of 0.45. This is likely due to the literature values defining the pyrolysis
rates for both the flax and resin system. Figure 6-19 and Figure 6-20 support this theory,
as the mass loss rates are slowest at the same fibre volume fraction. TGA data for the
specific materials used would be required to confirm the validity of this theory.
Table 6-3: Comparison of experimental and model flammability properties for
different specimen fibre volume fractions.
Specimen fibre volume fraction
Flammability
properties

0.40

0.45

0.50

Exp

Model

Exp

Model

Exp

Model

Ignition time
/s

42

16

35

17

36

17

Flameout time
/s

513

505

564

645

588

587

Peak HRR
/ kW m-2

714

632

791

627

902

780

150

129

146

123

152

120

Initial mass / g

75.3

72.6

77.9

73.7

79.3

74.7

Mass lost / g

66.2

69.3

67.4

70.0

70.8

71.0

Total heat
release
-2

/ MJ m
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Figure 6-17: Modelling comparison of heat release rates for different fibre volume
fractions.
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Figure 6-18: Experimental comparison of heat release rates for different fibre
volume fractions.
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Figure 6-19: Modelling comparison of mass fraction profiles for different fibre
volume fractions.
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Figure 6-20: Experimental comparison of mass fraction profiles for different fibre
volume fractions.
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Effects of incident heat flux

The model exhibited similar trends to experiments when investigating the effect of
incident heat flux on flammability properties. Figure 6-21 shows a decrease in peak heat
release with increased incident heat flux, as well as a decrease in ignition and flameout
times. The same trends are observed experimentally as well (Figure 6-22).
In contrast to this, there is a significant difference in the magnitude of the peak heat
release rates when comparing the model to experiments, despite following the same
trend. While Table 6-4 illustrates that the specimens exhibited similar peak heat release
rates at an incident heat flux of 50 kW m-2, the magnitudes deviated significantly at
higher and lower incident heat fluxes. This may be due to an inhibiting condition that
was placed into the numerical model for stability reasons. A maximum flame
temperature was used to determine the amount of energy fed back into the specimen
from the combustion flames to prevent the boundary condition at the surface from
becoming unstable. This highlights the difficulty in modelling the effects of flames on
transient heat transfer.
Comparing the mass fraction profiles in Figure 6-23 and Figure 6-24, the time to plateau
for mass fraction decreases with increased incident heat flux for both the model and
experiments. However, at incident heat fluxes of 75 and 100 kW m-2, the model predicts
a longer time to mass fraction plateauing. This relates to the energy feedback inhibition
conditions discussed earlier, providing less energy to the system to drive the pyrolysis
reactions.
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Figure 6-21: Modelling comparison of heat release rates for different incident
heat fluxes.
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Figure 6-22: Experimental comparison of heat release rates for different incident
heat fluxes.
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Figure 6-23: Modelling comparison of mass fraction profiles for different incident
heat fluxes.
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Figure 6-24: Experimental comparison of mass fraction profiles for different
incident heat fluxes.
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Table 6-4: Comparison of experimental and model flammability properties for
different incident heat fluxes. Value denoted by * was obtained by averaging
over 2 tests instead of 3.
Incident heat flux
Flammability
properties

25 kW m-2

50 kW m-2

75 kW m-2

100 kW m-2

Exp

Model

Exp

Model

Exp

Model

Exp

Model

Ignition time
/s

145

58

42

16

26

8

16

5

Flameout time
/s

790

793

513

505

384

470

396*

444

Peak HRR
/ kW m-2

498

612

714

632

1100

703

1865

786

146

124

150

129

153

129

168

129

Initial mass
/g

74.1

72.6

75.3

72.6

73.6

72.6

76.4

72.6

Mass lost / g

63.4

67.4

66.2

69.3

65.5

69.3

70.7

69.3

Total heat
release
/ MJ m-2
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Summary
Development of numerical model

A complex numerical model has been developed in steps of increasing complexity. The
final result is summarized as follows:
•

In the virgin material:
o The thermal properties are solved through Equations 6-36 and 6-38.
o The heat transfer is solved through Equation 6-16.

•

In the pyrolysis zone:
o The thermal properties are solved through Equations 6-67 and 6-68.
o The heat transfer is solved through Equation 6-72.
o The mass transfer is solved through Equations 6-73 and 6-74.
o Expansion is determined by Equation 6-64.

•

In the pure char zone:
o The thermal properties are solved through Equations 6-69 and 6-70.
o The heat transfer is solved through Equation 6-16.

•

At the boundaries:
o The boundary conditions are shown in Equations 6-26, 6-25, and 6-28.
o Pre-combustion, the incident heat flux is given in Equation 6-30.
o During combustion, the incident heat flux is given in Equations 6-52 and
6-53 depending on the heat release rate.

6.9.2

Comparison of model to available analytical data

The predictive model developed in this research was compared to the modelling and
experimental data by Henderson et al [42]. There was a good correlation between the
temperature profile data. Slightly lower temperature profiles from this research’s model
more closely match the experimental data available. This model predicts slightly greater
mass loss with respect to time compared to Henderson’s model. The mass fraction profile
shapes are still similar.
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The developed model was also compared to the modelling and experimental data by Feih
et al [50]. This research’s model predicts higher temperatures at the hot face over all
incident heat fluxes. The cold face is cooler at all incident heat fluxes, except for at
10 kW m-2. Good correlation between both models for mass fraction remaining with
respect to time was noted. Mass fraction profiles plateau at approximately the same mass
fraction and time for all incident heat fluxes.
Several observations were made when the model was compared to experimental data
collected during this research. Expansion effects from the model were not
counterbalanced by char cracking, leading to extended combustion times for the model
when compared to experiments. The absence of mass transfer mechanisms in the model
led to early ignition times compared to experimental results.
The model and experiments were compared for different specimen thicknesses. Increased
specimen thickness resulted in increased flameout times for both the model and
experiments. Both the model and experiments exhibited comparable peak heat release
rates. Increased specimen thickness resulted in longer mass fraction plateau times for
both the model and experiments. The model predicted longer mass fraction plateau times
than experiments for each specimen thickness investigated. The current hypothesis is that
the predicted mass loss rate is reduced by a lack of a secondary HRR peak and thus a
reduction in the mean HRR during the later stages of combustion.
The model and experiments were also compared for different fibre volume fractions
Flameout time and mass loss trends were not followed by the model. The discrepancies
are theorised to be due to literature being used for pyrolysis rate properties. The model
exhibited a significant increase in peak heat release at 0.50 Vf , which also occurred for
the experimental results.
Additionally, the model and experiments were compared for different incident heat
fluxes. Both the model and experiments resulted in increased peak HRR with increased
incident heat flux. The model’s peak HRR values increased by smaller increments than
experiments with increased incident heat flux. An energy feedback inhibitor was used to
stability contributes to this discrepancy. Both the model and experiments showed an
increase in mass loss rate and decrease in flameout time with increased incident heat
flux. Mass loss rates at 75 and 100 kW m-2 were predicted to be slower than experiments
due to energy feedback inhibitor.
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Chapter 7 Concluding Remarks
A summary of the key results and conclusions from both the experimental and modelling
work conducted is presented in this chapter, as well as the main achievements made
throughout this research. Future work that can be conducted in this area of research is
also briefly discussed.

7.1

Initial experiments

Different glass fibre reinforcement architectures were used in composite material
systems to gain a better fundamental understanding of synthetic fibre reinforced
composite materials. It was concluded that the permeability and fibre architecture of the
reinforcement has a significant influence on the flammability properties of their
respective specimens.
The CSM mat used during this stage of research exhibited the worst flammability
properties overall with shorter ignition time, longer flameout time, greater overall heat
release, and greater smoke production when compared to the other reinforcements
investigated.
Vertical burn specimens exhibited interesting visual phenomena based on fibre
architecture, with CSM specimens experiencing concentration points where the flame
burned brighter due to resin rich areas on the surface of the material. Grid patterning
occurred for the specimens reinforced with woven roving and 0° / 90° stitched fabric.
The double bias (-45° / +45°) fabric exhibited flame bias, where specimens would burn
predominantly on one side due to the orientation of the fibres.

7.2

Comparative study

The comparative study between natural and synthetic fibre reinforced composites
illustrated key differences between the two. Quantitatively, the flax fibre reinforced
specimens manufactured exhibited earlier ignition times, higher overall heat release, and
increased flameout times when compared to their glass fibre reinforced counterparts.
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These are a direct result of replacing a heat sink (i.e. the glass fibres) with a combustible
heat source (i.e. the flax fibres) in the material system.
Qualitatively, there was noticeable deformation of the flax fibre reinforced specimens
during the combustion process, while the glass fibre specimens maintained their
integrity. The deformation observed appeared to be dependent on the fibre architecture,
and involved a combination of delamination and bulging outwards, with the largest
expansion occurring at the specimen centre. The phenomena causing this have not been
successfully determined, but the current hypothesis is that an internal force is creating the
buckling effect. This may be due to the temperature gradient creating a more constrained
solid region at the edges of the specimens, or the natural twist angle in the fibre tows
unravelling. Natural fibre reinforced specimens also experienced shrinkage in the
horizontal plane of approximately 30 % as char is formed, which has been discussed and
explained by the works of Bryden [72], and Tran and White [73].

7.3

Parametric study

The effects of specimen thickness, fibre volume fraction, incident heat flux, composite
fibre type, composite fibre architecture, and introduction of an inherently fire retardant
epoxy resin were investigated in a parametric study.

7.3.1

Effects of specimen thickness

Specimen thicknesses of 4, 6, and 8 mm were tested. Increasing specimen thickness
resulted in increased flameout time, total heat release, total smoke release, and total mass
loss due to the additional mass of fuel available for the combustion process. Ignition time
was not affected because this property is dependent on the boundary conditions at the top
surface and is independent of specimen thickness. It was determined that there was a
critical thickness between 6 and 8 mm for this material system, below which the primary
HRR peak value was most affected. A reduction in the secondary HRR peak amplitude
with increased thickness was explained by a thicker char layer forming to protect the
underlying virgin material.

7.3.2

Effects of fibre volume fraction

Fibre volume fractions of 0.40, 0.45, and 0.50 were tested. It was determined that there
was a critical fibre volume fraction between 0.45 and 0.50 at which the ignition time
became fibre-dominated instead of resin-dominated. An increase in flameout time and
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reduction in mean HRR with increased fibre volume fraction were explained by the flax
fibre char providing more effective insulation than the epoxy char. The peak HRR
increased with increased fibre volume fraction due to a greater amount of fuel being
readily available at the point of combustion before an effective char layer can form to
retard the gas flow to the combusting surface. The total smoke release experienced a
significant reduction at Vf = 0.50, though the exact cause of this could not be determined.

7.3.3

Effects of incident heat flux

Incident heat fluxes of 25, 50, 75, and 100 kW m-2 were tested. The peak HRR increased
with higher incident heat fluxes due to a greater volume of pyrolysis gases being released
before a sufficient char layer could form to act as a barrier between the heat flux and the
underlying virgin material, as well as to restrict gas flow to the combusting surface. The
mean HRR and mean MLR values increased with increased incident heat flux as the
higher incident heat fluxes pyrolysed the specimens at a faster rate.
Specimen surface temperatures reached pyrolysis and ignition temperatures more quickly
with increased incident heat flux, therefore decreasing specimen ignition time. Flameout
time decreased with increased heat flux between 25 and 75 kW m-2 due to faster
pyrolysis and combustion rates. While the 100 kW m-2 specimens did not follow this
trend, the values obtained for flameout time appeared to be skewed due to flame
extinguishment being masked by the char glowing due to the high temperatures involved.
Total smoke release and mass loss increased with increased heat flux. This trend was not
followed for specimens tested at 75 kW m-2 because the specimens tested at this incident
heat flux had a relatively lower initial mass, and these values are dependent on material
available for combustion. The total smoke release values indicate that a greater amount
of incomplete combustion occurs at higher incident heat fluxes, while higher mass loss
values indicate that the specimen char breaks down to a greater extent. Increases in mean
MLR and the secondary HRR peak with increased incident heat flux are explained by the
char layer losing its integrity faster when exposed to higher heat fluxes.

7.3.4

Effects of composite fibre type

The flax fibres in the composite system were replaced with glass fibres of similar
architecture. Later ignition times, reductions in mass loss, and reduced heat release
values support the conclusions in §7.2. Furthermore, the HRR profile for glass suggests
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that it is an intermediate thick non-charring material, which means that the char layer
formed by the Prime 20LV epoxy resin system does not provide effective insulation
under these testing conditions.

7.3.5

Effects of composite fibre architecture

Lower ignition times were found when different fibre architectures were used. This is
due to the gap size between fibre tows. Longer flameout time and lower peak HRR
values were obtained for the unidirectional and light twill weave specimens due to a
greater number of layers being used in comparison to the heavy twill weave. This meant
that pyrolysis gases that formed below the surface of the specimen had to permeate
through a more tortuous path to reach the combusting surface. The light twill weave also
had the lowest ignition time of the three fibre architectures investigated because of gaps
between the tows exposing greater amounts of epoxy resin to the incident heat flux.
Deformation profiles for the unidirectional fabric provided better air flow throughout the
specimen during the combustion process, which resulted in a significantly reduced total
smoke release values.

7.3.6

Effects of inherently fire retardant epoxy resin

The Prime 20LV epoxy resin was replaced with EL-319, an inherently fire retardant
epoxy resin system. No intumescence, which is a common method of fire retardation for
resin systems, was visible when testing the EL-319 specimens. The fire retardation
mechanism appeared to be the formation of a denser char, which was supported by an
overall slight reduction in percentage mass loss. Interestingly, the ignition time reduced
for glass fibre reinforced specimens, while there was no noticeable effect on ignition
time for flax fibre reinforced specimens. There was also a reduction in flameout times for
all specimens. The peak HRR and total heat release values decreased due to the FR
epoxy resin having a lower heat of combustion, while total smoke release increased as a
greater amount of incomplete combustion occurred.
During vertical burn experiments, EL-319 specimens self-extinguished upon removal of
the Bunsen burner flame, and the burn lengths were below the maximum length allowed
according to the FAR 25.853 standard. The fire retardant mechanisms of this resin
system were overpowered by the higher heat fluxes used in cone calorimetry
experiments, which were more representative of developing or fully developed fires. The
resin system might be more viable in practical applications than indicated by the
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bench-scale cone calorimetry experiments by mitigating the risk of ignition prior to the
fire development stage.

7.4

Modelling conclusions

A one dimensional finite difference model was developed from first principles during
this research to predict the pyrolysis and combustion of natural fibre reinforced
composite material systems and was primarily design to simulate the cone calorimetry
testing scenario. It allowed for the qualitative comparison of trends with experiments.
The model was constructed with the following assumptions which prevented accurate
quantitative comparison to experiments:
• All gases produced during pyrolysis are immediately available for combustion at
the material surface. Gases do no accumulate within the material.
• There is thermal equilibrium between the decomposition gases and solid material.
• The resulting char that forms during pyrolysis does not crack.
• The percentage of expansion of the material is related linearly to the mass fraction
of virgin material remaining.
• The incident heat flux does not change with expansion of the heated surface.
• A maximum flame temperature is observed when calculating energy transferred
back into the material from the combustion process.
In the future, this model could be used in the design of new material combinations, given
comprehensive knowledge of the relevant material properties. It could also be used to
predict whether a product might pass certain flammability standards in industry that
investigate materials rather than the overall product, e.g. UL94 ratings and cone
calorimetry standards.

7.4.1

Comparison to available literature

This model was compared to modelling and experimental data produced by Henderson et
al. [42]. There was a good correlation between the temperature data available and that
produced by the model developed in this research. The temperature profiles were slightly
lower between the two model predictions at depths of 0.1, 0.5, and 1.0 cm. However, this
more closely matched the experimental data available in terms of final temperature.
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The lower temperature profiles for this model were explained by a lower amount of mass
loss occurring at each time step examined. The lower specific heat capacity and higher
thermal conductivity values for char resulted in more efficient heat transfer within
Henderson’s model, and thus elevated temperature profiles compared to the model
developed in this thesis.
Neither model was able to replicate the exact curvature of the experimental temperature
profiles, which was less gradual in terms of temperature increase with time initially.
Discrepancies in boundary conditions at the unheated surface resulted in a slighter higher
temperature profile for the developed model at a depth of 2.9 cm.
The developed model was also compared to modelling and experimental data produced
by Feih et al. [50]. Higher temperatures at the hot face were predicted by the model in
this thesis for all incident heat fluxes, while the cold face was cooler at all incident heat
fluxes except at 10 kW/m2. There was good correlation between the mass fraction
profiles with the mass fraction plateaus occurring at approximately the same mass
fraction for the 50 and 75 kW m-2 predictions, and similar mass fraction values remaining
after 3000 s at an incident heat flux of 25 kW m-2.

7.4.2

Comparison to experiments

When examining the expansion effects of this model to experimental data collected in
this thesis, it was found that the inclusion of expansion in the numerical model caused
the results to be even more different from experiments by extending combustion times.
This was due to the counterbalancing char cracking mechanism not being implemented.
Due to the lack of this more complex mechanism in the model design, the expansion
mechanism was excluded from the model during comparison to experimental results.
The absence of mass transfer mechanisms resulted in earlier ignition times in the model,
because the assumption that all pyrolysing gases are immediately available for
combustion at the specimen surface influenced the ignition criteria involving a critical
gas mass flux at the specimen surface.
When comparing specimen thickness trends, both the model and experiments showed
increased flameout times and longer mass fraction plateau times with increased specimen
thickness. They also had comparable peak HRR values. A lack of a secondary HRR peak
in the model was theorised led to longer overall mass fraction plateau times at each
specimen thickness.
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The model was able to capture a significant increase in peak heat release at a fibre
volume fraction of 0.50, which also occurred during experimentation. However, flameout
and mass loss trends were not followed when comparing model and experiment trends
for fibre volume fraction. The discrepancies were theorised to be because of literature
values being used for pyrolysis rate properties.
While both the model and experiments exhibited increased peak HRR with increased
incident heat flux, the increase was much smaller at each step in incident heat flux for the
model. This was due to an energy feedback inhibitor in the form of a maximum flame
temperature being used for stability at the combusting surface boundary. Both the model
and experiments showed a decrease in flameout time and increase in mass loss rate with
an increase in incident heat flux. However, the mass loss rates at 75 and 100 kW m-2
were predicted to be noticeably slower than experiments due to the energy feedback
inhibitor at the combusting surface boundary.

7.5

Achievements

• An experimental comparison of synthetic and natural fibre reinforced composite
materials was conducted using different fire testing methods, identifying key
quantitative and qualitative differences between them. The flax fibres used in this
comparative study acted as a heat source during testing, and caused significant
deformation in the form of vertical expansion, and shrinkage in the horizontal
plane.
• A parametric study was conducted on flax fibre reinforced epoxy composites using
cone calorimetry. Trends in flammability properties were identified when different
parameters were changed. The material and testing properties of specimen
thickness, fibre volume fraction, incident heat flux, composite fibre type,
composite fibre architecture, and the use of an inherently fire retardant resin had
significant effects on the flammability properties when modified
• A qualitative 1-D finite difference model was developed to investigate the
flammability of natural fibre reinforced composite material systems. The model has
the ability to predict trends based on modifying different specimen parameters.
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Future work

This work contributes to understanding the influence of natural fibres on a composite
system both experimentally and through numerical modelling. However, there are
opportunities to carry out future work as follows:
• Numerous material properties were obtained from literature for the composite
system used. Better definition of these properties through experiments would aid in
the accuracy of the model.
• This thesis focuses on flax-fibre reinforced epoxy systems when experimentally
investigating flammability. It is recommended that additional natural fibre
reinforced material systems be investigated, with the possibility of bio-derived
matrix systems being implemented. The material systems used by Subasinghe et al.
[78] would be good to investigate initially because of their similarities to the
numerical model in its current form, though difficulties may arise due to the
addition of a fire retardant in the system.
• There was a significant reduction in total smoke release when a fibre volume
fraction of 0.50 was used in specimens, the cause of which requires further
investigation.
• Further investigation is required into the mechanisms involved in char cracking.
This is required as a step to develop the numerical model into a quantitative
comparison tool.
• During experiments, flax fibre reinforced composite specimens expanded
significantly, expanding most at the centre of the specimens. A better
understanding of the mechanisms causing expansion of flax fibres during
combustion is necessary. Predicting the expansion response of the composite
system would allow continued development of the numerical model.
• A mass transfer system should be implemented into the numerical model to better
account for the effects of permeability and expansion on flammability, and allow
for more accurate prediction of the ignition times for material systems.
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• The mechanisms involved in char formation and subsequent cracking are complex
and dependent on the materials involved. An in-depth investigation into these
mechanisms is required to incorporate them into the model, and would also feed
back into predicting both expansion and mass transfer for a given system.
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Appendix B-1: PyrolysisAndCombustionMainCode
script
% Heat Equation solved by Crank Nicholson method for Finite Difference.
% Includes pyrolysis and combustion in heat equation.
tic;
%Import coefficients and material properties for composite used.
load HE_Cone_Calorimeter_Natural_Fibres.mat
%Creation of a timer to find inefficiencies in functions.
timer = zeros(14,timesteps);
%Creating global variables for matrices and vectors used in functions.
global mass_flux m_g G porosity porosity_node fibre_m_frac_VM
polymer_m_frac_VM fibre_m_frac_VM_node polymer_m_frac_VM_node HRR u
u_init k c_p c_p_init R S d_x m fibreMass polymerMass dm dm_node
dMPolymer dMPolymerNode dMFibre dMFibreNode m_frac m_frac_VM rho rho_g
polymerRho fibreRho d_rho polymerDeltaRho fibreDeltaRho rho_node
rho_g_node rho_c_p fibreRhoNode polymerRhoNode rho_frac rho_frac_node
rho_frac_VM rho_frac_VM_node rho_frac_CSi rho_frac_CSi_node
polymerRhoFrac fibreRhoFrac a b c d polymerAi polymerNi fibreAi fibreNi
pyroTag fibreCp polymerCp enthalpy fibre_enthalpy polymer_enthalpy;
%Setting up initial matrices and vectors
x = linspace(xStart,xStop,n);
t = linspace(0,t_max,timesteps);
u = zeros(n,2);
d = zeros(n,2);
T = zeros(n,2);
d_t = t_max/timesteps;
d_x_init = (xStop-xStart)/(n-1);
d_x_final = d_x_init*expansionFactor;
d_x = (ones(n,2))*d_x_init;
%Refinement of mesh closer to boundaries.
meshRefinement(n,d_x_init,xStop,xStart);
%Initial matrices for general material properties and variables.
m = ones(n-1,2); %Mass of material
m_v = zeros(n-1,2); %Virgin mass of material
m_char = zeros(n-1,2); %Char mass of material
fibreMass = ones(n-1,2);
fibreMassV = zeros(n-1,2);
fibreMassChar = zeros(n-1,2);
polymerMass = ones(n-1,2);
polymerMassV = zeros(n-1,2);
polymerMassChar = zeros(n-1,2);
m_g = zeros(n-1,2); %Instantaneous mass of gas
rho_v = polymerRhoV*(1-Vf) + fibreRhoV*Vf; %Virgin material density
%Determining distribution of mass based on mesh refinement.

Appendix B: MATLAB Code for Numerical Model

185

[m_v,m_char,fibreMass,fibreMassV,fibreMassChar,polymerMass,polymerMassV
,polymerMassChar] =
massDistribution(n,m_v,m_char,Vf,fibreMass,fibreMassV,fibreMassChar,pol
ymerMass,polymerMassV,polymerMassChar,fibreRhoV,fibreRhoChar,polymerRho
V,polymerRhoChar);
mInit = sum(m(:,1)) %Total initial mass of the specimen.
dm = zeros(n-1,2); %Change in mass at a timestep
dm_node = zeros(n,2); %Change in nodal mass at a timestep
dMPolymer = zeros(n-1,2);
dMPolymerNode = zeros(n,2);
dMFibre = zeros(n-1,2);
dMFibreNode = zeros(n,2);
m_frac = ones(n-1,2); %Mass fraction
m_frac_VM = ones(n-1,2); %Fraction mass of virgin material remaining
G = ones(n-1,2); %Instantaneous density fraction
porosity = zeros(n-1,2);
porosity_node = zeros(n,2);
porosity_char = 1-(Vf/expansionFactor); %Porosity of pure char

k = zeros(n,2); %Thermal conductivity
c_p = zeros(n,2); %Specific heat capacity
c_p_init = zeros(n,1);
enthalpy = zeros(n,2);
rho = (ones(n-1,2))*rho_v; %Density
d_rho = zeros(n-1,2); %Change in density at a timestep
rho_node = (ones(n,2))*rho_v;
rho_frac = ones(n-1,2); %Density fraction
rho_frac_VM = ones(n-1,2); %Fraction density of virgin material
rho_frac_node = ones(n,2);
rho_frac_VM_node = ones(n,2);
rho_g = zeros(n-1,2); %Instantaneous density of gas
rho_g_node = zeros(n,2);
rho_c_p = zeros(n,2); %Product of density and specific heat capacity
R = zeros(n,2); %Combination of material properties and variables
S = zeros(n,2); %Combination of material properties and variables
%Initial matrices for polymer properties
polymerCp = ones(n,2)*polymerCpInit;
polymer_enthalpy = zeros(n,2);
polymer_m_frac_VM = ones(n-1,2);
polymer_m_frac_VM_node = ones(n,2);
polymerRho = (ones(n-1,2))*polymerRhoV;
polymerDeltaRho = zeros(n-1,2);
polymerRhoNode = (ones(n,2))*polymerRhoV;
polymerRhoFrac = ones(n-1,2);
polymerRhoFracVM = ones(n-1,2);
polymerRhoFracNode = ones(n,2);
polymerRhoFracNodeVM = ones(n,2);
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polymerAi = ones(n-1,2)*polymerAi1; %Polymer kinetic rate term
polymerNi = ones(n-1,2)*polymerNi1; %Polymer kinetic rate term
%Initial matrices for fibre properties
fibreCp = ones(n,2)*fibreCpInit;
fibre_enthalpy = zeros(n,2);
fibre_m_frac_VM = ones(n-1,2);
fibre_m_frac_VM_node = ones(n,2);
fibreRho = (ones(n-1,2))*fibreRhoV;
fibreDeltaRho = zeros(n-1,2);
fibreRhoNode = (ones(n,2))*fibreRhoV;
fibreRhoFrac = ones(n-1,2);
fibreRhoFracVM = ones(n-1,2);
fibreRhoFracNode = ones(n,2);
fibreRhoFracNodeVM = ones(n,2);
fibreAi = ones(n-1,2)*fibreAi1; %Fibre kinetic rate term
fibreNi = ones(n-1,2)*fibreNi1; %Fibre kinetic rate term
%Empty matrix for RHS TDMA
TDMA = zeros(n,n);
%Empty vectors for LHS TDMA
a = zeros(n-1,1);
b = zeros(n,1);
c = zeros(n-1,1);
%Set up initial vector for timesteps = 1
u(:,1) = ones(n,1)*u_polymer;
u_init = u(:,1); %Initial temperature distribution
writeCounter = 100; %First timestep to write results to file
HRR = zeros(1,timesteps); %Heat release rate
%Run timesteps
for i = 2:timesteps
%
%

Checks for ignition criteria and determines heat flux from
combustion.
[MLRIgnition] = checkMLR(d_t);
combustionHeatFlux(i,n,hoc_fibres,hoc_polymer,MLRIgnition,uIgnition
,d_t);

%
Calculates the incident heat flux on the top surface of the
specimen.
[q_1,q_2] = heatFlux(i,u(n,1),u(1,1),u_air,q_0,h_air,emissivity);
timer(14,i) = toc;
%
Calculates thermal properties of materials (R and S are
%
combinations of thermal properties required in finite difference
%
equation).
findR(n,Vf,fibreK,fibreCharK,fibreCharCp,polymerK,polymerCharK,polymerC
harCp,c_pg,k_g,d_t);
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timer(3,i) = toc;
%

Finds vectors for TDMA matrix.
[TDMA] = TDMAvectors(i,n);
timer(4,i) = toc;

%
%BC
%BC
%BC

Boundary Condition modifications for LHS TDMA and RHS vector.
= 1 Constant Temperature
= 2 Constant Heat Flux
= 3 Convection
[b(1),c(1),d(1,1),b(n),a(n-1),d(n,1),u(1,1),u(n,1)]=
boundaryConditions(n,u(1,1),u(n,1),BC1,BC2,u_B1,u_B2,q_1,q_2,h_air,u_ai
r);
timer(5,i) = toc;
%
%

Determines A and n coefficients for kinetic rate properties if they
are variable.
findAi(n,i,polymerAi2,fibreAi2,A_i_mfrac);
timer(6,i) = toc;
findNi(n,i,polymerNi2,fibreNi2,n_i_mfrac);
timer(7,i) = toc;

%Calculates the change in mass due to
pyrolysis.pyroRate(Vf,n,d_t,fibreEi,polymerEi,m_char,m_v,rho_char,rho_v
,fibreMassChar,polymerMassChar,fibreMassV,polymerMassV,fibreRhoV,polyme
rRhoV,d_x_init,d_x_final,porosity_char,uPolymerPyro,uFibrePyro);
timer(9,i) = toc;
%

Converts cell properties to node properties.
cellToNode(i,n);
timer(10,i) = toc;

%
Modifies the RHS of equations to account for heat transfer due to
%
pyrolysis.
pyrolysisHeatTransfer(n,c_pg,q_pyro,d_t);
timer(11,i) = toc;
%

Solve for each timestep using TDMA solving method.
u(:,2) = TDMAsolver(a,b,c,d(:,1));
timer(13,i) = toc;

%

Calculates the expansion of the grid due to change in density.
gridExpansion(n,d_x_init,expansionFactor);

%

Writes results to file.
[writeCounter] = writeToFile(i,n,writeCounter,d_t);

%

Resets arrays for next timestep.
resetArrays(n);

end
%Determine total time for simulation to run.
simulationTime = toc;
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Appendix B-2: meshRefinement function
%Function to refine finite difference mesh at the boundaries.
function meshRefinement(n,d_x_init,xStop,xStart)
%Calls the relevant global variables
global d_x
%Sets up initial/final spatial steps. Currently set at no refinement.
d_x_1 = d_x_init/1;
d_x_2 = 2*d_x_init - d_x_1;
%Sets up all spatial steps based on initial and final step sizes.
for j = 1:(n/2)
d_x(j,:) = d_x_1 + (j-1)*(d_x_2 - d_x_1)/(n/2-1);
end
for j = ((n/2)+1):n
d_x(j,:) = d_x_2 - (j-n/2-1)*(d_x_2 - d_x_1)/(n/2 - 1);
end
d_x(n,:) = d_x(n-1,:);
end

Appendix B-3: massDistribution function
%Function to determine the distribution of mass based on mesh.
function
[m_v,m_char,fibreMass,fibreMassV,fibreMassChar,polymerMass,polymerMassV
,polymerMassChar] =
massDistribution(n,m_v,m_char,Vf,fibreMass,fibreMassV,fibreMassChar,pol
ymerMass,polymerMassV,polymerMassChar,fibreRhoV,fibreRhoChar,polymerRho
V,polymerRhoChar)
%Calls relevant global variables
global m d_x;
%Distributes masses based on mesh and fibre volume fraction values.
for j = 1:n-1
m(j,:) = d_x(j,:)*fibreRhoV*Vf + d_x(j,:)*polymerRhoV*(1-Vf);
m_v(j,:) = d_x(j,:)*fibreRhoV*Vf + d_x(j,:)*polymerRhoV*(1-Vf);
m_char(j,:) = d_x(j,:)*fibreRhoChar*Vf +
d_x(j,:)*polymerRhoChar*(1-Vf);
fibreMass(j,:) = d_x(j,:)*fibreRhoV*Vf;
polymerMass(j,:) = d_x(j,:)*polymerRhoV*(1-Vf);
fibreMassV(j,:) = d_x(j,:)*fibreRhoV*Vf;
polymerMassV(j,:) = d_x(j,:)*polymerRhoV*(1-Vf);
fibreMassChar(j,:) = d_x(j,:)*fibreRhoChar*Vf;
polymerMassChar(j,:) = d_x(j,:)*polymerRhoChar*(1-Vf);
end
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Appendix B-4: checkMLR function
%Function to determine if gas mass flux is sufficient at surface for
%ignition.
function [MLRIgnition] = checkMLR(d_t)
global dm
%Checks mass flux against ignition criterion and switches MLRIgnition
%variable on and off as required.
if (-sum(dm(:,1))/d_t) > 7.44e-4
MLRIgnition = 1;
else
MLRIgnition = 0;
end
end

Appendix B-5: combustionHeatFlux function
%Function to determine the heat release rate due to combustion.
function
combustionHeatFlux(i,n,hoc_fibres,hoc_polymer,MLRIgnition,uIgnition,d_t
)
global u HRR dMFibre dMPolymer;
%Stefan-Boltzmann constant
sigma = 5.67e-8;
%Checks ignition criteria
if u(n,1) >= uIgnition
if MLRIgnition == 1
%Calculates heat release rate bsaed on heat of combustions for both
%fibres and polymers and their respective mass fluxes.
HRR(i) = -hoc_fibres*(sum(dMFibre(:,1)))/d_thoc_polymer*(sum(dMPolymer(:,1)))/d_t;
else
HRR(i) = 0;
end
else
HRR(i) = 0;
end
end
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Appendix B-6: heatFlux function
%Function that determines the incident heat flux on the both surfaces.
function [q_1,q_2] = heatFlux(i,un,u1,u_air,q_0,h,emissivity)
global HRR
sigma = 5.67e-8;
%Maximum heat flux and equivalent temperature determined.
q_max = sigma*(1173^4) + q_0;
u_flux_max = nthroot(((q_max)/sigma),4);
%Determines
if HRR(i) >
uFlux =
else
uFlux =
end

temperature of heat flux on top surface.
0
min(u_flux_max,nthroot(((q_0+HRR(i))/sigma),4));
nthroot((q_0/sigma),4);

%Defines incident heat flux on top surface based on resulting
temperature.
q_2 = sigma*emissivity*(uFlux^4-(un^4))+h*(uFlux-un);
%Defines incident heat flux on bottom surface.
q_1 = emissivity*sigma*(u_air^4-u1^4);

Appendix B-7: findR function
%Function to determine thermal properties at each node of system.
function
findR(n,Vf,fibreK,fibreCharK,fibreCharCp,polymerK,polymerCharK,polymerC
harCp,c_pg,k_g,d_t)
global u u_init d_x k c_p R S rho_node rho_g_node rho_c_p porosity_node
fibre_m_frac_VM_node polymer_m_frac_VM_node fibreCp polymerCp
fibre_enthalpy polymer_enthalpy enthalpy
for j = 1:n
%Fibre specific heat capacity and enthalpy at each node
%determined by Equations 3-3, 3-4, and 3-5.
if (u(j,1)-273) < 105
fibreCp(j,2) = -3.0417e-4*(u(j,1)-273)^4 + 0.076634*(u(j,1)273)^3 - 6.1439*(u(j,1)-273)^2 + 216.83*(u(j,1)-273) -1276.9;
fibre_enthalpy(j,2) = -(3.0417e-4/5)*(u(j,1)-273)^5 +
(0.076634/4)*(u(j,1)-273)^4 - (6.1439/3)*(u(j,1)-273)^3 +
(216.83/3)*(u(j,1)-273)^2 -1276.9*(u(j,1)-273) - 10720.9;
elseif (u(j,1)-273) <= 186
fibreCp(j,2) = -2.4687e-4*(u(j,1)-273)^4 + 0.14842*(u(j,1)273)^3 - 32.449*(u(j,1)-273)^2 + 3002.6*(u(j,1)-273) -93853;
fibre_enthalpy(j,2) = 226440.9461 - (2.4687e-4/5)*(u(j,1)273)^5 + (0.14842/4)*(u(j,1)-273)^4 - (32.449/3)*(u(j,1)-273)^3 +
(3002.6/3)*(u(j,1)-273)^2 -93853*(u(j,1)-273) + 1949505;
else
fibreCp(j,2) = 1600;
fibre_enthalpy(j,2) = 475413.6089+ 1600*((u(j,1)-273) 186);
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end
%Fibre specific heat capacity and enthalpy at each node
%determined by Equation 3-6.
if u(j,1) <= 444
polymerCp(j,2) = 1.976e-7*((u(j,1)-273)^5)-5.5631e5*((u(j,1)-273)^4)+5.5631e-4*((u(j,1)-273)^3)+0.804066*((u(j,1)273)^2)-46.673*(u(j,1)-273) +1890.3;
polymer_enthalpy(j,2) = (1.976e-7/6)*((u(j,1)-273)^6)(5.5631e-5/5)*((u(j,1)-273)^5)+(5.5631e-4/4)*((u(j,1)273)^4)+(0.804066/3)*((u(j,1)-273)^3)-(46.673/2)*((u(j,1)-273)^2)
+1890.3*(u(j,1)-273) - 36813.74447;
else
polymerCp(j,2) = 1529;
polymer_enthalpy(j,2) = 259755.8984 + 1529*((u(j,1)-273) 171);
end
%Overall enthalpy at each node determined.
enthalpy(j,2) =
Vf*fibre_m_frac_VM_node(j,1)*fibre_enthalpy(j,2) +
polymer_m_frac_VM_node(j,1)*(1-Vf)*polymer_enthalpy(j,1)+(1fibre_m_frac_VM_node(j,1))*Vf*fibreCharCp*(u(j,1) - u_init(j,1)) + (1polymer_m_frac_VM_node(j,1))*(1-Vf)*polymerCharCp*(u(j,1) u_init(j,1));
%Overall thermal properties determined.
k(j,2) = (1porosity_node(j,2))*(fibre_m_frac_VM_node(j,1)*fibreK*Vf +
polymer_m_frac_VM_node(j,1)*polymerK*(1-Vf) + (1fibre_m_frac_VM_node(j,1))*fibreCharK*Vf + (1polymer_m_frac_VM_node(j,1))*polymerCharK*(1-Vf)) +
porosity_node(j,2)*k_g;
c_p(j,2) = fibre_m_frac_VM_node(j,1)*fibreCp(j,2)*Vf +
polymer_m_frac_VM_node(j,1)*polymerCp(j,2)*(1-Vf)+(1fibre_m_frac_VM_node(j,1))*fibreCharCp*Vf + (1polymer_m_frac_VM_node(j,1))*polymerCharCp*(1-Vf);
rho_c_p(j,2) = rho_g_node(j,2)*c_pg + rho_node(j,2)*c_p(j,2);
%Find R value (coefficient)
R(j,2) = (k(j,2)/(rho_c_p(j,2)))*(d_t/(2*(d_x(j,2))^2));
end
for j = 1:n-1
%Find S value (coefficient due to dk/dx*du/dx term)
S(j,2) = ((k(j+1,2)-k(j,2))*d_t)/(2*rho_c_p(j,2)*(d_x(j,2))^2);
end
end
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Appendix B-8: TDMAvectors
%Function to define TDMA vectors.
function [TDMA] = TDMA_vectors(i,n)
global u R S a b c d;
%j = 1
b(1) = 1 + 2*R(1,2) + S(1,2);
TDMA(1,1) = 1 - 2*R(1,2) - S(1,2);
for j = 2:n-1
%Define LHS TDMA
a(j-1) =
b(j) = 1
c(j-1) =

side vectors
-R(j,2);
+ 2*R(j,2) + S(j,2);
-R(j-1,2) - S(j-1,2);

%Define RHS TDMA side
TDMA(j,j) = 1
TDMA(j,j-1) =
TDMA(j-1,j) =
end

vectors
- 2*R(j,2) - S(j,2);
R(j,2);
R(j-1,2) + S(j-1,2);

%Define LHS TDMA side vectors
a(n-1) = -R(n,2);
b(n) = 1 + 2*R(n,2) + S(n,2);
c(n-1) = -R(n-1,2) - S(n-1,2);
%Define RHS TDMA side vectors
TDMA(n,n) = 1 - 2*R(n,2) - S(n,2);
TDMA(n,n-1) = R(n,2);
TDMA(n-1,n) = R(n-1,2) + S(n-1,2);
%Find RHS vector
d(:,1) = TDMA*u(:,1);

Appendix B-9: boundaryConditions function
%Boundary conditions are set according to whether there is an incident
%heat flux, a constant temperature, or convection at each boundary.
%%BC = 1 Constant Temperature
%%BC = 2 Constant Heat Flux
%%BC = 3 Convection
function [b1,c1,d1,bn,an,dn,u1,un] =
Boundary_Conditions(n,u1,un,BC1,BC2,u_B1,u_B2,q_1,q_2,h_air,u_air)
global k d_x;
%Determine boundary conditions for bottom surface.
if BC1 == 1
d1 = u_B1;
b1 = 1;
c1 = 0;
u1 = u_B1;
elseif BC1 == 2
d1 = -d_x(1,2)*q_1/k(1,2);
b1 = -1;
c1 = 1;
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elseif BC1
d1
b1
c1
end

== 3
= -d_x(1,2)*(h_air*u_air)/k(1,2);
= -1-d_x(1,2)*h_air/k(1,2);
= 1;

%Determine boundary conditions for top surface.
if BC2 == 1
dn = u_B2;
bn = 1;
an = 0;
un = u_B2;
elseif BC2 == 2
dn = -d_x(n-1,2)*(q_2)/k(n,2);
%
dn = -d_x(n-1,2)*(q_2)/k(n,2);
bn = -1;
an = 1;
elseif BC2 == 3
dn = -d_x(n-1,2)*(h_air*u_air)/k(n,2);
bn = -1-d_x(n-1,2)*h_air/k(n,2);
an = 1;
end

Appendix B-10: findAi function
function findAi(n,i,polymerAi2,fibreAi2,A_i_mfrac)
global fibreRhoFrac polymerRhoFrac polymerAi fibreAi
%Defines the Pre-Exponential Factor based on mass fraction.
for j = 1:n-1
if polymerRhoFrac(j,1) < A_i_mfrac
polymerAi(j,2) = polymerAi2;
end
if fibreRhoFrac(j,1) < A_i_mfrac
fibreAi(j,2) = fibreAi2;
end
end
end

Appendix B-11: findNi function
function findNi(n,i,polymerNi2,fibreNi2,n_i_mfrac)
global polymerNi fibreNi polymerRhoFrac fibreRhoFrac
%Defines the order of reaction based on mass fraction.
for j = 1:n-1
if polymerRhoFrac(j,1) < n_i_mfrac
polymerNi(j,2) = polymerNi2;
end
if fibreRhoFrac(j,1) < n_i_mfrac
fibreNi(j,2) = fibreNi2;
end
end
end
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Appendix B-12: pyroRate function
%Function to determine the mass loss due to pyrolysis reactions.
function
pyroRate(Vf,n,d_t,fibreEi,polymerEi,m_char,m_v,rho_char,rho_v,fibreMass
Char,polymerMassChar,fibreMassV,polymerMassV,fibreRhoV,polymerRhoV,d_x_
init,d_x_final,porosity_char,uPolymerPyro,uFibrePyro)
%Calls global variables used in function.
global P u d_x m fibreMass polymerMass dm dMFibre dMPolymer m_frac
m_frac_VM rho fibreRho polymerRho d_rho fibreDeltaRho polymerDeltaRho
rho_frac fibreRhoFrac polymerRhoFrac rho_frac_VM fibreAi fibreNi
polymerAi polymerNi G porosity m_g rho_g
%Defining the gas constant
R_gas = 8.314;
P(1,2) = 101e3;
%Executes a loop that, for each node at a time step, checks whether
%material is pyrolysing and there is available mass left to provide
%fuel. If both conditions are met, the change in mass due to
%pyrolysis is found for this time step, and the mass is changed.
for j = 1:n-1
G(j,2) = ((m(j,2)/d_x(j,2)) (m_char(j,2)/d_x_final))/((m_v(j,2)/d_x_init)-(m_char(j,2)/d_x_final));
porosity(j,2) = (1-G(j,2))*porosity_char;
%Checks to see if fibres are present in initial system, and
% where fibre pyrolysis temperatures have been reached.
if ((Vf > 0) && (u(j,1) > uFibrePyro))
dMFibre(j,2) = d_t*(fibreAi(j,2)*fibreMassV(j,1)*(((fibreMass(j,1) fibreMassChar(j,1))/fibreMassV(j,1))^(fibreNi(j,2)))*exp(fibreEi/(R_gas*(u(j,1)))));
fibreMass(j,2) = fibreMass(j,1) + dMFibre(j,2);
fibreRho(j,2) = fibreMass(j,2)/(Vf*d_x(j,2));
fibreDeltaRho(j,2) = dMFibre(j,2)/(Vf*d_x(j,2));
fibreRhoFrac(j,2) = fibreRho(j,2)/fibreRhoV;
else
dMFibre(j,2) = 0;
end
%Checks to see if polymers are present in initial system, and
%whether polymer pyrolysis temperatures have been reached.
if (((1-Vf) > 0) && (u(j,1) > uPolymerPyro))
dMPolymer(j,2) = d_t*(polymerAi(j,2)*polymerMassV(j,1)*(((polymerMass(j,1) polymerMassChar(j,1))/(polymerMassV(j,1)))^(polymerNi(j,2)))*exp(polymerEi/(R_gas*(u(j,1)))));
polymerMass(j,2) = polymerMass(j,1) + dMPolymer(j,2);
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polymerRho(j,2) = polymerMass(j,2)/((1-Vf)*d_x(j,2));
polymerDeltaRho(j,2) = dMPolymer(j,2)/((1Vf)*d_x(j,2));
polymerRhoFrac(j,2) = polymerRho(j,2)/polymerRhoV;
else
dMPolymer(j,2) = 0;
end
%Defines new mass distribution and mass related
%properties at that timestep.
m(j,2) = m(j,2) + dMFibre(j,2) + dMPolymer(j,2);
dm(j,2) = dMFibre(j,2) + dMPolymer(j,2);
rho(j,2) = m(j,2)/d_x(j,2);
d_rho(j,2) = rho(j,2) - rho(j,1);
m_frac(j,2) = m(j,2)/m_v(j,1);
rho_frac(j,2) = rho(j,2)/rho_v;
m_frac_VM(j,2) = (m(j,2) - m_char(j,1))/(m_v(j,1) m_char(j,1));
rho_frac_VM(j,2) = (rho(j,2) - rho_char)/(rho_v rho_char);
%Defines instantaneous gas mass and density within
%material.
m_g(j,2) = -dm(j,2);
rho_g(j,2) = m_g(j,2)/d_x(j,2);

end
end
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Appendix B-13: cellToNode function
function cellToNode(i,n)
global rho_g rho_g_node porosity porosity_node fibre_m_frac_VM
polymer_m_frac_VM fibre_m_frac_VM_node polymer_m_frac_VM_node dm
dMFibre dMPolymer dm_node dMFibreNode dMPolymerNode rho fibreRho
polymerRho rho_node fibreRhoNode polymerRhoNode rho_frac rho_frac_node
rho_frac_VM rho_frac_VM_node rho_frac_CSi rho_frac_CSi_node
%Several variables and properties are converted from cellular to
%nodal form for use in the next step.
rho_node(1,2) = rho(1,2);
rho_g_node(1,2) = rho_g(1,2);
fibreRhoNode(1,2) = fibreRho(1,2);
polymerRhoNode(1,2) = polymerRho(1,2);
dm_node(1,2) = dm(1,2)/2;
dMFibreNode(1,2) = dMFibre(1,2)/2;
dMPolymerNode(1,2) = dMPolymer(1,2)/2;
rho_frac_node(1,2) = rho_frac(1,2);
rho_frac_VM_node(1,2) = rho_frac_VM(1,2);
rho_frac_CSi_node(1,2) = rho_frac(1,2);
porosity_node(1,2) = porosity(1,2);
fibre_m_frac_VM_node(1,2) = fibre_m_frac_VM(1,2);
polymer_m_frac_VM_node(1,2) = polymer_m_frac_VM(1,2);
for j = 2:n-1
rho_node(j,2) = (rho(j-1,2) + rho(j,2))/2;
rho_g_node(j,2) = (rho_g(j-1,2) + rho_g(j,2))/2;
fibreRhoNode(j,2) = (fibreRhoNode(j-1,2) +
fibreRhoNode(j,2))/2;
polymerRhoNode(j,2) = (polymerRhoNode(j-1,2) +
polymerRhoNode(j,2))/2;
dm_node(j,2) = (dm(j-1,2) + dm(j,2))/2;
dMFibreNode(j,2) = (dMFibre(j-1,2) + dMFibre(j,2))/2;
dMPolymerNode(j,2) = (dMPolymer(j-1,2) + dMPolymer(j,2))/2;
rho_frac_node(j,2) = (rho_frac(j-1,2) + rho_frac(j,2))/2;
rho_frac_VM_node(j,2) = (rho_frac_VM(j-1,2) +
rho_frac_VM(j,2))/2;
rho_frac_CSi_node(j,2) = (rho_frac_CSi(j-1,2) +
rho_frac_CSi(j,2))/2;
porosity_node(j,2) = (porosity(j-1,2) + porosity(j,2))/2;
fibre_m_frac_VM_node(j,2) = (fibre_m_frac_VM(j-1,2) +
fibre_m_frac_VM(j,2))/2;
polymer_m_frac_VM_node(j,2) = (polymer_m_frac_VM(j-1,2) +
polymer_m_frac_VM(j,2))/2;
end
rho_node(n,2) = rho(n-1,2);
rho_g_node(n,2) = rho_g(n-1,2);
fibreRhoNode(n,2) = fibreRho(n-1,2);
polymerRhoNode(n,2) = polymerRho(n-1,2);
dm_node(n,2) = dm(n-1,2)/2;
dMFibreNode(1,2) = dMFibre(n-1,2)/2;
dMPolymerNode(1,2) = dMPolymer(n-1,2)/2;
rho_frac_node(n,2) = rho_frac(n-1,2);
rho_frac_VM_node(n,2) = rho_frac_VM(n-1,2);
rho_frac_CSi_node(n,2) = rho_frac_CSi(n-1,2);
porosity_node(n,2) = porosity(n-1,2);
end
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Appendix B-14: pyrolysisHeatTransfer
%Function to determine heat transfer effects of mass loss.
function pyrolysisHeatTransfer(n,c_pg,q_pyro,d_t)
global u u_init d_x dMPolymerNode dMFibreNode d rho_node rho_c_p
enthalpy
%RHS of equation is modified to account for change in mass
%effects on heat transfer.
for j=1:n
%Gas mass flux determined at surface.
massFlux = -dMPolymerNode(j,2)/d_t dMFibreNode(j,2)/d_t;
%Determination of pyrolysis and mass flux factors.
if j < n
massFluxHeatTransfer =
(massFlux*d_t*c_pg*(u(j+1,1)-u(j,1)))/(d_x(j,2)*rho_c_p(j,2));
pyroHeatTransfer = ((rho_node(j,2)rho_node(j,1))*(q_pyro-c_pg*(u(j,1)u_init(j,1))+enthalpy(j,2)))/(rho_c_p(j,2));
else
massFluxHeatTransfer = (massFlux*d_t*c_pg*(u(n,1)u(n-1,1)))/(d_x(n-1,2)*rho_c_p(j,2));
pyroHeatTransfer = ((rho_node(j,2)rho_node(j,1))*(q_pyro-c_pg*(u(j,1)u_init(j,1))+enthalpy(j,2)))/(rho_c_p(j,2));
end
%Incorporation of heat transfer effects into d vector.
d(j,1) = d(j,1) - pyroHeatTransfer massFluxHeatTransfer;
end
end
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Appendix B-15: TDMAsolver function
function x = TDMAsolver(c,d,e,b)
%Uses tridiagonal method to solve the heat equation
n = length(d);
for k = 2:n
lambda = c(k-1)/d(k-1);
d(k)=d(k)-lambda*e(k-1);
c(k-1) = lambda;
end
for k = 2:n
b(k) = b(k) - c(k-1)*b(k-1);
end
b(n) = b(n)/d(n);
for k = n-1:-1:1
b(k) = (b(k) - e(k)*b(k+1))/d(k);
end
x = b;

Appendix B-16: gridExpansion function
function gridExpansion(n,d_x_init,expansionFactor)
global d_x m_frac_VM
%Loop sets the change in node separation based on a governing
%equation using an expansion factor. Expansion is assumed to be
%linear.
for j = 1:n-1
d_x(j,2) = d_x_init + d_x_init*(expansionFactor-1)*(1m_frac_VM(j,2));
end
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Appendix B-17: writeToFile function
%Function that writes various results to csv files for analysis.
function [writeCounter] = writeToFile(i,n,writeCounter,d_t)
global m_g P mass_flux porosity HRR u d_x m dm dMPolymer dMFibre m_frac
fibreRhoFrac polymerRhoFrac;
if i == 2
csvwrite('u.csv',u-273);
csvwrite('m_frac.csv',m_frac);
csvwrite('dMPolymer.csv',dMPolymer);
csvwrite('dMFibre.csv',dMFibre);
csvwrite('fibreRhoFrac.csv',fibreRhoFrac);
csvwrite('polymerRhoFrac.csv',fibreRhoFrac);
csvwrite('HRR.csv',HRR(i));
csvwrite('porosity.csv',porosity);
csvwrite('m.csv',sum(m(:,2)));
csvwrite('thickness.csv',sum(d_x(:,2)));
%Displays initial values for various results.
disp(['Temperature: ' num2str(u(n,1))]);
disp(['Mass Flux: ' num2str(mass_flux(1,2))]);
disp(['Pressure 2: ' num2str(P(2,2))]);
disp(['m_g: ' num2str(m_g(1,2))]);
disp(sum(dm(:,1)));
disp(HRR(i));
disp(writeCounter)
elseif i == writeCounter
%Displays values for various results at each writing time step.
disp(['Temperature: ' num2str(u(n,1))]);
disp(['Mass Flux: ' num2str(mass_flux(1,2))]);
disp(['Pressure 2: ' num2str(P(2,2))]);
disp(['m_g: ' num2str(m_g(1,2))]);
disp(['mass flux: ' num2str(-sum(dm(:,1))/d_t)]);
disp(['mass flux fibre: ' num2str(-sum(dMFibre(:,1))/d_t)]);
disp(['mass flux polymer: ' num2str(-sum(dMPolymer(:,1))/d_t)]);
disp(HRR(i));
disp(writeCounter)
%Sets counter to a new writing time step.
writeCounter = writeCounter + 100;
%Reads old files and overwrites them to include new data.
uRead = csvread('u.csv');
uWrite = [uRead,u(:,2)-273];
csvwrite('u.csv',uWrite);
mRead = csvread('m.csv');
mWrite = [mRead,sum(m(:,2))];
csvwrite('m.csv',mWrite);
thicknessRead = csvread('thickness.csv');
thicknessWrite = [thicknessRead,sum(d_x(:,2))];
csvwrite('thickness.csv',thicknessWrite);
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mFracRead = csvread('m_frac.csv');
mFracWrite = [mFracRead,m_frac(:,2)];
csvwrite('m_frac.csv',mFracWrite);
dMPolymerRead = csvread('dMPolymer.csv');
dMPolymerWrite = [dMPolymerRead,dMPolymer(:,2)];
csvwrite('dMPolymer.csv',dMPolymerWrite);
dMFibreRead = csvread('dMFibre.csv');
dMFibreWrite = [dMFibreRead,dMFibre(:,2)];
csvwrite('dMFibre.csv',dMFibreWrite);
fibreRhoFracRead = csvread('fibreRhoFrac.csv');
fibreRhoFracWrite = [fibreRhoFracRead,fibreRhoFrac(:,2)];
csvwrite('fibreRhoFrac.csv',fibreRhoFracWrite);
polymerRhoFracRead = csvread('polymerRhoFrac.csv');
polymerRhoFracWrite = [polymerRhoFracRead,polymerRhoFrac(:,2)];
csvwrite('polymerRhoFrac.csv',polymerRhoFracWrite);
HRRRead = csvread('HRR.csv');
HRRWrite = [HRRRead,HRR(i)];
csvwrite('HRR.csv',HRRWrite);
porosityRead = csvread('porosity.csv');
porosityWrite = [porosityRead,porosity(:,2)];
csvwrite('porosity.csv',porosityWrite);
end
end
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Appendix B-18: resetArrays function
%Function that resets all arrays for the next time step as only 2 time
%steps are stored in these arrays.
function resetArrays(n)
global rho_c_p u k c_p R S d_x m m_g polymerMass fibreMass dm dMPolymer
dMFibre dm_node dMPolymerNode dMFibreNode m_frac m_frac_VM rho
polymerRho fibreRho d_rho polymerDeltaRho fibreDeltaRho rho_node
polymerRhoNode fibreRhoNode rho_frac polymerRhoFrac fibreRhoFrac
rho_frac_node rho_frac_VM rho_frac_VM_node rho_frac_CSi
rho_frac_CSi_node d A_i n_i pyroTag G porosity porosity_node
permeability P mass_flux;
for j = 1:n
u(j,1) = u(j,2);
d_x(j,1) = d_x(j,2);
k(j,1) = k(j,2);
c_p(j,1) = c_p(j,2);
R(j,1) = R(j,2);
S(j,1) = S(j,2);
dm_node(j,1) = dm_node(j,2);
dm_node(j,2) = 0;
dMPolymerNode(j,1) = dMPolymerNode(j,2);
dMPolymerNode(j,2) = 0;
dMFibreNode(j,1) = dMFibreNode(j,2);
dMFibreNode(j,2) = 0;
porosity_node(j,1) = porosity_node(j,2);
rho_node(j,1) = rho_node(j,2);
rho_c_p(j,1) = rho_c_p(j,2);
polymerRhoNode(j,1) = polymerRhoNode(j,2);
fibreRhoNode(j,1) = fibreRhoNode(j,2);
rho_frac_node(j,1) = rho_frac_node(j,2);
rho_frac_VM_node(j,1) = rho_frac_VM_node(j,2);
rho_frac_CSi_node(j,1) = rho_frac_CSi_node(j,2);
d(j,1) = d(j,2);
d(j,2) = 0;
pyroTag(j,1) = pyroTag(j,2);
end
for j = 1:(n-1)
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m(j,1) = m(j,2);
m_g(j,1) = m_g(j,2);
G(j,1) = G(j,2);
porosity(j,1) = porosity(j,2);
permeability(j,1) = permeability(j,2);
P(j,1) = P(j,2);
mass_flux(j,1) = mass_flux(j,2);
mass_flux(j,2) = 0;
polymerMass(j,1) = polymerMass(j,2);
fibreMass(j,1) = fibreMass(j,2);
dm(j,1) = dm(j,2);
dm(j,2) = 0;
dMPolymer(j,1) = dMPolymer(j,2);
dMPolymer(j,2) = 0;
dMFibre(j,1) = dMFibre(j,2);
dMFibre(j,2) = 0;
m_frac(j,1) = m_frac(j,2);
m_frac_VM(j,1) = m_frac_VM(j,2);
rho(j,1) = rho(j,2);
polymerRho(j,1) = polymerRho(j,2);
fibreRho(j,1) = fibreRho(j,2);
d_rho(j,1) = d_rho(j,2);
d_rho(j,2) = 0;
polymerDeltaRho(j,1) = fibreDeltaRho(j,2);
polymerDeltaRho(j,2) = 0;
fibreDeltaRho(j,1) = fibreDeltaRho(j,2);
fibreDeltaRho(j,2) = 0;

rho_frac(j,1) = rho_frac(j,2);
polymerRhoFrac(j,1) = polymerRhoFrac(j,2);
fibreRhoFrac(j,1) = fibreRhoFrac(j,2);
rho_frac_VM(j,1) = rho_frac_VM(j,2);
rho_frac_CSi(j,1) = rho_frac_CSi(j,2);
end
end
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