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Résumé

L’objectif principal de cette étude est de fournir des outils de modélisation pour
étudier l’inflammabilité des polymères avec et sans retardateurs de feu dans un envi-
ronnement de microgravité. Un accent particulier est mis sur le polyéthylène basse
densité qui est utilisé comme revêtement pour simuler des fils électriques dans une
configuration cible étudiée à l’échelle internationale pour évaluer et caractériser
l’inflammabilité des fils électriques. Dans la première partie du manuscrit, un modèle
d’ingénierie qui prédit la propagation de la flamme à contre-courant sur des fils cylin-
driques en microgravité est développé. Le modèle est appliqué pour interpréter les
données expérimentales obtenues lors de vols paraboliques pour des fils composés
d’un coeur métallique en nickel-chrome (NiCr) revêtue de polyéthylène de faible
densité (LDPE) de différentes épaisseurs. Les hypothèses, étayées par des simulations
numériques détaillées, réduisent le problème à la résolution des équations de trans-
fert de chaleur pour le NiCr et le LDPE dans la région de pyrolyse et dans la région
en amont du front de flamme. La vitesse de propagation de la flamme s’avère être
contrôlé par deux paramètres mesurables du modèle: le flux de chaleur convectif
de la flamme transféré au solide et la longueur de la diffusion de la chaleur près du
front de flamme. Une procédure est proposée pour calibrer ces deux paramètres
et le modèle ainsi calibré est validé par rapport aux données expérimentales pour
différentes géométries de fils et conditions ambiantes. De plus, les mécanismes de
transfert de chaleur en amont du front de pyrolyse sont ensuite étudiés, montrant leur
nature complexe. La deuxième partie du manuscrit est consacrée au développement
d’une stratégie de modélisation expérimentale et inverse pour construire des modèles
de pyrolyse pour les matériaux condensés. Un modèle semi-empirique qui repro-
duit simultanément la décomposition thermique du matériau dans des expériences
d’analyse thermogravimétrique (TGA), de calorimétrie différentielle à balayage (DSC)
et de gazéification est développé. La stratégie de calibration consiste en la simulation
inverse de ces expériences à l’échelle du laboratoire pour déterminer les propriétés
apparentes: les paramètres cinétiques et thermodynamiques à partir des expériences
TGA et DSC et les paramètres de transport à partir des expériences de gazéification
d’échantillons thermiquement épais. L’approche est validée par la caractérisation de
polymères précédemment étudiés dans la littérature avant d’être appliquée au LDPE
pure et traité par retardateur de flamme intumescent actif en phase condensée com-
posé de polyphosphate d’ammonium (APP) mélangé avec du pentaérythritol (PER)
avec un rapport 3:1 (wt/wt). Un mécanisme de réaction semi-global pour la dégrada-
tion du LDPE/APP/PER est construit. Il se compose de deux réactions consécutives de
premier ordre pour la fusion et la gazéification (pyrolyse) du LDPE et d’un mécanisme
de réaction en 5 étapes pour l’APP/PER, qui a été conçu à partir des mécanismes
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du processus d’intumescence. Le flux de chaleur de la flamme dans les expériences
de cône calorimêtre est également évalué par simulation inverse de l’une des expé-
riences. Les paramètres optimisés ainsi que le flux de chaleur radiatif rétrocédé par la
flamme sont en accord avec la littérature et la robustesse du modèle est évaluée par
une comparaison avec les données expérimentales pour une large gamme de taux de
chauffage dans les expériences TGA et de flux de chaleur dans les expériences de cône
calorimètre. Les temps d’inflammtion ainsiq ue l’évolution de la puissance de flamme
présentent un accord satisfaisant avec les données expérimentales quelque soit les
conditions de flux du cône.

Mots clés : inflammabilité des matériaux, polymères, retardateur de flamme intu-
mescent actif, microgravité, modélisation
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Abstract

The main objective of this study is to provide modeling tools to investigate flamma-
bility of polymers with and without fire retardants in microgravity environment. A
special emphasis is put on low-density Polyethylene that is used as coating to simulate
electrical wires in an international configuration for assessing and characterizing the
flammability of electrical wires. In the first part of the manuscript, an engineering
model that predicts the creeping flame spread over cylindrical wires in microgravity is
developed. The model is applied to interpret experimental data obtained in parabolic
flights for wires composed by a nickel-chromium (NiCr) metallic core coated by low-
density polyethylene (LDPE) of different thicknesses. The assumptions, supported
by detailed numerical simulations, reduces the problem to solving the heat transfer
equations for both NiCr and LDPE in the pyrolysis region and in the region ahead
of the flame front. The flame spread rate is found to be controlled by two model
parameters, which are measurable from intrinsic material and ambient gas properties:
the convective flame heat flux transferred to the solid ahead from the flame front and
the gaseous thermal heat length near the flame front. A procedure is proposed to
calibrate these two parameters and the calibrated model is validated against experi-
mental data for different wire geometries and ambient conditions. In addition, the
heat transfer mechanisms ahead of the pyrolysis front are then investigated, showing
their complex nature. The second part of the manuscript is devoted to the devel-
opment of an experimental and inverse modelling strategy to construct pyrolysis
models for the condensed materials. A semi-empirical model that simultaneously
reproduces the thermal decomposition of the material in thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and cone calorimeter experiments
is developed. The calibration strategy consists in the inverse simulation of these
specific lab-scale of experiments to determine apparent properties: the kinetic and
thermodynamics parameters from TGA and DSC experiments and the transport pa-
rameters from gaseification experiments of thermally-thick samples. The approach is
validated by characterizing polymers previously studied in the literature before being
applied to neat LDPE and LDPE with a condensed-phase-active intumescent flame
retardant consisting of ammonium polyphosphate (APP) mixed with pentaerythritol
(PER) with ratio 3:1 (wt/wt). A semi-global reaction mechanism for the degradation
of LDPE/APP/PER is built, which consists of two consecutive first-order reactions for
the melting and gasification (pyrolysis) of LDPE and a 5-step reaction mechanism
for APP/PER, which was designed driven by the mechanisms of the intumescence
process. The flame heat flux in the cone calorimeter experiments is also evaluated by
targeting the heat release rate (HRR) data in the optimization process of one of the
cone calorimeter experiments. The optimized parameters and cone radiative heat flux
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are in line with the literature and the robustness of the model is assessed by a compar-
ison with the experimental data for a wide range of heating rates in TGA experiments
and cone heat fluxes in the cone calorimeter experiments. Ignition times and peak
and total HHRs are within the engineering accuracy whatever the flux conditions.

Keywords: creeping flame spread, electrical wire, microgravity, material flammabil-
ity, thermal analysis, low-density polyethylene, intumescence, APP/PER
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Nomenclature

A Arrhenius pre-exponential factor, 1/s

a Cross section area, m2

B Mass transfer number

c Heat capacity, J/kg /K

C Corrective heat transfer factor for a cylindrical geometry

D Thermal diffusivity, m2/s

E Arrhenius activation energy

Ecc Heat transferred in the metallic core, W

Eg s,pr Heat transferred from the flame to the polymer, W

Eg s,pr, f l at Heat transferred from the flame to the polymer in a flat slab, W

H Heat of reaction, J/kg

h Enthalpy, J/kg

h̄ Heat transfer coefficient, W /m2/K

Iex Radiative heat flux, W

I 0
ex External radiation incident into the boundary, W

Ir r Heat flux radiated by a material boundary, W

k Thermal conductivity, W /m/K

kr Arrhenius rate of reaction, kg /s

L Sample length, m

Lvap Latent heat of vaporization, J/kg

Lm Latent heat of melting (chapter 2), J/kg

9



Lg Preheat length, m

m Mass, kg

Nr Number of reactions

Ns Number of species

P Pressure, Pa

q̇
′′
cone Radiant heat flux from the heating system, W /m2

q̇
′′
f l ame Flame heat feedback, W /m2/s

q̇
′′
f l ,c Convective heat flux transferred from the flame to the solid, W /m2/s

qx Heat conduction inside the condensed phase

r Radial direction

r f Mass-to-fuel ratio

R Radius, m

Rex Material surface reflectivity

R̄ Molar gas constant, J/kg /mol

t Time, s

T Temperature, K

u Velocity, mm/s

XO2,∞ Oxygen mass fraction

x Axial coordinate, m

YO2,∞ Oxygen volume fraction

Greek symbols

α absorption coefficient, 1/m

∆ Volume, m3

δ Insulation thickness, mm

ϵ Emissivity

µ Kinematic viscosity, Pa.s
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ν Volume fraction

θ stoichiometric coefficient

ρ Density, kg /m3

σ Stefan–Boltzmann constant, W /m2/K 4

Subscripts

bottom Bottom surface of the sample

c Metallic core

g Gas phase

init Initial value

m Melting

max Maximum value

p Pyrolysis

res Residue

s Solid-phase

top Top surface of the sample

∞ Ambient conditions

0 Initial conditions

Superscripts

’ Per meter

” Per meter squared

n Time step

Acronyms

APP Ammonium polyphosphate

AP Ammonium polyphosphate/Pentaerythritol

CCE Competitive complex evolution

Cu Copper
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DSC Differential scanning calorimetry

EG Expandable graphite

ETFE Ethylene-tetrafluoroethylene

FSR Flame spread rate

HDPE High-density polyethylene

HHR Heat release rate

HIPS High-impact polystyrene

IFR Intumescent flame retardant

LDPE Low-density polyethylene

LOC Limiting oxygen concentration

MLR Mass loss rate

NiCr Nickel-Chrome

PER Pentaerythritol

PLA Polylactic acid

PMMA Polymethyl methacrylate

POM Polyoxymethylene

RMSRE Root mean squared relative error

SCE Shuffled complex evolution algorithm

STA Simultaneous thermal analyser

TGA Thermogravimetric analysis

THEIC Tris(hydroxyethyl) isocyanurate

1g Normal gravity

µg Microgravity
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1.1 Context and objectives of the study
Even though space was explored as early as in the 4th century BC by ancient as-
tronomers, it was only in the twentieth century that mankind was finally able to send
probes and man himself to space. Space exploration, then, could be classified into
three categories: astronomy, unmanned probes, and manned probes, where man is
the explorer and common denominator. It is a combination of man’s dream, tech-
nology, and understanding of science that has formed the basis of all forms of space
exploration since its beginning.

The perspectives of crewed space exploration in the 21st century have never been
more ambitious. Because of advances in science and technology, researchers are
working on ever-more complex questions relating to data, discovery, and colonization.
Due to changes in the global economy and in industry funding, private commercial
enterprises are initiating projects that the government once led. As a consequence,
the manned space exploration to the Moon, Mars and in deep space are bound to
happen in the forthcoming decades [1, 2]. The adaptation to this changing reality
will require significant effort from government and private organizations to develop
the technology and capabilities to make long space voyages feasible. The scientific
and engineering accomplishments required to attain these goals will give profound
understanding of people, plants, materials and engineering systems, which will also
benefit life on Earth [3].

In 2011, the American National Aeronautics and Space Administration (NASA)
issued a report listing the fundamental topics in which developments in science
and technology will be paramount for achieving further progress into the solar system
exploration. A main topic widely discussed is that of fire safety [3]:
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"Advances stemming from research on fire retardants, fire suppression, fire sensors,
and combustion in microgravity that provide the basis for a comprehensive fire-safety

system, greatly reducing the likelihood of a catastrophic event."

Even though they are rare events, fire hazards have occurred in a space vehicle
and will occur again. The event of a fire in a confined environment with difficult
external support such as a spacecraft can have devastating consequences, including
loss of life, equipment and mission failure. Moreover, the absence of buoyant forces
in microgravity alters the ignition and flame spread dynamics, making hypotheses
deemed valid on Earth questionable. An accurate evaluation of materials’ flammability
in microgravity remains, therefore, a challenge.

At the present, materials considered for use in spacecraft are evaluated in flamma-
bility tests by NASA’s fire safety standard STD-6001B [4]. They consist of a pass/fail test,
considering worst-case scenarios of fire initiation and growth in normal gravity (1 g).
Two main examples of such tests are illustrated in Fig. 1.1. The main material flamma-
bility test is Test 1, illustrated in Fig. 1.1(a). In this test, a vertical strip of material
5 cm wide and 33 cm long is set in a holder and ignited at the bottom-end, generating
a condition of upward flame propagation. Similarly, test 4 consists of flammability
evaluation of the coating of an electrical wire, as depicted in Fig. 1.1(b). A wire of
approximately 120 mm long is typically used as test sample, inclined 15° to the vertical
line, and similarly ignited from the bottom. Both tests consider that a material fails if
the flame spread exceeds 6 cm or if a flaming debris drips into a piece of paper placed
beneath the sample and causes its ignition [5].

Figure 1.1: Typical material flammability experiments for spacecraft of NASA-STD-
6001B (a) upward flame propagation (Test 1) (b) electric wire flammability
(Test 4). Adapted from the literature [5].

A drawback of both depicted tests is that their results may be applicable only to
the same conditions as those in the test, and no information on flammability charac-
teristics of the material under spacecraft environment is provided [6]. For example,
the limiting oxygen concentration (LOC) of a thin PMMA sheet has been shown to
decrease from 17.0 in 1 g to 14.9 in a microgravity environment [7]. These limitations
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suggest the need to develop new fire tests in such conditions, that seem to describe
the actual worst case scenario of a fire risk.

In order to circumvent these limitations, our team has designed a novel experimen-
tal rig, custom-made for parabolic flights that simulate a microgravity environment.
The Detection of Ignition and Mitigation Onboard for Non-Damaged Spacecrafts
(DIAMONDS) is an international configuration for assessing and characterizing the
flammability of electrical wires and cylindrical samples, in both normal and micro-
gravity [8]. This sample configuration has been chosen since flame spread through
electrical wires was identified as the main source of fire initiation and growth. A
picture of the rig on board the airplane is shown in Fig. 1.2. A complete description
of the DIAMONDS rig development and the microgravity conditions enabled by the
parabolic flights may be found in a previous work [8].

Mixing manifold

Placements for cylinders

of compressed air and nytrogen

Oxidizer line connecting to

the combustion chamber

Data acquisition and control

screen

Combustion chamber 

connected to the exhaust line

Figure 1.2: Picture of the DIAMONDS rig on board the Novespace airplane. Adapted
from the PhD thesis of Augustin Guibaud [9].

The DIAMONDS rig has been used for assessing flammability of a wide variety of
laboratory wire coatings and metallic cores. The material flammability can be char-
acterized in terms of ignition, extinction, flame spread rate, among other factors, via
visual observation techniques on a digital camera. An infrared camera has been also
added, measuring the infrared energy emitted from the surface of samples. Concern-
ing smoke production of a spreading flame, the broadband Modulated Absorption
Emission (B-MAE) technique has been implemented to probe soot temperature and
volume fraction [10]. All techniques combined have allowed a more comprehensive
analysis of a material’s flammability in conditions that simulate with more accuracy
the environment of a spacecraft.

Fire retardants are an appealing solution for mitigating the fire risks posed by
flammable materials. Such as discussed in NASA’s report, the performance of flame
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retardants commonly used on Earth are still poorly understood in microgravity. Using
the DIAMONDS rig, our team recently investigated the flammability improvements
of flame retardants in microgravity conditions. Two additives were considered: am-
monium polyphosphate/pentaerythritol (AP) and expandable graphite (EG), both of
which fit into the category of intumescent flame retardants (IFR). Upon heating in
the presence of a flame, an expanded char layer is formed, inhibiting fire spread by
slowing down heat and mass transfer between the gas and condensed phases and
thus protecting the substrate material [11, 12, 13]. Images of flame spreading over
a polymer wire with both flame retardants are show in Fig. 1.3, in both normal and
microgravity conditions. It is clear from observation of Fig. 1.3 how the absence of
buoyant forces changes the flame spread mechanics, alter the smoke production, and
modifies performance of flame retardants.

Figure 1.3: Backlighted frames imaging flame spread over cylindrical low-density
polyethylene (LDPE) samples in an opposed-flow configuration, to investigate
the impact of gravity and flame retardants with varying weight content.

The DIAMONDS experimental rig addresses therefore several issues that have been
previously neglected in fire testings for use in a spacecraft. Large-scale fire tests in
reduced gravity environments remain nevertheless impractical, and computer-based
fire models are of high importance for studying the evolution of a fire in such condi-
tions. This PhD thesis is then dedicated to building a computational environment
that aids in the analysis and interpretation of flammability tests of solid fuels in micro-
gravity conditions.

A literature review is first presented in the manuscript. Most notably, a historical
review and state-of-the-art of flame spread in microgravity research is first presented.
The methods for characterizing material flammability are then described, following
by a review of polymeric flame retardant systems. Flame spread over solid fuels is
a multi-physics problem, involving fluid dynamics, combustion, soot production,
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radiative heat transfer, solid phase decomposition, etc. Models suitable for industrial
applications must be resolved in large volumes and coarser resolution grids. These
codes therefore cannot be emphasized on these detailed processes and their complex
coupled nature and, instead, engineering solutions for flame spread and fire growth
models remain appealing. In Chapter 2, an engineering approach to the problem of
flame spread over an electric wire in microgravity is presented, and model validation
and calibration are made from data obtained in the DIAMONDS rig. It is shown how
the complex heat transfer mechanics, solid thermal decomposition and combustion
chemistry can be translated into a simplified heat balance model that, once calibrated,
accurately predicts the flame spread rate in polymer-coated metallic wires. On the
other hand, the formulation of a more comprehensive flame spread model would
require first a detailed condensed-phase thermal decomposition model. The frame-
work to develop such semi-empirical pyrolysis models, as well as the procedure to
obtain the model parameters and and its validation are presented in Chapter 3. This
pyrolysis model is intended to be coupled with a gas-phase flame model, previously
developed by our team, to predict the fuel mass flow rate into the flame and make
the flame spread model fully predictive. In Chapter 4, the flammability of low-density
polyethylene (LDPE) used in DIAMONDS is modeled, based on a series of gasification
experiments. The thermal decomposition of the flame retardant AP, shown in Fig. 1.3,
is similarly studied in Chapter 5. A reaction mechanism is developed for this complex
materials and blends, as well as its changes in properties during the intumescent pro-
cess as it slows down the burning. A complete pyrolysis model for the decomposition
of the intumescent system LDPE/AP is developed, accurately reproducing a series of
gasification experiments within engineering accuracy.

1.2 Literature review

1.2.1 Expressions for the opposing-flow flame spread over a
solid fuel

A brief historical review of analytical studies related to the opposing-flow flame spread
problem is presented in this section. The main purpose of this section is to present
the previous efforts to characterize flame spread over solid fuels and determine the
steady state flame spread rate (FSR).

The research over the opposed-flow flame spread problem has been thoroughly
reviewed and technically discussed by Wichman 1992 [14]. The goal was to historically
assess the main studies of the laboratory-scale opposing flow flame spread, also
denoted as creeping flame spread. The first three decades of this study were presented,
starting from the first theoretical works in the 1960s where the key physical features
of the problem were first described. Areas where flame spread research were still
unexplored have been pointed out, such as microgravity and solid-phase modeling.
Since the focus had been mainly on the gas-phase processes, a detailed solid-phase
modeling that relates material decomposition to the flame spread problem was still
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lacking.
Two pioneering studies at the end of the 60s provided the fundamentals of of the

opposed-flow flame spread problem. The first was proposed by McAlevy III et al. 1969
[15] where the second was proposed by De Ris 1969 [16] and is known as the DeRis
theory in the literature. The latter is briefly described in this section, as it provides the
basis of the semi-analytical methodology formulation used in Chapter 2. By propos-
ing several simplifying assumptions and focusing on the fundamental heat transfer
mechanisms, deRis correlates analytical expressions for the FSR, differentiating the
characteristics of the thick and thin flame fuel bed. A simple model problem is pro-
posed to analyze the flame quenching phenomena near the flame tip. Influences of
the flame radiation (although only approximately theorized), the solid-fuel preheating
prior to the flame arrival and boundary conditions along the vaporizing fuel surface
were also discussed.

The burning process in the deRis model is illustrated in Fig. 1.4. The fuel solid
slab is heated by the hot flame from ambient to the vaporization temperature, which
characterizes the pyrolysis or flame front. The released fuel vapor mixes with the
oxidizer from the opposed air stream and is ignited by the flame, producing heat that
sustains the flame spread process.

Fuel vapour

Oxygen

Heat

Air flow Diffusion flame

Flame spread rate

Figure 1.4: 2D physical description a flame spreading over a flat fuel bed - deRis model
[16].

The model assumptions and simplifications of the deRis model as listed as follows:

1. The opposing oxidizer flow has a constant and uniform velocity (Oseen approxi-
mation).

2. The solid and gas phases have constant properties.

3. Lewis number is equal to 1, and mass diffusion of species is assumed to be driven
only by specie concentration gradients.

4. The fuel bed vaporizes at constant temperature Tvap , which marks the flame
front.
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The correlation is obtained by analyzing heat and mass transfer in the region ahead
of the pyrolysis front. The flame spread velocity is showed to be strongly influenced by
the adiabatic stoichiometric flame temperature and the solid fuel thermal properties.
For the thin flame sheet, the flame spread velocity up is expressed as:

ρscpsτup (Tvap −T∞) =p
2kg (T f −Tvap ), (1.1)

where τ, r ho, cp and k are the fuel thickness, density, heat capacity and thermal
conductivity, respectively. The temperatures Tvap , T∞ and T f are the fuel vaporization
temperature, ambient temperature and flame temperature, respectively. Subscripts
s and g refer to solid and gas properties, respectively. The LHS of Eq. 1.1 is the heat
transfer rate need to raise the fuel bed temperature to its vaporization temperature,
whereas the RHS is the gas-phase conductive heat transfer rate from the flame forward
to the unburned fuel bed. The deRis analysis was then extended considering the effects
of fuel-bed conduction. For the thick flame sheet, the flame spread formulation is
expressed as:

ρscps ks

ρg cpg kg

up

u∞
=

(
T f −Tvap

Tvap −T∞
+

2R1F (2kg /ρg cpg u∞l1)

ρg cpg u∞(Tvap −T∞)
+ 2R2

πρg cpg u∞(Tvap −T∞)

)2

,

(1.2)

where R1, R2 and l1 are constants associated to the radiative heat flux received by the
fuel bed from the flame. The function F is solved using an eigenvalue relationship,
described in Ref. [17].

Although further experimental verification was required, and analysis of the roles of
reaction kinetics and opposed oxidizing flow velocity were lacking, the deRis model
represented a first step towards practical, useful correlations that allow the discussion
of key physical elements that control flame spread.

Further theoretical interpretations of flame spread over a combustible surface have
been presented by Delichatsios and colleagues [18, 19, 20]. An energy balance analysis
on the solid phase near the pyrolysis front over a flat fuel surface was developed, as
shown in Fig. 1.5. An insight on two important quantities that dictate the flame spread
behavior was made. The gaseous thermal diffusion length near the flame front, Lg ,
was estimated by using an Oseen approximation and is related to the opposing air-
flow velocity. A uniform conductive heat flux over a flat slab in the pyrolysing region,
Eg s,pr , was deduced from an exact solution of the heat problem assuming infinitely
fast kinetics and Oseen approximation. The model parameters can be expressed as:

Lg = Dg

u∞
; (1.3)
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E(g s,pr, f l at ) = kg
[B − r f ]Lvap

cg
, (1.4)

where Dg is the gas-phase thermal diffusivity. The symbols B , r f and Lvap represent
the mass transfer number, the stoichiometric fuel-to-air mass ratio, and the latent
heat of vaporization.

Figure 1.5: A diagram for opposed flow flame spread illustrating length scales, heat
fluxes, and temperatures. Taken from Delichatsios 1996 [18].

In the Delichatsios model, the FSR could be deduced from the heat transfer rate
per unit sample width from the flame leading edge to the solid phase from ambient
temperature to vaporization temperature. For a thermally thick solid, the FSR could
be expressed as: (

Tvap −T∞
Eg s,pr, f l at

)2

(ρscps ks)up Lg = 1, (1.5)

and for a thermally thin solid, the resulting FSR was calculated as:(
Tvap −T∞
Eg s,pr, f l at

)2

(ρscps ks)up Lg = ks(Tvap −T∞)

Eg s,pr, f l at

Lg

τ
. (1.6)

The Delichatsios semi-analytical expressions for creeping flame spread were then
extended to flame spread parallel over a fuel cylinder, such as along a wire or cable
insulation [19]. The objective was to provide a relation between flame spread over a
flat surface and over a cylindrical geometry, through a correction factor c in the form of
Eg s,pr = c×Eg s,pr, f l at , where c is independent on material flammability characteristics.
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The cylinder curvature was found to increase the flame heat transfer in comparison
with the flat slab, and the rate of temperature rise within solid was faster because there
was less material within the cylinder per unit length around the cylinder that needs to
be heated than for the flat surface. The correction factor was expressed as:

c =
p
π

Lg

Rs

ln(1+p
πLg/Rs)

, (1.7)

where Rs is the outer cylinder fuel radius.
The Delichatsios works provided an engineering analytical solution for the flame

spread problem, showing that the flame spread rate could be characterized by mea-
surable material’s intrinsic properties and ambient conditions. Methods for charac-
terizing the modeled parameters were also presented. A limitation of this model is
an over-prediction on the modelling of the flame heat flux Eg s,pr, f l at , which is still a
consequence of the deRis assumption of infinitely-fast combustion kinetics.

As well as their cylindrical geometry, a unique feature in wires is the presence of a
metal conductor inside the flammable material. The metallic core, as discussed in
the next section, is known to modify the heat transfer pattern within the solid and,
therefore, influences the FSR. An expansion of the Delichatsios’ model is then required
to account for different heat transfers between the flammable solid and the metallic
core.

Concerning the configuration of an electrical wire, an analytical model to the down-
ward flame spread over a cylindrical polymer-coated, metallic wire was formulated
by Konno and colleagues [21]. A description of the heat transfer processes in the
condensed phase that play a role on the resulting FSR is given in Fig. 1.6. In their
analysis, the burning wire was divided into three zones: a preheat zone, a pyrolysis
zone and a burned zone (see Fig. 1.6). Some simplifications of the model are listed as
follows:

1. Both the insulation and core wire are thin enough for thermally thin assumptions
to be applicable.

2. The melting process and deformation of the insulation are ignored.

3. The radiation from the flame is ignored.
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Figure 1.6: description of downward flame spread over an electrical wire. Taken from
Konno et al. 2019 [21].

Such as the previously described models, the FSR can be analyzed in terms of the
ratio of the enthalpy required to preheat the unburned fuel up to pyrolysis temperature
to the thermal input to the unburned fuel. Two dominant heating mechanisms are
present on the thermal input at the preheat zone, as illustrated in Fig. 1.6: the gas-
phase heat transfer from the flame to the fuel surface, Eg s,pr , and the conduction from
the metallic core, Ecs,pr . Eg s,pr is calculated as follows [22]:

Eg s,pr =
PsLg kg (T f −Tvap )

Rs ln(1+Lg /Rs)
(1.8)

where P is the outer insulation perimeter and subcript s refers to the insulation. Ecs,pr

was calculated from two heat transfers in the form of Ecs,pr = Ecc,u −Ecs,py , where
Ecc,u is the heat conduction inside the metal core in the upstream axial direction and
Ecs,py is the heat loss from the metal core to the insulation in the pyrolysis zone. The
FSR could then be expressed as:

up = Eg s,pr +Ecc,u −Ecs,py

(Asρscps + Acρc cpc )(Tvap −T∞)
, (1.9)

where the subscripts s and c denote the polymer and metallic core, respectively. Ecc,u
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and Ecs,py were modelled as:

Ecc,u = ac kc
(T ∗−Tvap )

Lp
; (1.10)

Ecs,py =
Pc Lp ks(T ∗−Tvap )

2Rc ln(Rs/Rc )
; (1.11)

where the subscript c denotes the metallic core, and T ∗ is a characteristic core tem-
perature.

1.2.2 Flame spread over electrical wires in microgravity
The literature concerning flame spread over wires is reviewed in this section. The main
focus is brought to works that consider the microgravity condition (µ g), although
some of the described works use the configuration of flame spread in normal gravity
(1 g). In those cases, the typical configuration of study is downward flame spread in
1 g, which resembles the configuration of opposed-flow flame spread in µ g used in
this work due to the generated opposed vertical, upwards buoyant flow.

The relevant parameters that control flame spread over wires in microgravity can
be roughly grouped in two categories. First, the effect of ambient conditions and
buoyancy forces on the flammability of wires is reviewed, such as ambient pressure,
opposing air flow velocity and oxygen concentration. Then studies dedicated to under-
standing the role of the metallic core, as well as wire natures, on the heat mechanics,
extinction and FSR are reviewed. In the third subsection, studies performed using the
DIAMONDS rig are discussed. The main points of these studies are summarized in
Table 1.1, and their main conclusions are presented in this section.

The effect of ambient conditions
The FSR of ethylene-tetrafluoroethylene (ETFE) wires was measured in microgravity

and in downward spread in normal gravity by Fujita et al. 2000 [23]. The FSR was
found to be significantly higher in almost all tested cases in µg. This was attributed to
much thicker preheat zones, as well as decreased radiative heat losses in microgravity.

The similarity of a sub-atmospheric pressure with a weak imposed flow with a real
microgravity environment was discussed by Nakamura et al. 2008 [24]. A polyethylene
coated NiCr wire was used as a test combustible sample in ambient air in a pressure
range of (20 < P < 101 kPa). As expected, the flame shape and behavior were largely
influenced by the pressure, as a wider and less luminous flame was observed with
the decreasing pressure. The FSR was found to slightly increase with the decreasing
pressure, whereas the heat release rate seemed to decrease. The combined increase in
dripping frequency and FSR made sub-atmospheric pressure more dangerous when
compared to atmospheric pressure in terms of fire hazards. The flame shape and
FSR with a weak opposing air flow correlated reasonably well with sub-atmospheric
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pressure and microgravity environment.
The suggestion that a microgravity flame could be simulated by reducing buoyancy

effects in a decreased pressure environment was further assessed by Thomsen et al.
2019 [25]. The effect of pressure and gravity on the burning of a thin composite fabric
(Sibal) in upward/concurrent flame spread was studied. It was found that the FSR and
flame luminosity decreased with the reduced pressure. At around P = 30 kPa, similar
FSRs were obtained with microgravity conditions.

Further studies on the effect of reduced ambient pressures on the flame spread of
LDPE-coated copper wires was further investigated by Gagnon et al. 2021 [26]. It was
shown that both the FSR and the molten LDPE dripping frequency decreased with the
decreased pressure and with an increased opposing air flow. It was nevertheless ob-
served that other studies with different core materials or dimensions yielded different
results.

A study on the effect of pressure on the flame spread mechanism has been per-
formed by Zhao et al. 2017 [27], using polyethylene-insulated copper wires, in down-
ward flame spread at 1g. In a range from sub-atmospheric pressure (P = 60 kPa) to
elevated pressure (P = 500 kPa), the flame shape, the molten polyethylene dripping
and the FSR were investigated. The dripping event decreased significantly with the
increasing pressure, and ceased completely above P = 200 kPa. The flame width
monotonically decreased with increasing pressure, whereas the flame height firstly
increased and then decreased, reaching a maximum value at P = 200 kPa. Most im-
portantly, the FSR was shown to increase with the ambient pressure. Two distinct heat
transfers are analyzed in this configuration: the flame convective and radiative heat
and the conductive heat along the copper wire. The heat transfer from the flame was
observed to play a dominant role in the flame spread process whatever the pressure.
Indeed, both convective and radiative heat transfer terms increase with the increas-
ing pressure, whereas heat conduction from the metal to the insulation is shown to
decrease.

Further studies regarding flame spread behavior over solid cylindrical fuels have
been performed by Zhao et al. 2019 [28]. Considering polyethylene and polymethyl-
methacrylate (PMMA), the fuel burning rates show an increasing tendency with pres-
sure as P 0.6 and P 0.79 for PMMA and polyethylene, respectively. The flame spread rate
also shows this tendency with PMMA and polyethylene FSR increasing as P 0.5.

Comparisons of flammability limits between 1g and µg were made by Osorio et al.
2015 [29], using copper wires with an ETFE insulation. The limiting oxygen concen-
trations were experimentally measured at oxygen concentrations ranging from 20%
to 32% and external radiant fluxes from 0 to 25 kW m−2. Microgravity showed, again,
reduced heat losses due to the absence of natural convection, allowing the flame to
propagate in lower oxygen concentrations, and it presented a larger impact in ETFE
than in polyethylene.

The metallic core
A unique feature in the flame spread over electric wires is the presence of an inert,

high thermal conductivity metallic core inside the flammable polymer coating. The
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metallic core alters the heat mechanism within the wire and has a direct impact on
the FSR and flame extinction mechanics [30].

The role of the metallic core on the heat transfer mechanisms of flame spread in mi-
crogravity was investigated theoretically by Umemura et al. 2002 [31]. A mathematical
model for steady state flame spread over wire insulation was proposed, in which the
radiation effects are neglected in order to explore the effect of the wire as a heating
or cooling medium on the burning wire coating (ETFE-coated copper wires). The
proposed model consisted of a spherical flame burning around a single point of fuel
source, located at the edge of the uncoated wire (see Fig. 1.7). The metallic wire with
a large thermal conductivity was shown to act as both a heat sink and a heat source
on the burning of wire coating. The uncoated copper wire inside of the flame acted
as a heat sink, receiving heat from the surrounding hot gas and transferring part of it
to the coating to enhance gasification. On the other hand, at the vicinity of the flame
front, the flame extinguished locally due to heat losses to the copper wire which acted
as a heat sink.

Figure 1.7: Proposed mechanism for the formation of spherical flame in electric wire
insulation burning in microgravity. Taken from Umemura et al. 2002 [31].

Conditions of flame extinction limits in wires were experimentally measured by
Takahashi et al. 2013 [32], using low-density polyethylene (LDPE) insulated Nickel-
chrome (NiCr) and Copper (Cu) wire samples. The effect of oxygen levels and external
opposed flow conditions from 60 to 200 mm/s in 1g and µg were considered. The
limiting oxygen concentration (LOC) of the high thermal conductivity core (Cu) was
found to be higher than that of a low conductivity core (NiCr), even though spread
rates were considerably higher on the former configuration. This was attributed to the
fact that heat losses that passed through the core wire were much larger for Cu core
wire than for NiCr core wire. The µg results showed lower LOC levels in comparison
with 1g mainly due to the absence of natural convection that drives away the flame
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heat, resulting in an increased heating of the unburned insulation.
The observation of the volume change of the molten insulation provides insights

over the flame spread mechanisms, such as the amount of fuel supplied to the flame
and the amount of heat feedback from the flame to the insulation. The unsteady
molten insulation volume change was investigated in drop towers, providing 4.5 s of
microgravity (10−5 g) by Takahashi et al. 2013 [33], using samples of LDPE insulated
NiCr wires. The insulation volume change rate was found to decrease when increasing
the opposed air flow velocity. Moreover, the pyrolysis volume rate increased monoton-
ically with the air velocity, which was attributed to an increase in the heat input to the
molten insulation.

The effect of flow direction on the mechanism of extinction limit of flame spread over
insulated wires was investigated by Nagachi et al. 2017 [34]. The LOC was measured
on the flame spread of thick polyethylene insulated NiCr and Cu wires in a range of
−200 <Vg <−50 mm/s (opposed air flow) to 50 <Vg < 200 mm/s (concurrent air flow).
The LOC was lower in concurrent flow conditions than in opposed flow, which was
also observed previously for flame spread over flat plates Kumar et al. 2003 [35]. The
measured LOC was similar for NiCr and Cu. This was attributed to the thick insulation,
which may minimize the effect of the wire.

The flame spread behavior over wires in a concurrent flow in microgravity was
studied by Nagachi et al. 2019 [36]. A steady state flame spread was shown to be
achievable for the concurrent flow case, and an analytical model of heat balance
was proposed to explain this condition. The FSR was shown to increase with the
concurrent oxidizer flow velocity, and it was also shown to be greater for the higher
thermal conductivity metallic core (Cu over NiCr).

The effect of pressure on flammability of LDPE coated NiCr wires was also inves-
tigated by Nagachi et al. 2020 [37]. The LOC increased with the decreasing pressure
in the studied range. This was attributed to the radiation loss from the wire, which
increased as the ambient pressure decreased.

Further investigations of the effect of the metallic core on the extinction phenom-
ena in electric wires were done by Konno et al. 2020 [38]. The FSR was shown to
increase with the ambient oxygen concentration for Cu, Fe and NiCr wires, with oxy-
gen content ranging from 16 to 25%. The FSR was also increased when increasing the
conductivity of the wire core. Temperature profiles along the wire were also measured,
leading to previous experimental observations of the LOC in high-conductivity and
low-conductivity wires [32]. It was shown that reducing the FSR made it harder to sus-
tain the flame spread, as heat loss at the surface of the unburned insulation increased,
leading to quenching extinction. Simultaneously, an increase in the core conductivity
also led to increased heat losses near the flame front, due to the greater effect of the
core as a cooling medium.

The effect of the metallic core diameter, microgravity and external radiant heat
fluxes on the wire flammability was experimentally studied by Konno et al. 2020 [39].
The wire with the thicker core (dc = 2.5 mm) was less flammable than that with the
thinner one (dc = 0.7 mm), which was assumed to be due to the increased heat sink
effect of the core. Nevertheless, the effect of wire dimensions is a complex issue and
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different parameters that have a simultaneous impact on wire flammability have been
identified:

• The insulation thickness, which impacts heat gains and/or losses to the metal
core.

• The core diameter, which controls the temperature distribution along the wire
and contact surface between the core and insulation.

• The total outer diameter, which influences the curvature of the external surface
and modifies external heat fluxes [19].

Regarding the gravity effect, both tested wires were less flammable under micro-
gravity, which is a conclusion that diverged from previous observations.

DIAMONDS rig
The flame spread in multiple, parallel wires in concurrent and opposed flow was

studied by Citerne et al. 2016 [8], using the DIAMONDS rig, presented in the previous
section. It presented a first step towards the understanding of the mechanisms that
lead to heat exchange between wires and their resulting influence on flame spread. In
addition, lower FSR were observed when decreasing the oxidizer flow velocity.

Experimental measurements on the DIAMONDS rig and numerical studies were
performed in a configuration of non-buoyant opposed-flow flame spread over LDPE-
insulated NiCr wires by Guibaud et al. 2020 [40]. Considering a O2/N2 oxidizer com-
posed of 19% of oxygen in volume in an opposed flow velocity of 200 mm/s, visual
optics methods were used to measure the flame spread rate, pyrolysis rate, stand-off
distance, soot volume fraction and soot temperature. The stand-off distance was
defined as the radial distance between the wire surface and the flame sheet. Com-
putationally, measured spread and pyrolysis rates were used as input and equations
for mass, momentum, species, energy, and soot number density and mass fraction
were solved in an axisymmetric flame-fixed coordinate system. Moreover, a simple
polyethylene degradation model and a state-of-the-art radiation model were applied.
The simplifying assumption of pure ethylene as a pyrolysis product was proved effec-
tive for LDPE. Furthermore, the acetylene-benzene based soot model could be, with
minor modifications, applied to polyethylene. For this studied configuration, soot
radiation was shown to prevail over the gas phase radiation. The flame radiation self-
absorption contributed to less than 5% of calculated values for incident radiative flux
along the molten ball, thus validating the optically-thin approximation. Concerning
the radiative heat flux balance, measurements showed that the re-radiation along the
LPDE pyrolyzing surface as well as virgin phase was higher than the flame incident
radiative flux. This showed that the flame spread was ensured by the flame convective
heat and conduction inside the condensed material and metallic wire. Furthermore,
numerical results showed non-uniform radial temperature profiles throughout the
LDPE coating, invalidating the widely used thermally-thin assumption.
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The technique of Modulated Absorption/Emission (B-MAE) was developed to mea-
sure soot temperature and volume fraction within the spreading flames [10, 41]. Soot-
related radiative heat transfer was quantified. A mapping of radiative losses was drawn
along the burning wire surface profile, which was used as a novel experimental ap-
proach, where soot radiative heat feedback to the wire could be measured. These
detailed quantitative measurements have assisted on giving insight on the dominant
heat transfers and mechanisms that drive flame spread in microgravity. The soot-
related heat that was radiated back to the wire represented up to 19% of the heat
required to fully pyrolyze the solid LDPE coating in microgravity, which was four times
the value computed for a similar configuration in normal gravity.

The role of the three basic ambient conditions in the flame spread of wires in
microgravity was documented by Guibaud et al. 2020 [42], and will be the basis of the
model validation in Chapter 2. Experiments with oxygen content ranging from 18 to
21%, oxidizer flow velocity ranging from 100 to 200 mm/s, and pressure ranging from
51 kPa to 142 kPa were conducted using the DIAMONDS rig, in parabolic flights. The
oxygen level was shown to have a direct impact on the FSR. Assuming ethylene as the
only pyrolysis product, a one-step chemical reaction in the form of F +SOx → (1+S)P ,
where the oxidizer/fuel mass ratio S was a decreasing function of the oxygen content
x(O2,∞) was assumed. The impact of the oxygen content on the flame spread up was
then shown in Fig. 1.8. Indeed, the spread rate increases with the oxygen content, by
an average power-law exponent of β(1+S)

up
=−1.06±0.73.

Figure 1.8: Experimental data of flame spread rate as a function of (1+S) (left). Symbols
represent the flow velocity conditions, whereas colors represent pressure levels.
Averaging over 13 sets of measurements, the fitted power law exponent is -1.06, as
illustrated by the dark line (right), with standard deviation of 0.73. Adapted from
Guibaud et al. 2020 [42].

The FSR behavior was further depicted as a function of the pressure and opposed
flow velocity in Fig. 1.9. The flame spread velocity correlated with the pressure via
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a power law of βP
up

= −0.09±0.14, whereas it correlated with the opposed oxidizer

velocity by βu∞
up

= −0.12±0.13. This indicated that ambient pressure and opposed
air velocities play little to no influence on the flame spread within these investigated
ranges.

Figure 1.9: Flame spread rate as a function of the pressure (left) and flow velocity
(right). Adapted from Guibaud et al. 2020 [42].

1.2.3 Methods for characterizing flammability of polymers
In the previous section, an extensive line of studies on the effects of air flow veloc-
ity, gas phase oxygen concentration, external thermal radiation, and gravity on the
combustion of polymers was presented. However, the development of a compre-
hensive model that describes the degradation process of polymers would involve a
complex coupling between the energy feedback from a flame to the solid surface and
the generation of degradation products from its gasification. As a consequence of
this complexity, the effects of polymer characteristics on combustion and flamma-
bility are not nearly as well understood as those in the gas phase. The equations
that describe the condensed phase cannot be derived without understanding the
governing chemical and physical processes that control the gasification of polymers.
This section describes a literature survey on the development of pyrolysis models for
fire applications.

Pyrolysis modeling
The work of Henderson et al. 1985 [43] represented some of the earliest efforts

to model a polymer response undergoing thermal decomposition. The model was
based on a one-dimensional conservation of energy and mass, and it was experi-
mentally tested by measuring the temperature profiles during decomposition of a
glass-filled phenol-formaldehyde polymer composite. The material apparent proper-
ties required as input for the model were thermal conductivity (k) of the virgin and
char components, heat of decomposition (H), and the kinetic parameters (A and
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E). These properties were experimentally measured: k was measured from the line-
source technique, H was calculated from differential scanning calorimetry (DSC) and
A and E were calculated from thermogravimetric data (TGA). The resulting thermal
model was found to satisfactorily predict the thermal response of a polymer composite
undergoing decomposition.

Following this early generation of polymer decomposition studies, the degradation
of PMMA was modeled by Vovelle et al. 1987 [44]. The polymer sample was subjected
to external radiant fluxes, which simulate the external heat feedback from a fire, and
the mass loss rate and surface temperature profile were monitored. The material
apparent properties were measured in a similar manner to the work of Henderson
et al. 1985 [43]. The resulting model predicted accurately the polymer decomposition
behavior.

The simple decomposition models previously described considered solids in an
aggregate manner, with one (or few) decomposition reactions and physical processes.
As a consequence, modeling polymers that present a more complex decomposition
behaviour, or modeling multi-component blends were still impractical. With the
advance in computational power in the last decades, a growing interest in CFD simu-
lations of fire has also brought an interest to the development of sub-models that can
provide information about the solid phase decomposition of more complex polymer
systems. An example of two comprehensive pyrolysis models are Thermakin [45] and
Gpyro [46].

Thermakin is a numerical tool developed by Stoliarov et al. 2014 [45] that computes
the transient rate of gaseous fuel production from fundamental physical and chemical
properties of pyrolysable solids in a two-dimensional configuration, suitable for simu-
lation of flame spread and fire growth. It is capable of solving first- and second-order
reactions, including those between two different reactants, making it an attractive
solution for studying the decomposition of multi-blend systems. Gpyro has been de-
veloped by Lautenberger et al. 2009 [46] within the Fire Dynamics Simulator [47]. The
model can be applied to non-charring and charring solids, composites, intumescent
coatings, and smolder in porous media. It can be used as a standalone computer
program or as a boundary condition in a larger-scale fire model, quantifying the rate
at which solid combustible surfaces heat up and generate gaseous pyrolysate.

Within the Thermakin framework, a pyrolysis model that accurately reproduced
the mass loss and temperature evolution of fire calorimetry data of simple polymers
was developed by Stoliarov et al. 2009 [48]. The relevant material properties were
experimentally measured and/or retrieved from literature.

Parameter determination for pyrolysis modeling
From the earlier studies to the most recent comprehensive pyrolysis codes, the

presented works are within the category of semi-empirical models. They correlate
the decomposition behavior of polymers to their intrinsic properties, often related to
decomposition kinetics, heat and mass transfer. In cases of more complex systems,
such as flame retardants, the amount of model input parameters may be too numerous,
and their experimental determination becomes impractical due to the coupled nature
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of physical and chemical processes. In order to overcome this difficulty, the processes
of parameter estimation based on experimental databases have been reviewed by
Kim et al. 2015 [49]. It is suggested that parameters estimation should follow four
guidelines and approaches:

1. Parameter estimation is about being consistent, applying engineering common-
sense

2. Parameter estimation is conducted by breaking down the problem into groups
of unknowns of similar characters and considering them separately

3. Parameter estimation is conducted with consideration to an appropriate com-
plexity in model set-up using certain approximations for simplifications

4. Parameter estimation is conducted with direct measurements of parameters
with independent experiments, literature search and/or numerical optimization
paired with certain pyrolysis models

An optimal determination of materials flammability properties for input in mod-
ern pyrolysis models involves a combination of experimental measurements, litera-
ture data and inverse numerical modelling. An example of this process is given in a
flowchart for visualisation purposes in Fig. 1.10.

Successfully applying the proposed procedure for parameter estimation, Stoliarov
and colleagues developed a systematic methodology for measuring the kinetics and
thermodynamics of the thermal degradation that occur during the heating of ther-
moplastic materials [50]. Inverse numerical modelling was used to fit the heat flow
and mass loss rates measured using TGA and DSC data from gasification of polymer
samples exposed to radiant heat. The Arrhenius parameters that describe the kinetics
of the material thermal decomposition were determined, as well as its heat capacities,
heat of melting and heats of decomposition of the condensed-phase reactions. The
gathered material properties of these studies were used in subsequent studies. A
one-dimensional model was fitted into a nearly one-dimensional configuration of
heating conditions of a cone calorimeter that supplies the polymeric samples with
20-70 kW m−2 of radiant heat flux [51]. The back surface temperature and mass loss
rate of burning polymeric samples were measured as a function of time, and the
thermal transport properties were determined by manually fitting the model with the
experimental data. A thorough description of this strategy is presented in Chapter 3
and is subsequently applied to our purposes in Chapters 4 and 5.

The radiative absorption coefficient is an important material property for accurately
computing the energy input to the burning material. The absorption coefficient and
reflectance of common polymers for infrared radiation from a high temperature source
was measured by Linteris et al. 2012 [52] using two distinct experimental methods. The
first method used a radiant heater, together with a broadband thermal detector, and
the second method used a spectral technique, both measuring the transmittance as a
function of sample thickness. The resulting properties were obtained from deriving
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Figure 1.10: Flow chart of parameter estimation for comprehensive pyrolysis models.
Taken from Kim et al. 2015 [49].

the Beer-Lambert’s law for attenuation of radiation within a medium. This property
was shown to significantly affect the material ignition time and burning rate, and it
was also shown to be dependent on the material thickness.

In cases of numerous fitting parameters, inverse modeling of gasification tests are
an attractive and, sometimes, a necessary solution. Optimization algorithms are often
used to obtain the best possible agreement between simulations and experiments by
adjusting the input parameters (material properties). An evaluation of the accuracy,
efficiency and robustness of optimization algorithms for determining solid fuel prop-
erties for fire models in inverse-modeling of bench-scale pyrolysis tests was done by
Chaos et al. 2011 [53]. It was shown that the Complex Shuffed Evolution algorithm
(SCE) was highly flexible, efficient, and robust as well as superior to other evolutionary
algorithms available in the literature for providing the desired parameters against
virtual mass loss rate curves from calorimetry models. A step-by-step procedure of
this algorithm will be explained in Section 3.1.4.

Flame heat feedback evaluation
The gaseous energy feedback from the flame to the surface is critical for modeling of

the flammability of solid fuels. Due to the difficulties of direct heat flux measurement,
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analytical and empirical modeling solutions for its determination have been proposed
in the literature. The most common experiment used for evaluating the flame heat
flux over a combustible solid is the cone calorimeter.

An early modeling of cone calorimetry was done by Rhodes et al. 1996 [54] for a
thermally-thick, one-dimensional PMMA sheet. An approximated value of 37 kW m−2

was used for the flame heat flux. This value was computed from an analytical model
of convective heat flux from PMMA pool fires [55] and a calculated radiant heat
flux assuming a known temperature and emissivity of a PMMA flame [54]. This
approach was subsequently applied to other common, commercial polymers such as
nylon, polyethylene and polypropylene, with an estimated flame heat flux range of
14-30 kW m−2 [56].

An empirical solution for determining the flame heat feedback was proposed by
Stoliarov et al. 2009 [48]. For each material, the flame heat flux was computed from
inverse modeling, targeting the heat release rate (HRR) data from cone calorimetry
and adjusting its value in small increments until the best agreement with experimental
data was achieved. The interaction between the flame and the sample surface in the
model was characterized by adding an estimated 12–24 kW m−2 pure radiative heat
flux source term once ignition occurs. The derived flame heat fluxes were then used
to predict the HRR at other test conditions. Overall, peak HRR and time to peak HRR
were accurately predicted by the simulations, but average HRR was not predicted well
for thin samples.

Modeling of the gas-phase flame using CFD simulations of a flame over a black
PMMA surface was conducted by Linteris et al. 2005 [57]. Cone calorimeter experi-
ments were made to validate the model. Topography measurements showed that the
samples do not burn uniformly over the surface, especially for lower levels of cone
irradiation, indicating the non-uniformity in flame heat feedback across the sample.
This was also observed in other studies, indicating that heat flux at the center of the
sample was primarily radiative and smaller in magnitude than on the sides of the
sample, where it was dominantly convective [58, 59].

The dependence of flame heat flux on variables such as position across the sample,
sample material, irradiation, burning rate, and the nature of the flame heat flux
(radiative or convective) was studied by McCoy et al. 2019 [60]. In cone calorimeter
experiments, the flame heat flux was measured in polymer samples cut in squares
with 100 mm sides. A center zone and a side zone were defined, and heat fluxes
were partitioned into radiative and convective components based on an analysis of
the materials’ radiative fractions. The sides were assumed wholly convective, with
a flame temperature of 2150 K and convective heat coefficient of 20 W m−2 K−1.
The heat flux at the center was assumed primarily radiative, and a mean value of
9.5 kW m−2 was determined along a minor convective heat flux with a coefficient of
3.7 W m−2 K−1. The final model was an area-weighted combination of the center and
side zone simulations, and both average and peak HHR were well-predicted in the
simulations.
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1.2.4 Flame retardants
A common approach to enhance the fire safety performance of polymers is the use
of flame-retardant additives. They can be added to inexpensive and widely used
commercial plastics, such as polyethylene, polypropylene and polystyrene for passing
flammability tests, while retaining their physical properties and processability [61].
Flame retardants (FR) can have one or more modes of action [62]:

• Gas-phase action: Reaction of removal by catalysis of the reactive OH* and H*
radicals, which are released by burning materials and feed the fire.

• Solid-phase action: Generation of a char layer on the material surface, which
insulates from the heat and prevents contact between oxygen and flammable
gases.

• Heat buffer: Endothermic degradation reactions that absorb heat in the system.

• Dispersion: Release of non-combustible gases, such as water and nitrogen,
diluting the combustible gases and oxygen in the system.

• Pyrolysis: Promotion of the release of poorly flammable molecules via catalysis.

Intumescent flame retardants (IFR)
In the category of solid-phase action, the intumescent flame retardants (IFR) are

studied in this PhD thesis. When heated beyond a critical temperature, an intumescent
material begins to swell and then to expand. The result of this process is a foamed,
cellular charred surface layer protecting the underlying material from the action of
the heat flux of the flame, as illustrated in Fig. 1.11.

Figure 1.11: Intumescent coating formed from intumescent-based polypropylene
after ignition. Ammonium polyphosphate is used as an acid source and
tris(hydroxyethyl) isocyanurate (THEIC) as char former. Taken from Bourbigot
et al. 2019 [63].

The following steps were reported to occur during the intumescence process, with
some degree of variability depending of the used components [62]:
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1. An inorganic acid is formed between 425 and 490 K, depending on its source and
original components.

2. After a slight increase in temperature, the acid esterifies the carbon rich compo-
nents.

3. The mixture of materials melts prior to or during esterification.

4. The ester decomposes via dehydration, resulting in the formation of an inorganic,
carbon based residue.

5. Gases released from degradation products cause the carbonizing material to
foam.

6. At the end of the reaction process, solidification occurs in the form of a multi-
cellular foam, as shown in Fig. 1.12.

Figure 1.12: X-ray computed tomography pictures of an IFR system composed of
28%APP and 2% nano magnesium oxide in a polyurethane matrix. Left - full view;
right - frontal cut through the sample. Taken from Muller et al. 2013 [64].

A comprehensive review of developments regarding intumescent systems for fire
protection and flame retardancy was done by Alongi et al. 2015 [65]. It consisted
on reviewing the research and development of IFR systems, ranging from the tradi-
tional methods employed in the 1970s to the latest developments in the reaction and
resistance to fire based on the intumescence concept. First, the traditional studies
and patents from the 1970s were reviewed. The pioneering works of Camino and
colleagues [66, 67, 68] first identified the principal ingredients of intumescence and
their basic chemistry. The parameters that control the fire protection resulting from
formation of the expanded carbonaceous char were pointed out, such as heat con-
ductivity (heat transfer), viscosity (expansion), kinetic parameters (dynamic of the
degradation), size and cell distribution (structure and morphology) and chemical
composition. Finally, novel strategies for development of IFR were implemented.
Particularly, the incorporation of acid sources, carbon sources and blowing agents
that act in a synergistic manner, following a precise sequence of reactions at the right
time and temperature. Newly synthesized molecules were applied for that purpose, as
well as polymers with intrinsic charring properties. A comprehensive list of studies of
IFR polymeric systems was also presented.
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Ammonium polyphosphate/Pentaerythritol (APP/PER)
One of the most widely studied flame retardant systems is ammonium polyphos-

phate (APP), in which it acts as both an acid source and a blowing agent (see Fig. 1.11).
A commonly used charring agent is the polyhydric alcohol pentaerythritol (PER). The
combination APP/PER was first chemically and structuraly studied in the works of
Camino and colleagues [66, 67, 68] and, since, its effects were further investigated in
several aspects such as synergistic effects, different polymer blends and modeling of
decomposition. Most APP/PER studies considered polyurethane as a matrix, whereas
studies of this IFR in polyethylene, as performed in this thesis remains scarce [65]. A
few recent studies involving the development of this IFR system are presented.

Using TGA, the APP/PER system is structurally and chemically characterized by its
thermal behavior by Bourbigot et al. 1996 [69]. Moreover, the effect of the addition of
zeolite (A4) in the formulation was investigated. It was found that a pure APP/PER mix-
ture presents an enhanced thermal stability over the APP/PER/A4 up to T=500 K, but at
higher temperatures, the zeolite leads to the formation of a more stable carbonaceous
residue.

The kinetics of the thermal degradation of a microencapsulation of APP/PER at a
mass ratio of 3:1 in a melamine-formaldehyde was compared with the conventional
APP/PER formulation by Sun et al. 2012 [70]. The microencapsulated form of the
IFR system led to an improvement of the flame retardant properties. The improved
thermal instability was attributed to the nonflammable gases produced by ignition of
the melamine resin, helping the formation of a honeycomb char structure.

The effect of two flame retardant additives, APP and the combination of a nickel
carbonate with pentaerythritol phosphate nickel salt (PPNS), on the burning behavior
of a polyethylene matrix was investigated by Li et al. 2015 [71]. Compared to the effect
of each individual flame retardant additive on flammability tests, a synergistic effect
was observed in the form of a stable char layer in the later stages of combustion.

An IFR system of high-density polyethylene, APP and tris (2-hydroxiyethyl) isocya-
nurate (THEIC) is studied by Khanal et al. 2018 [72]. Flame retardance was measured
by limiting oxygen concentration, thermogravimetric analysis, differential scanning
calorimetry and cone calorimetry tests. An IFR system with a mass ratio of APP/THEIC
of 3:1 was found to greatly reduce flammability of the material.

The fire performance of two IFR was studied by Bourbigot et al. 2019 [63] in a
polypropylene (PP) matrix: APP and expendable graphite (EG). APP created a protec-
tive coating that worked as a heat barrier from the heat source, whereas EG created an
expansion that increased heat dissipation [73]. By modeling kinetic degradation, both
IFR systems were shown to increase thermal stability of the PP. Combination of both
flame retardant additives was also investigated. It was shown that graphite worms
formed by the EG aligned normal to the coating formed by the APP, thus increasing
heat conductivity and decreasing fire performance. This effect was also observed and
investigated by Bensabath et al. 2021 [74].

Few studies are available on the quantification of the intumescent material proper-
ties due to its difficulties in direct measurements. The conductive and radiative heat
transfer in the porous medium of a polymeric intumescent char coating was studied
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by Kang et al. 2019 [75]. The modeling purpose was to mathematically determine an
apparent thermal conductivity of the coating, thus evaluating a material fire resis-
tance performance. An increase in the porosity, pore size and a decrease in the solid
conductivity led to enhancements on the thermal insulation of the polymeric porous
media. The morphology of carbonized materials resulting from an intumescence
process was studied using X-ray computed tomography by Muller et al. 2013 [64].
The IFR system was 30%APP and 28%APP and 2% nano magnesium oxide (MgO) in a
polyurethane matrix. The heat conductivity of the systems was measured as a func-
tion of temperature in order to correlate structure and properties of the intumescent
residues, as shown in Fig. 1.13. Upon heating, the materials softens and produces
gases that expand it, and the conductivity decreases. In this stage, the performance
of the intumescent coating in terms of thermal insulation was shown to be optimal.
After 675 K, the heat conductivity of both formulation increased with the temperature
as char expansion was maximum.

Figure 1.13: Evolution of heat conductivity as a function of temperature for 30%APP
and 28%APP and 2% nano magnesium oxide in a polyurethane matrix. Taken
from Muller et al. 2013 [64].

Solid-phase modeling of IFR systems
A mathematical model that predicted the temperature distribution along a decom-

posing polymer-based intumescent coating was proposed by Griffin 2010 [76]. The
effect of the material thermal parameters, as well as its endothermic and/or exother-
mic decomposition and phase-change reactions were investigated, related to the
capacity of a material to resist to fire when exposed to a radiant source. Good agree-
ment with experimental results with two types of intumescent coating formulations
reinforced previous findings that the expansion of the coating had a major influence
on the thermal resistance of these materials. The limitations of a 1D model were also
discussed.

The burning behavior of several charring polymers was numerically investigated
by Li et al. 2015 [77]. In the case of highly intumescent polymers (such as Kydex
and polyetherimide), limitations of the model burning predictions were observed.
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The substantial sample swelling led to large uncertainties on heating intensity and
atmosphere composition. It was also suggested that a multi-dimensional model might
be necessary to better understand the mechanism of swelling and heat transfer in
these cases.

A model that predicts the kinetics and thermodynamics of thermal decomposition
of an IFR system was proposed by Ding et al. 2016 [78]. The material system analyzed
in this study was polylactic acid (PLA), melamine and APP. This methodology was
an extension of the previously described strategy for the parameterization of ther-
mal composition parameters of neat materials [50, 79]. The key aspects of pyrolytic
behavior in the condensed phase were quantitatively described, including possible
interactions between components of the polymer decomposition and the flame re-
tardant additives, using second-order reactions. Microscale combustion calorimetry
(MCC) allowed for characterization of the enthalpy of combustion of the released
virtual species released by the reaction model. Subsequently, the flame retardancy
of this system was modeled from cone calorimetry by Sun et al. 2020 [80]. Through
inverse analysis of back surface temperature and sample thickness in an inert 1D
gasification experiment, mass and heat transport properties could be parameterized.
An adjustment in the gas transfer coefficients of certain condensed phase compo-
nents were necessary in order to predict mass loss rate profiles of the intumescent
system. A two-dimensional study of the solid residue profile was also conducted. With
the aforementioned gasification model, the impact of both fire retardants could be
quantified and intelligently optimized. It was shown that the blend consisting of 25%
APP and 5% MEL led to the greatest flame retardancy with a reduction of average peak
heat release rate down to 69%.

The same procedure was applied by Ding et al. 2019 [81] to characterize a differ-
ent system composed of polyamide 66 reinforced with chopped glass fiber, and red
phosphorous as a flame retardant. The model parameters were obtained by inverse
modeling of TGA and DSC experiments at a heating rate of 10 K min−1, and the model
was validated by showing robustness at predicting thermal decomposition dynamics
at other heating rates (5 and 20 K min−1) with the same blends. The model was also
shown to predict thermal decomposition using different blends, as an overall valida-
tion. Cone calorimeter results were then reproduced in this IFR system [82]. An inert
1D pyrolysis code allowed for determination of heat and mass transport properties
via inverse modeling, using the previously obtained kinetic and thermodynamic data.
The influence of the ‘wick effect’, in which the molten polymer blends with glass fiber
and is transported to regions of lower concentrations, was also studied and modeled.
Using heats of combustion obtained in a MCC, an idealized gasification model was
developed, enabling intelligent design of multi-flame retardant systems in polymeric
matrices.
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1.2.5 Summary of the literature

Author Summary points
Wichman 1992 [14] Literature review on the opposing-flow flame spread over a

solid surface
De Ris 1969 [16] Analytical expressions for the flame spread rate over a solid

fuel
McAlevy III et al. 1969
[15]

Analytical expressions for the flame spread rate over a solid
fuel

Delichatsios 1996
[18]; Delichatsios
2003 [20]

Engineering analytical solution for the flame spread prob-
lem, from the creation of two parameters that control the
flame spread rate, that can be expressed as a function of the
solid and gas properties

Konno et al. 2019 [21] Description of the heat transfer process in a thermally-thin
idealized electrical wire consisting of a metallic core and a
polymer coating

Huang et al. 2020 [30] Literature review on combustion over electric wires
Fujita et al. 2000 [23] Pioneer study of flame spread over wires in µg. The FSR was

systematically larger in µg that in 1g
Nakamura et al. 2008
[24]

Study of the similarity between flame spread over wires in
µg and sub-atmospheric pressures in 1g

Thomsen et al. 2019
[25]

Study of the similarity between FSR and flame intensity in
µg and sub-atmospheric pressures in 1g

Gagnon et al. 2021
[26]

Study on the effect of pressure on the flame spread mecha-
nism and dripping

Zhao et al. 2017 [27] Study on the effect of pressure on the flame spread mecha-
nism, flame shape and dripping

Umemura et al. 2002
[31]

Development of a mathematical model to describe the role
of the metallic core on flame spread over electric wires

Takahashi et al. 2013
[33]

Study of the unsteady molten insulation volume change

Osorio et al. 2015 [29] Comparisons for flammability limits of wires between nor-
mal 1g and µg

Nagachi et al. 2019
[36]

Study of the effect of flow direction on the mechanism of
extinction limit of flame spread over wires

Konno et al. 2020 [39] Investigations of the effect of the metallic core on the extinc-
tion phenomena in electric wires. Measurements of temper-
ature profiles along the wire

Konno et al. 2020 [38] The effect of the metallic core diameter, µg and external
radiant heat fluxes on the wire flammability

Citerne et al. 2016 [8] Interactions between multiple, parallel wires in concurrent
and opposed oxidizer flow
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Guibaud et al. 2020
[40]; Guibaud et al.
2020 [41]

Experimental and numerical studies of soot production and
radiative heat transfer in burning wires

Guibaud et al. 2020
[42]

Effect of oxygen concentration, pressure and opposing air
flow velocity on the flame spread rate

Table 1.1: Summary of the literature review on flame spread over wires in microgravity

Author Summary points
Henderson et al. 1985
[43]

Development of a simple decomposition model of poly-
mers based on their apparent properties, experimentally
determined

Vovelle et al. 1987 [44] Modelling of the degradation of PMMA when subjected
to external radiant fluxes

Stoliarov et al. 2009 [48] Development of a pyrolysis model that reproduces results
from cone calorimetry. Empirical determination of the
flame heat feedback energy from inverse modeling

Kim et al. 2015 [49] Review and evaluation of methods for determining input
parameters for pyrolysis modeling

Li et al. 2013 [50]; Li et al.
2014 [51]; Stoliarov et al.
2015 [79]

Development of a strategy to parameter determination
from a systematic inverse modeling of a series of gasifica-
tion experiments, isolating individual pyrolysis processes

Linteris et al. 2012 [52] Determination of radiative absorption coefficients of en-
gineering polymers for input in pyrolysis modeling

Chaos et al. 2011 [53] Evaluation of optimization algorithms commonly used
for parameter determination

Rhodes et al. 1996 [54];
Iqbal et al. 1994 [55];
Hopkins Jr et al. 1996
[56]

Estimation of the flame heat feedback from a burning
surface, with convective and radiative contributions

Linteris et al. 2005 [57];
Kacem et al. 2016 [58];
Boyer 2017 [59]

Gas-phase flame tomography study over a burning poly-
mer surface and evaluation of the flame heat flux in cone
calorimetry across the sample

McCoy et al. 2019 [60] Measurement of the flame heat feedback in square poly-
mer samples in a cone calorimeter. The flame heat was
partitioned in a side zone, mainly convective and a center
zone, mainly radiative

Table 1.2: Summary of the literature review on characterization of polymers flamma-
bility
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Author Summary points
Bourbigot et al. 2007
[62]

Description of the overall intumescence process

Alongi et al. 2015 [65] Comprehensive review of traditional and recent intumes-
cent flame retardant systems

Camino et al. 1984 [66];
Camino et al. 1984 [67];
Camino et al. 1985 [68]

Description of the mechanistic of decomposition and in-
tumescence of APP/PER

Bourbigot et al. 1996
[69]

Description of the overall intumescence process

Bourbigot et al. 2007
[62]

Structural and chemical characterization of APP/PER de-
composition using TGA. Study of the effect of zeolite ad-
dition in the mixture

Sun et al. 2012 [70] Kinetics of degradation of APP/PER in melamine-
formaldehyde and in micro-encapsulated form

Li et al. 2015 [71] Study of the effect of APP and the combination of a
nickel carbonate with pentaerythritol phosphate nickel
salt (PPNS), on the burning behavior of a polyethylene
matrix

Khanal et al. 2018 [72] Study of an IFR system of high-density polyethylene, APP
and THEIC in TGA, DSC and cone calorimetry

Bourbigot et al. 2019
[63]; Bensabath et al.
2021 [73]; Bensabath et
al. 2021 [74]

Fire performance evaluation of APP and expandable
graphite and their combination on polypropylene

Kang et al. 2019 [75] Mathematical modeling of the conductive and radiative
heat transfer in the porous medium of a polymeric intu-
mescent char coating

Muller et al. 2013 [64] X-ray computed tomography and thermal conductivity
measurements of the carbonized intumescent coating

Griffin 2010 [76] Mathematical model of the temperature distribution
along a decomposing polymer-based intumescent coat-
ing

Li et al. 2015 [77] Pyrolysis modeling of charring polymers using Thermakin
Ding et al. 2016 [78] Development of a semi-global reaction mechanism of

an IFR consisting of polylactic acid, melamine and APP,
and determination of its kinetics and thermodynamic
parameters

Sun et al. 2020 [80] Cone calorimetry in a near-one dimensional modeling of
the materials studied by Ding et al. 2016 [78]
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Ding et al. 2019 [81] Semi-global mechanism of an IFR consisting of
polyamide 66 reinforced with chopped glass fiber,
and red phosphorous, and determination of its kinetics
and thermodynamic parameters

Ding et al. 2019 [82] Cone calorimetry modeling of the materials studied by
Ding et al. 2019 [81], and modeling of mass transport
inside the sample

Table 1.3: Summary of the literature review on flame retardants
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Fire hazards in a confined environment such as a spacecraft are a threat to equip-
ment integrity and even the safety of the astronauts. The main potential source of a
fire in this situation is attributed to electrical malfunction. The insulation and jacket
layers of wire and cable are made of plastic materials, which may release pyrolysis
gases when heated by external sources or short-circuiting. This flammable gas can mix
with ambient oxidizer to be ignited, resulting in subsequent sustained combustion
process and flame spread over the wire. This common scenario of flame spread over
polymer-coated electrical wires has motivated extensive researches in both normal
gravity [24, 83, 84, 30] and microgravity [23, 31, 33, 8, 42, 37].

Simplifying the in-flight configuration to an academic problem, the analysis of
steady state opposed flow flame spread over a vertical wire is key to understanding
the flammability of solid fuels [14]. Flame spread over solid surfaces results from the
heating process of the material ahead of the pyrolysis front. Heat transfers of multiple
natures raise the unburnt solid from the ambient temperature up to the pyrolysis
temperature at which the material starts to release gaseous fuel that is ignited by the
flame, ensuring the spreading process [15]. The flame spread process can be viewed
then as a series of piloted ignitions where the flame acts as both heating source and
pilot [85].

Flame spread models and correlations have been proposed for the case of opposed
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steady state flame spread, denoted also as creeping flame spread [85]. Most no-
tably, a correlation based on the heat balance ahead of the pyrolysis front in both
thermally-thin and thick configurations is the deRis flame-spread model, presented in
the literature review of this manuscript in section 1.2.1 [16]. In this approach, the heat
transfer from the flame to the solid was obtained by solving the laminar boundary
layer equation along with the infinite fast gas-phase chemistry and Oseen approxima-
tions. The flame spread rate (FSR) could be then assessed and characterized based on
measurable material and gas properties. It was nevertheless observed that this model
largely overestimates the flame heat transfer and the corresponding FSR, owing to the
assumption of infinitely fast kinetics, which is not satisfied at the flame leading edge.
This assumption implies that the flame is ’attached’ to the solid surface, as previously
shown in Fig. 1.4. In reality, the relatively cold solid surface acts in this region as a heat
sink that produces local flame extinction, resulting in a complex flame attachment
process [14].

In order to circumvent these difficulties and to provide an engineering analytical
flame spread model, Delichatsios and co-workers reduced the flame heat transfer
process to two properties, measurable from material and ambient gas properties,
that characterize the creeping flame spread process: the convective heat flux per unit
length, E

′
g s,pr , from the flame to material near the pyrolysis front and the gaseous

thermal length, Lg , generated by the opposed oxidizer flow [18]. In addition, they
provide experimental methodology and methods for their determination. A heat
balance equation and its corresponding methodology was first proposed for a flat
burning surface [18], before being extended to cylindrical samples [19]. As compared
to flat geometry, the cylindrical curvature was found to modify the heat balance by
enhancing gas-to-surface heat transfer and by reducing the heated layer depth in the
solid. This heat balance was also developed for a flat material undergoing a melting
process [20].

The presence of the metallic core inside the flammable polymer coating is known to
modify the heat transfer pattern, from the ignition, spread, extinction to the phase-
change processes of the polymer insulation and emission of combustion products
[32, 30]. It was shown that increasing the thermal conductivity of the core results in
an increased FSR, but simultaneously increases the local extinction behavior due to
increased heat losses in the the unburned zone [38]. This process is impacted however
by several parameters, as the role of the metallic core as a heat sink or heat source
is shown to be controlled by the wire material properties, geometry and ambient
conditions, most of which aren’t well understood [30].

A detailed description of the heat transfer process in the case of a thermally-thin
idealized electrical wire consisting of a metallic core and a LDPE coating has been
provided by Konno and colleagues [21]. Figure 2.1 summarizes this heat transfer
process. The heat transfer to the virgin polymer upstream to the pyrolysis front is
driven by both the flame heat flux and the heat transfer from the metallic core to the
virgin polymer. As observed in the experiments of Guibaud and co-workers [40], the
polymer is entirely consumed by the degradation process, leading to a diffusion flame
that falls down to the bare wire at the trailing edge. This induces a substantial heat flux
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from the flame to the bare wire, which is in turn conducted through the metallic core
towards the pyrolysis zone, contributing in addition to the flame heat flux to pyrolyse
the solid. A part of this flux is then transferred though the metallic core ahead of the
pyrolysis zone.

{
Pyrolysis

zone

Preheat

zone

{ {

Ashes

Fuel vapour

Oxidizer flow

Metallic core

ConductionRadiation

Convection

Figure 2.1: 2D scheme of opposed flow flame spread over polymer-insulated electric
wire.

The objective of this chapter is to predict creeping flame spread over idealized poly-
mer coated metallic wires in microgravity. It will be shown how this complex heat
transfer behaviour can be simplified if the pyrolysis can be treated as phase-change
as assumed in the aforementioned heat balance flame spread models [16, 18, 21].
An engineering heat balance flame spread model and an experimental procedure to
determine the material properties characterizing the creeping flame spread over thin
electrical wires are developed. The experiments made by Guibaud and co-workers
on Nicr/LDPE electrical wires will be considered to determine these parameters and
validate the model [40]. These experiments and assumptions for characterizing steady
flame spread are described in Section 2.1. The flame spread model, governing equa-
tions and considered material and gas-phase properties will be presented in Section
2.2. The results will be discussed in Section 2.3. The calibration of the model parame-
ters is presented and validated against experimental data. Then, a study of the heat
mechanisms in the wire is discussed. Finally, the last section will be devoted to the
conclusions and perspectives of this first step towards a fully predictive flame spread
model.

2.1 Experimental methodology
The experimental procedure used to obtain the flame spread rate is briefly described
in this section. Experiments in microgravity are conducted on the Detection of Igni-
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tion And Mitigation Onboard for Non-Damaged Spacecrafts (DIAMONDS) rig, which
is presented in the introduction of this thesis and extensively described in a previous
work [8]. DIAMONDS were installed aboard the Novespace A310 ZeroG airplane, a
facility that specifically operates parabolic flights. Every parabola provides a 22 s long
sequence of microgravity with an accuracy level of 5·10−2 g0 (g0 = 9.81 m/s2). The ex-
perimental setup consists of a cylindrical combustion chamber with an inner diameter
of 190 mm, where a laminar O2/N2 oxidizer flow can be established with a direction
from the bottom to the top of the chamber. The flow conditions can be controlled with
the oxygen content in volume fraction ranging from 0 to 21%, the pressure from 50.7 to
121.6 kPa and the flow velocity from 0 to 300mm/s. Cylindrical wires of length 150 mm,
composed of a NiCr core coated by LDPE insulation, were placed along the central
axis of the chamber and parallel to the flow direction. LDPE has been used as coating
of laboratory wires as an international target configuration to investigate flammability
properties of electrical cables in both normal and microgravity conditions [23, 86,
30]. In these experiments, three core-to-wire radius ratios, Rc /Rs were tested: (i)
0.25/0.4 (Type#1), (ii) 0.25/0.55 (Type#2) and (iii) 0.25/0.65 (Type#3), as summarized
in Table 2.1. The core radius was kept unchanged and the LDPE thickness, δs , was
varied. The cross sections area ratio, ac /as , of Type#1 is about 2 and 2.63 times larger
than those of Type#2 and Type#3, respectively. The samples were ignited using a hot
Kanthal wire located at its upper end to initiate an opposed-flow flame spread.

Type Rc (mm) Rs (mm) δs (mm) ac /as

I 0.25 0.40 0.15 0.391
II 0.25 0.55 0.30 0.206
III 0.25 0.65 0.40 0.148

Table 2.1: Configurations of NiCr core and LDPE insulations

All experiments were captured using a JAI AT-140CL digital tri-CCD camera, equipped
with a telecentric lens to restrict the light collection to beams parallel to the optical
axis. A controlled uniform LED backlight located sample is set on and off alternatively
during the images acquisition in order to track the morphology of flame and LDPE
droplet. Images are captured with a frame rate of 39.06fps over a 512x1396 pixels2

CCD array in the red, green and blue spectral bans with a resolution of 72.6 µm ,which
can provide an entire view during the flame spread. FSR is determined by tracking the
flame front using image without backlighting processing once a steady flame spread is
reached and a detailed description can be found in Ref. [87]. According to the images
with backlighting, the spreading over LDPE is characterized by the formation of a
molten droplet whose, for the conditions investigated in the present study, the volume
increases first before reaching a steady value. The flame is assumed to spread at a
steady rate once the dimensions of the molten insulation droplet, the visible flame
length, and the rate of the flame front displacement reach a steady state value. These
three steady spread criteria are illustrated in Fig. 2.3.
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Figure 2.2: Schematic of the combustion chamber designed for the parabolic flights.
(1) Conical part filled with glass beads; (2) stainless steel honeycomb; (3) stainless
steel ring; (4) latch clamp for top end locking; (5) sample holer; (6) polyethylene
coated wires; (7) camera; (8) set of LEDs; (9) diffusive screen. Reproduced from
Citerne et al. 2016 [8].

The captured images are shown in Fig. 2.4. These experiments are conducted in
four parabolic flight experiments, with oxygen content ranging from 18 to 21 %. The
snapshots are taken 15-20 s after ignition and at the beginning of the microgravity
sequence, with a backlight illumination. Fluctuations of visual flame length, lumi-
nosity and smoke emission are observed when varying the oxygen concentration. A
1 mm scale is shown in the upper left corner. The measured flame spread rate is also
observed to have a significant impact with the oxygen concentration, which will be
discussed in the results section.

2.2 Flame spread model

2.2.1 Model assumptions
The model considers a flame spreading at a steady rate over a thin electrical wire
composed by a metal core of radius Rc and a polymer coating of radius Rs , as shown in
Fig. 2.6. During steady-spread rate, the wire can be decomposed into four regions as
illustrated in Fig. 2.6. The region directly ahead of the pyrolysis front is referred to as
the preheat zone and involves the heat transfer between the flame and the LDPE. This
region is proceeded by the unburnt zone where the heating process is manly driven
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Figure 2.3: Steady state is assessed in parabolic flight by tracking the evolution of the
flame front position (blue), flame length (red), and molten droplet volume (green).
Reproduced from Guibaud et al. 2020 [41].

Figure 2.4: Opposed-flow spread of a flame in microgravity over a polyethyene-coated
NiCr wire. Flow velocity and ambient pressure pressure are fixed at 150 mm/s and
101 kPa, respectively. Reproduced from the PhD thesis of Augustin Guibaud [88].

by conduction through the metallic core. The pyrolysis zone is located downstream
the pyrolysis front followed by a bare metallic core as the polymer is completely burnt.
The following assumptions are introduced:

i The polymer melting and the pyrolysis processes behave as phase changes
occurring at temperatures Ts = Tm and Ts = Tp , respectively.

ii The polymer can expand or contract in the direction r .

iii The flame front corresponds to the location, zp , where the surface temperature
of the polymer reaches Tp .

iv In the pyrolyzing region, the temperature of the polymer layer is maintained
constant to T = Tp . .
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v In the pyrolyzing region, the metal core and the polymer layer become rapidly
in thermal equilibrium. This assumption implies that the heat flux, E(cc,u),
conducted from the bare metal core toward the pyrolyzing region is completely
transferred to the pyrolyzing polymer. Therefore, it does not affect the heat
balance in the preheat region, and, in turn, the flame spread. The validity of
this assumption has been assessed by using the CFD model, described in detail
by [40]. During the simulation, it is assumed that the pyrolyzing LDPE is at
Tp , consistent with the assumption iv. The results reported in Fig. 2.5 show
the evolution along the wire axis of the temperatures inside the metal core and
LPDE for a simulation considering a LPDE/NiCr of Type #2 (see Table 2.1), an
oxidizer composed of 21% of O2 and 79% of N2 flowing at a velocity of 150 mm/s
and a pressure of 101 kPa. The same behavior is observed for the other wire
geometries and ambient conditions. Figure 2.5 shows that the NiCr temperature
reaches a peak at the location where the flame falls to the bare metal core. This
temperature decreases downstream and upstream the peak. In the pyrolyzing
region, it reaches rapidly the pyrolysis temperature, suggesting that the present
assumption is satisfied provided that assumption iv holds.

­0.02 ­0.01 0 0.01 0.02 0.03

Figure 2.5: Evolution of LDPE and NiCr temperatures along the wire axis.

vi In the preheat zone, the radiative flux from the flame is balanced by the heat
flux re-radiated by the solid surface. This assumption is sustained by numerical
simulations [40].

vii The opposed flow is modelled as an Oseen flow with a vertically uniform velocity,
u∞, parallel to the wire axis.

viii The combustion kinetics is assumed to be infinitely fast with F(kg )+ s O2 →
(1+ s)Pr.
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ix The cylindrical curvature enhances the convective heat transfer from the flame
to the solid as compared to a flat slab and a corrective factor is introduced to
account for this enhancement [19]. The convective heat flux transferred from the
flame to the polymer in the preheat region, E(g s,pr ), can be estimated by using
assumptions vi to viii [[18], [19]]:

E(g s,pr ) = 2πRs q̇
′′
( f l ,c)Lg = 2πRsE

′
(g s,pr ). (2.1)

In Eq. 2.1, Lg represents a gas-phase thermal diffusion length given by:

Lg = Dg

u∞
= kg

ρg cg u∞
, (2.2)

and q̇
′′
( f l ,c) is the heat flux per unit area transferred from the flame to the solid.

The diffusivity D is obtained from the conductivity (kg ), density (ρg ) and heat

capacity (cg ). The subscript g denotes gas properties. E
′
(g s,pr )Lg is expressed as:

E
′
(g s,pr ) =

p
π

Lg

Rs

ln(1+p
πLg/Rs)︸ ︷︷ ︸

c

×kg
[B − r f ]Lvap

cg︸ ︷︷ ︸
E

′
(g s,pr, f l at )

. (2.3)

B = [Y(O2,∞)∆hc /s − cg (Tp −T∞)]/Lvap is the mass transfer number and r f =
Y(O2,∞)/s is the mass fuel-to-air ratio. E

′
(g s,pr ) is composed of two contributions:

the heat flux estimated for a flat slab, E
′
(g s,pr, f l at ), and a corrective factor for

a cylindrical geometry. As discussed in the literature [18], the estimation of
E

′
(g s,pr, f l at ) from the infinitely fast kinetics assumption leads to an overestima-

tion of the heat flux from the flame to the unpyrolyzed polymer. For a given
oxidizer composition, this property will be estimated from experiments for the
Type#2 wire under a pressure of 101 kPa and an oxidizer velocity of 150 mm/s
and will be applied to other wire and ambient conditions. The underlying as-
sumption is:

x E
′
(g s,pr, f l at ) does not depend on the oxidizer flow rate, pressure, and wire geome-

try whose effects are captured through C and Lg .

2.2.2 Governing equations
Based on the aforementioned assumptions, the axi-symmetric heat transfer equa-
tions and the corresponding boundary conditions for the LDPE coating and the
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Figure 2.6: Scheme of the engineering flame spread model (not in scale). The distinc-
tion between the preheat and unburned zones is reproduced from the works of
Konno and co-workers [21].

NiCr core are given below. The assumption iii defines the pyrolysis front as zp (t) =
max

z

(
z|Ts(Rs ,z,t )=Tp

)
and the flame spread rate as:

up = d zp (t )

d t
. (2.4)

The assumption v allows to simplify the problem by ignoring the heat flux transferred
from the bare NiCr to the preheat zone and by reducing the computational domain
to the pyrolysing zone, located for zp (t )−Lp ≤ z ≤ zp (t ), and the zone located ahead
of the pyrolysis zone, z > zp (t), including the preheat zone and the unburned zone
(see Fig. 2.6). The pyrolysis length, Lp is assumed to be of 10 mm in accordance with
experimental observations [41].

• For the LDPE: Rc ≤ r ≤ Rs

• For z ≤ zp (t ):
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Ts(r, z, t ) = Tp (2.5a)

• For z > zp (t ):

∂ρshs

∂t
= 1

r

∂

∂r

(
r ks

∂Ts

∂r

)
+ ∂

∂z

(
ks
∂Ts

∂z

)
+ 1

r

∂

∂r

[(∫ r

Rc

1

ρs

∂ρs

∂t
r dr

)
ρshs

]
(2.5b)

for Ts < Tm and Ts > Tm

0 = 1

r

∂

∂r

(
r ks

∂Ts

∂r

)
+ ∂

∂z

(
ks
∂Ts

∂z

)
−ṁ

′′′
mLm (2.5c)

for Ts = Tm

where hs =
∫ Ts

0 csdT .

The third term in the right-hand side of Eq. 2.5b represents the heat transfer
associated with contraction or expansion of the material object. Equation
2.5c describes the melting process.

The following boundary conditions are applied:

ks
∂Ts

∂r
= q̇

′′
f l ,c (2.6a)

For r = Rs and zp ≤ z ≤ zp +Lg ;

ks
∂Ts

∂r
= h (T∞−Ts) (2.6b)

For r = Rs and z ≥ zp +Lg ;

ks
∂Ts

∂r
= kc

∂Tc

∂r
(2.6c)

For r = Rc and ∀z;

∂Ts

∂z
= 0 (2.6d)

For z →∞;

Ts = Tp (2.6e)

For z < zp −Lp .

The convective coefficient h is computed as h = kg Nu/2Rs , with Nu =
0.32+0.155Re0.5 [89]. Re = ρg u∞Rs/µg is the Reynolds number with µg the
kinematic viscosity.
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The following initial conditions are also considered:

Ts(r, z, t = 0) = Tp (2.7a)

For z ≤ zp (t = 0);

Ts(r, z, t = 0) = T∞ (2.7b)

For z > zp (t = 0);

• For the NiCr: 0 ≤ r ≤ Rc

ρc cc
∂Tc

∂t
= 1

r

∂

∂r

(
r kc

∂Tc

∂r

)
+ ∂

∂z

(
kc
∂Tc

∂z

)
(2.8)

The following boundary conditions are applied:

ks
∂Ts

∂r
= kc

∂Tc

∂r
(2.9a)

For r = Rc and ∀z;

∂Tc

∂z
= 0 (2.9b)

For z →∞;

∂Tc

∂z
= 0 (2.9c)

For z = zp −Lp and ∀r ;

The initial condition is also applied:

Tc (r, z, t = 0) = T∞. (2.10)

The heat transfer equations for the polymer and the metal core were solved in a
coupled manner by using the finite volume method [90], a first-order backward Euler
scheme for time integration and a second-order centered scheme for diffusion terms.
The heat conductivity at the interface between LDPE and NiCr was computed with
the harmonic mean to handle the large differences in conductivity between NiCr and
LDPE [90].

A steady state flame front propagation was achieved approximately 1 s after the
beginning of the simulations for all the wire geometries and ambient conditions, and
an interval of ∆t = 1 s between t = 2 and t = 3 s was used to capture the average
spread rate from Eq. 2.4. A time step ∆t = 5.0×10−5 s is used in all configurations.
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Multiplying or dividing this value by a factor of 10 was found to provide minor changes
on the results. The spatial discretization is uniform, with a cell sizing of ∆z = 0.03 mm
and ∆r = 0.04 mm. Multiplying or dividing these values by a factor of 2 was found to
provide minor changes on the results.

2.2.3 Material and gas phase properties
The heat capacity, the melting temperature and the heat of melting were obtained
from differential scanning calorimetry. The evolution of the density of the LDPE with
temperature was taken from literature [91] and it has been checked that the literature
values at room temperature are equal to those measured in our experiments. The
thermal conductivity of LPDE was measured using the transient line source method.
These data as well as the density, heat capacity and conductivity of the NiCr are given
in Table 2.2. The gas-phase density, heat capacity and conductivity are evaluated
by assuming that the gas is air and by using a temperature evaluated as the average
between the adiabatic flame temperature of ethylene in the investigated conditions
and the ambient temperature. The LDPE pyrolysis temperature has been estimated in
the literature [21] and is consistent with the value obtained from the TGA experiments
in this work, shown in Chapter 4.

Property LDPE NiCr

Density (kg/m3)
ρs = 948.2 for T∞ < Ts < Tm

ρs = 948.2−0.94(Ts −T∞) for Tm < Ts < Tp
ρc = 8670

Heat capacity (J/kg/K)
cs = 0.2T 2 −105.7T +15773 for T∞ < Ts < Tm

cs = 3.4T +1228.3 for Tm < Ts < Tp
cc = 440

Thermal
conductivity

(W/m/K)

kv = 0.38
km = 0.45

kc = 17.4

Heat of melting
(J/kg)

Lm = 101000 —

Melting temperature
(K)

Tm = 384 —

Pyrolysis
temperature (K)

Tp = 690 [39] —

Table 2.2: Thermal properties of the LDPE and Nickel-Chrome
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2.3 Results and discussions

2.3.1 Calibration of the model parameters
As previously discussed in the model assumption ix, the infinitely fast kinetics assump-
tion led to a systematic overestimation of the heat flux transferred from the flame to
the unpyrolyzed polymer [18]. A calibration procedure is performed to estimate the
model parameters Lg and E

′
g s,pr, f l at . Lg is determined from its definition (Eq. 2.2) and

E
′
g s,pr, f l at is calibrated by assuming that the geometry effects are modelled through

the geometric correction C and the effects of the oxidizer flow rate and ambient pres-
sure are captured solely through Lg . A consequence is that E

′
g s,pr, f l at is expected to

depend only on the oxygen concentration in the oxidizer, XO2.
The calibration procedure consists in fitting the experimental spread rate for the

Type#2 wire, a pressure of 101 kPa and an inflow velocity of 150 mm/s. The fitted
values are reported in Table 2.3. As expected, E

′
g s,pr, f l at increases with XO2. It can be

also observed that the fitted values represent 30% of the theoretical value given by Eq.
2.3 whatever XO2. The quality of the fit is demonstrated in Fig. 2.7.
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Figure 2.7: Spread rate as a function of XO2 for the Type#2 wire, an oxidizer velocity
of 150 mm/s and a pressure of 101 kPa. The blue symbols represent the spread
rate computed by using Eq. 2.3 whereas the red symbols represent that computed
with the fitted E

′
g s,pr, f l at .

2.3.2 Flame spread rate
The model along with the calibrated values of E

′
g s,pr, f l at is applied to the other wire

geometries and ambient pressures. Figure 2.8 shows the predicted FSR as a function
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XO2 0.18 0.19 0.20 0.21[
E

′
(g s,pr, f l at )

]
C ali br ated

(W/m) 17.66 20.14 22.45 25.12[
E
′
(g s,pr, f l at )

]
C ali br ated[

E
′
(g s,pr, f l at )

]
Real

0.30 0.30 0.30 0.30

Table 2.3: Values of E
′
(g s,pr, f l at ) for the different values of XO2.

of XO2 for the Type#1, Type#2 and Type#3 wires. As expected from experimental
observations in microgravity for electrical wires [21, 92], the FSR increases with XO2

for all the cases owing to an increase in flame temperature, which results in an increase
of the flame heat flux transferred to the solid surface. This behavior is well captured
by the model.

The effect of wire geometry on the FSR is also well reproduced by the model. For
a given XO2, decreasing the wire diameter leads to an increase in the flame heat flux
and, in turn, an increase in the FSR. This behavior was also observed in experiments
involving black LDPE-coated copper wires [39].
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Figure 2.8: Spread rate as a function of XO2 for different wire geometries. The oxidizer
velocity and the pressure are 150 mm/s and 101 kPa, respectively.

The evolution of the FSR with XO2 is displayed for the Type#2 wire for different
pressures in Fig. 2.9. For a given oxygen concentration, the FSR slightly decreases
while increasing the pressure due to an enhancement in the gas-phase density, ρg and,
in turn, a reduction in Lg . This behaviour is well captured by the model. The good
agreement between the model and the experiments for the different wire geometry
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and pressures supports the assumption x.
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Figure 2.9: Spread rate as a function of XO2 for different pressures. The oxidizer velocity
is 150 mm/s and the Type#2 wire is considered.

2.3.3 Heat transfer analysis
Contours of temperature at steady spread rate for two LDPE thicknesses (Type#1
and Type#2 wires) are depicted in Fig. 2.10. In this figure, the flame propagates from
the bottom toward the top and the two heat fluxes as well as the preheat length, Lg ,
are indicated. The pyrolysis front is located at z = 0, and the vertical line shows the
separation between the NiCr and LDPE.

The following conclusions may be drawn from analysis of Fig. 2.10:

1. The temperature gradients in the radial direction r observed in the LDPE coating
in preheat as well as the unburned zones clearly suggest that the thermally-thin
assumption, widely used in previous studies, is not valid (see Refs. [32, 21, 39]
for example).

2. In the preheat zone, the surface temperature of LDPE is larger than that of the
metallic core. This behavior is observed for all the investigated conditions. This
suggests that the heat transfer from the flame dominates in this region.

3. The metallic core has a significant impact on the temperature field, and, there-
fore, on the FSR. In order to quantify this effect, simulations have been run by
assuming that the core is also LDPE with a conductivity significantly lower than
NiCr. Figure 2.11(b) shows the temperature distribution at steady state in this
case for the Type #1 wire and a comparison with the temperature distribution
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Figure 2.10: Temperature fields in the wire at steady state for (a) Type#1 and (b) Type#2.
In both cases, the oxygen concentration and the pressure are 19 % and
101 kPa, respectively. The axis are not in the same scale.
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Figure 2.11: (a) Evaluation of the FSR for NiCr/LDPE and pure LDPE wires. (b) Tem-
perature field of Type #1 pure LDPE wire hypothesis. The oxygen concen-
tration and the pressure are 19 % and 101 kPa, respectively.

for the NiCr Type #1 wire in Fig. 2.10(a) illustrates clearly the role of metallic core.
When pure LDPE is considered, the heating beyond the preheat zone (z > Lg ) is
negligible and the FSRs are substantially lower for all wire geometries, as shown
in Fig. 2.11(a). This behavior agrees with previous experimental observations
[30].

4. In the preheat zone, particularly at the vicinity of the flame front, temperature
gradients observed in Fig. 2.10 show that heat is transferred from the LDPE to
the NiCr, i.e., the core acts as a heat sink for both depicted wire geometries.
The heat balance in the preheat zone governs the flame extinction process, and
this behavior could suggest that the metallic core has a role in this phenomena
[39]. An opposite behavior is observed in the unburned zone with the heat
being transferred from the metallic core to the LDPE. The metallic core acts then
as a heat source in this region, heating the LDPE before the preheat zone. A
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Figure 2.12: Conductive heat flux between the NiCr core and the LDPE coating, in
W/m, in the preheat and unburned zones, for three wire geometries, along the
wire length. The oxygen concentration and the pressure are 19 % and 101 kPa,
respectively. Positive (negative) heat flux values denote heat transfer from the
NiCr (LDPE) to the LDPE (NiCr), i.e., the core acts as a heat source (sink).

quantitative analysis of the heat transfer between the NiCr and LDPE along the
wire length is shown in Fig. 2.12. The pyrolysis front is at z = 0 and both preheat
(0 < z < Lg ) and unburned (z > Lg ) zones are depicted. This figure illustrates the
change of heat transfer direction between the preheat and the unburned zones.
It also highlights also the role of the LDPE thickness in the heat transfer between
the LPDE and NiCr in the preheat zone. It appears that the length over which the
NiCr core acts as a sink increases with decreasing the LDPE thickness. For the
thinner wire (Type #1), it acts as a heat sink over the entire preheat zone while,
for the other wires, the length of the heat sink zone reduces. The role of the
metallic core on the preheating process is further illustrated in Fig. 2.13 which
shows the elevation of LDPE surface temperature ahead of the flame front. For
the thinner wire (Type #1), the surface temperature at the transition between
the unburned and preheat zone exceeds the LDPE melting temperature.

2.4 Conclusions
An engineering solution for a creeping flame spread model over idealized electrical
wires composed of a NiCr metallic core and a LDPE coating in microgravity has been
proposed and validated against experimental data obtained in parabolic flights. It
has been shown that the heat transfer problem can be simplified by ignoring the heat
flux from the bare metallic core and solving the coupled heat transfer equations for
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Figure 2.13: LDPE surface temperature, in K , in the preheat and unburned zones.

LDPE and NiCr in the pyrolysis zone and ahead of the pyrolysis front in conjunction
with a simple phase-change based pyrolysis model for LDPE, an Oseen approximation
of the flow and a infinitely fast chemistry for gas-phase combustion. The model was
then reduced to two parameters, the diffusive heat length and the heat conveyed from
the flame to a flat surface, this latter depending only on the oxygen concentration in
the oxidizer. The first parameters has been estimated from its definition whereas the
second has been calibrated to match experimental flame spread rate as a function of
the oxygen concentration for given wire geometry and ambient pressure and inflow
velocity. The model with the calibrated parameters has been applied successfully to
predict flame spread rates for other wire geometries and pressure conditions. A full
validation of this model would require more experimental data on wire geometries
and natures of the metallic core, which is a main perspective of this work.

The heat transfer mechanisms ahead of the pryolysis front have been investigated.
The polymer has been shown to be thermally thick for all tested wire geometries. It has
been showed that, in the preheat zone, the contribution of the flame flux dominate
the LDPE heating process whereas the metallic core acts as a heat sink for the thinner
LDPE coating and mainly as a heat source for the other wire geometries. Upstream
to the preheat zone, the metallic core behaves as a heat source whatever the wire
geometry, heating the polymer before it is heated by the flame itself.
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Polymers have been used in a wide variety of industrial and household applications
due to their common characteristics such as low density, low toxicity, good electri-
cal insulation, chemical resistance, and mechanical durability [93]. However, their
high flammability constitutes a major drawback for their applications [94]. Indeed,
most thermoplastics are shown to undergo chemical decomposition during their
gasification when exposed to an external heat flux. The long carbon chains that con-
stitute polymeric materials break into smaller carbon-based gases, which are often
flammable when exposed to ambient air. This process is referred to as pyrolysis. The
engineering flame spread model developed in Chapter 2 over-simplifies this phe-
nomenon, treating it as a phase-change. An improvement of this model should take
the material’s phase and chemical transformations into consideration in both preheat
and pyrolysis zones. The fuel mass loss and heat release rates during the burning
process may be then better understood and compared with experimental results.

The need to understand and predict their pyrolysis behavior and, as a result, their
propensity to sustain and spread flames has motivated the development of simple
pyrolysis models [43, 44]. Since then, generalized pyrolysis codes capable of simulat-
ing a wider range of degradation, smoldering and flaming combustion scenarios have
been implemented [46, 45, 95]. These semi-empirical models, well-designed for the
simulation of fire growth [96, 48], can effectively correlate the material properties to
their thermal decomposition behavior, through physics-based descriptions of in-solid
heat and mass transfer and simplified chemical processes. Pyrolysis modeling re-
quires a robust reaction mechanism along with apparent properties including kinetics,
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thermodynamics and heat and mass transport related parameters which most of time
cannot be directly measured. A consequence is that a careful calibration process
associated with an experimental database is necessary [49].

A solution for determining these core parameters was proposed by Lautenberger
et al., based on the inverse modelling of bench-scale experiments [97]. However, the
large number of unknown parameters may result in a non-unique solution when
using a single reference experimental data and the domain of validity of the model
can be limited to the conditions that were used during the calibration [98]. In order
to overcome these limitations, Stoliarov and colleagues [50, 51, 79] proposed to ob-
tain the kinetics, thermodynamics and transport related parameters from specific
experiments that isolate the individual processes. In their strategy, thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) performed in an inert at-
mosphere were first used to develop a reaction mechanism of consecutive first-order
reactions describing the polymer decomposition and to calibrate the relevant kinetics
and thermodynamics parameters. Cone calorimeter experiments in an inert atmo-
sphere were then used for inverse modelling, targeting the sample mass loss rate and
surface temperature for calibrating the thermal parameters including conductivity
and absorption coefficient of the condensed material and thus validating the overall
model.

Modeling of TGA and DSC experiments are among the most frequently used tech-
niques for building a semi-global reaction mechanism, as well as to establish the
kinetics and thermodynamics parameters that control the degradation of pyrolyzable
solids. The main advantage of these techniques lies on the minimization of the ef-
fects of heat and mass transport inside the sample, by using a small material sample
(typically weighting 3-10 mg) in slow and steady heating rates (1-20 K min−1) [99].
This allows the inverse modelling to exclude the transport from data analysis and
interpretation. Modeling of the cone calorimeter has been of great interest in parame-
terization of pyrolysis codes [54, 97]. The radiation-driven gasification of the material
under controlled, near one-dimensional heating conditions allows for analysis of the
heat transfer through the solid and its effect on the material mass loss rate.

An in-house, semi-empirical pyrolysis model is developed in this chapter, inspired
by both the Thermakin [45] and Gpyro [46] codes. The decision of an in-house code
development is based on the final objective of coupling with CFD fire simulators
developed in our group [86, 100]. The relevant kinetic, thermodynamic and thermal
properties of each species and reactions that are involved in these processes must be
then determined. The multi-step parameter fitting methodology for calibrating such
parameters based on experimental procedures is presented, based on the works of
Stoliarov and colleagues [50, 51, 79]. The required material properties which could be
eventually inserted into the previously developed solid phase two-dimensional flame
spread model may be then determined.

The model, used in the rest of this work, that predicts the materials thermal decom-
positions is first presented. The governing equations and assumptions are presented
and discussed, along with the time and spatial discretization techniques and boundary
conditions. After presenting these models, the material properties that need to be de-
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termined will be evidenced. The methodology to calibrate them with the bench-scale
experimental data will be then discussed. A brief description of each experimental
procedure is first given, and their relevance on the determination of specific material
parameters is explained. For illustration and verification purposes, the model and
the methodology are applied to three materials previously investigated by Stoliarov
and co-workers [50, 51]: polymethyl methacrylate (PMMA), high-impact polystyrene
(HIPS) and polyoxymethylene (POM). The experiments performed in Refs. [50, 51] are
used for calibration purposes and the retrieved parameters are compared with those
obtained in these studies.

3.1 Numerical methodology

3.1.1 Governing equations
The numerical pyrolysis model is developed in this section. It solves the unsteady
mass and energy conservation equations and can consider a reaction mechanism with
first- and second-order chemical reactions. In line with the underlying thermally-thin
assumption of simultaneous thermal analysis (TGA and DSC), a zero-dimensional
version of the model was considered, i.e., only species mass conservation is solved
with the time evolution of the temperature specified from the experimental test. On
the other hand, a one-dimensional approach that considers heat and mass transfers
within the condensed-phase is adopted when modelling cone calorimeter experi-
ments. The chemical mechanism considers Ns chemical species involved in Nr first-
or second-order reactions:

θ1X1 +θ2X2 → θ3X3 + (1−θ3)GAS+H , (3.1)

where θi represent the stoichiometric coefficients and H is the heat of reaction. If
gaseous degradation products are formed by a reaction, they are assumed to leave
the condensed phase instantly, and therefore do not contribute to the current mass,
thermal and kinetic properties.

The Arrhenius rate of reaction k j
r , for the j th reaction is computed as:

k j
r = A j exp

(−E j

R̄T

)
mX1 mX2 (3.2)

where A j and E j are the Arrhenius pre-exponential factor and activation energy, and
R̄ is the molar gas constant. The symbol mXi denotes the mass of the component Xi .
If the reaction is of first order, mX2 is set equal to unity.

The mass conservation for the species i is:

dmXi

d t
=∑Nr

j=1 (−1)
σi

j θ
j
i k j

r (3.3)
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where t is time. The symbol σi
j is equal to 1 when i is a reactant in the j -th reaction

and 2 when i is a product in the j -th reaction. The thermoplastic melting process may
be also considered as a reaction, though it produces no impact on the material mass
loss in the system.

In the one-dimensional version, the medium is composed of Ns condensed-phase
components, each of mass mi , volume ∆xi and density ρi . With the assumption
that the gaseous products leave the condensed phase instantly, the total mass m and
volume ∆x are defined as:

m =∑N s
i=1mi , (3.4)

and:

∆x =∑N s
i=1∆xi , (3.5)

with ∆xi = mi /ρi . In addition, the mass fractions Yi and volume fractions νi can be
defined as:

Yi = mi /m; (3.6a)

νi =∆xi /∆x. (3.6b)

Material components properties are model input. Each material property (density,
ρ, heat capacity, c and thermal conductivity, k) is defined as an adjustable function of
the temperature:

φ=φ0 +φ1T +φ2T 2, (3.7)

where φ can be either ρ, c or k. φ0, φ1 and φ2 are fitting curve parameters. The
material emissivity and radiation absorption coefficients must also be specified, as
single (constant) values.

The material average conductivity is determined by calculating its upper and lower
limits. When materials are stacked in uniform layers normal to the direction of heat
flow, the average conductivity is obtained as [45]:

kn = 1∑Ns
i=1

νi
ki

, (3.8)

When layers are parallel to the direction of the heat flow, the thermal conductivity is
[45]:

kp =∑Ns

i=1kiνi . (3.9)
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Considering an arbitrary spatial distribution of components and that components do
not affect the thermal conductivities of each other, the average thermal conductivity
is assumed to be [45]:

k = kn +kp

2
. (3.10)

The heat conduction inside the condensed phase is described by the Fourier’s law:

qx =−k
∂T

∂x
, (3.11)

where x is the axial coordinate, as illustrated in Fig. 3.3.
The thermal radiation from an external source is given by a generalized version of

the Beer-Lambert law [45]:

∂Iex

∂x
=−IexΣ

Ns
i=1∆xiαi , (3.12)

where Iex is the radiative flux in the x direction and αi is the absorption coefficient
of the i th component. The energy reradiation is represented by [45]:

∂Ir r

∂x
= σT 4

Iex0

∂Iex

∂x
, (3.13)

where Ir r is the heat flux radiated by a material boundary, I 0
ex is the external radia-

tion incident onto that boundary and σ is the Stefan-Boltzmann constant.
The 1D conservation of energy is:

∑Ns

i=1c
∂

∂t
(mi T ) = ∂

∂x

(
k
∂T

∂x

)
+ ∂Iex

∂x
− ∂Ir r

∂x
+∑N r

j=1H j k j
r . (3.14)

where c is the average material specific heat, obtained by mass-weighting each
component specific heats, c = 1

mΣ
Ns
i=1mi ci .

3.1.2 Boundary conditions
A scheme of the one-dimensional material sample subjected to the cone heater flux
is shown in Fig. 3.3. At the heated top surface, x = 0, the sample is subjected to the
external incident heat flux:

I 0
ex = (1−Rex)× q̇

′′
cone, (3.15)
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where Rex is the material surface reflectivity and q̇
′′
cone is the radiant heat flux from

the heating system. A constant value of Rex = 0.05 is attributed, considering the
average value of a large number of common polymers [52].

The boundary condition for heat losses at the top surface is given by:

k
∂T

∂x
=−h̄1(T −T∞,top )−σϵ(T 4 −T 4

∞,top ), (3.16a)

for x = 0,

The heat transfer coefficient h1 is evaluated as h̄1 = 5 W m−2 K−1, and the mean
ambient temperature, T∞,top evolves from T∞,top = 330 to T∞,top = 380 K as the
radiant heat flux increases from I 0

ex = 20 to I 0
ex = 70 kW m−2 [101]. The radiative heat

loss follows the Stefan-Boltzmann law, with an assumed emissivity of ϵ = 1.0. The
second term on the R.H.S. is not considered if the assumption that radiation emission
penetrates the solid volume (3rd term on RHS of Eq. 3.14).

At the rear surface, x = L , the boundary condition is given by:

k
∂T

∂x
=−h̄2(T −T∞,bot tom)−σϵ(T 4 −T 4

∞,bot tom), (3.16b)

For x = L.

T∞,bot tom is the mean ambient temperature computed for this region, given a constant
value of T∞,bot tom = 310 K. For the rear surface, the convection coefficient is evaluated
as h̄2 = 4 W m−2 K−1 [101].

3.1.3 Numerical methods
The species mass fraction and heat transfer equations were solved by using the finite
volume method with a first-order backward Euler scheme for time integration and a
second-order centered scheme for the diffusion term [90]. The heat conductivity at the
cell interface was computed with the harmonic mean. In addition, the consumption
part of the reaction rates was treated implicitly to avoid nonphysical solutions [90].
The time step ∆t = 0.05 s is used in all the configurations. Multiplying or dividing this
value by 5 was found to provide minor changes on the results. In the 1D model, the
spatial discretization is initially uniform, with a cell size of∆x = 0.025 mm. Multiplying
or dividing this value by a factor of 2 was found to provide minor changes on the results.
The release of pyrolysis gases induces change in the size of each cell. To account for
this process a resizing of each cell element is done at the end of each time step:

∆xn =∆xn−1 mn

mn−1
. (3.17)

The subscripts n and n −1 denote the current and previous time steps, respectively.
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3.1.4 Model parameters and optimization
The material kinetic, thermodynamic and thermal apparent properties needed to
describe the degradation of polymers appears clearly from the governing equations on
the last section. In order to describe material phase changes and/or thermal decompo-
sitions, the Arrhenius pre-exponential factor A j , activation energy E j , stoichiometric
coefficients and heat of reaction H j for each j th reaction are needed. The density ρi

and heat capacity ci for each i th component also need to be determined, as a function
of temperature. When heat transport plays a significant role inside the condensed
phase, thermal conductivities ki (also as a function of temperature) must be set for
each individual species. The polymers density are shown to be well documented by
the literature [91], and no further experiments have been conducted for their determi-
nation. The aforementioned properties have been calibrated by inverse modeling, i.e.,
fitting the developed models into gasification experiments data.

Table 3.1 summarizes each relevant kinetic, thermodynamic and thermal param-
eters and the experimental procedures used for their determination. Details and
relevance of each procedure, as well as the fitting methodology are discussed in the
next section.

Property Symbol Experimental procedure

Arrhenius pre-exponential factor A TGA
Arrhenius activation energy E TGA
Stoichiometric coefficient θ TGA
Heat of reaction H DSC
Heat capacity c DSC
Thermal conductivity k Cone calorimeter
Absorption coefficient α Cone calorimeter

Table 3.1: Kinetic, thermal and thermodynamic parameters describing the polymer
pyrolysis.

Final determination of the model parameters is obtained from inverse numerical
modelling of the experiments presented in Table. 3.1. The optimization was performed
by using an evolutionary optimization algorithm, the Shuffled Complex Evolution
(SCE) [102]. Its accuracy, efficiency, and robustness have been verified in previous
pyrolysis parameters optimization [53]. A general description of the SCE steps is
presented here, and an overall functionality of the optimization algorithm is shown in
Fig. 3.1. A more detailed presentation of the underlying theory of the algorithm can be
found in Refs. [102, 103].

1. Sample generation: s sample points are randomly generated within the feasible
parameter spectrum and the criterion value is computed at each point. In this
work, the criterion value is the relative discrepancy to the targeted experimental
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data. The root mean squared relative error was used to compute the difference
between the experimental and modeled data in the optimization process:

RMSRE =
√√√√ 1

N

n∑
i=1

(
Xi −Pi

Pi

)2

, (3.18)

where N is the total number of sample points and X and P represent the modeled
and experimental data, respectively. The targeted experimental points used
for optimization are precised for each situation in their corresponding results
section. This initial random sampling provides the potential for locating the
global optimum without being biased by pre-specifying starting points.

2. Point ranking: The s point are sorted in order of increasing RMSRE.

3. Partition into complexes: The s points are partitioned into p complexes, each
containing m points (s = p ×m). The partition in more numerous communities
enhances the exploration of the feasible space in more directions, allowing for
the possibility that the problem has more than one region of attraction.

4. Evolution of complexes: Complexes are evolved using the competitive complex
evolution (CCE) algorithm. This algorithm is based on the Nelder and Mead
Simplex downhill search scheme [104], which introduces competitiveness by
forming subcomplexes, promoting search towards promising regions. Further
details regarding this algorithm can be found in refs. [104, 102, 103].

5. Shuffling the complexes: The points of the evolved complexes are recombined
into a single sample population. The s points are re-sorted in order of increasing
RMSRE value and re-partitioned into p complexes as specified in steps 2 and 3.

6. Check convergence: If the pre-specified convergence criteria is satisfied, stop;
otherwise, continue.

7. Reduction in the number of complexes: As long as the number of complexes p
is greater than the minimum established value pmi n , remove the complex with
the lowest ranked value p = p −1 and s = p ×m. Return to step 4.

The targeted data for parameter fitting in TGA was the mass loss and mass loss rate
of the sample. For the cone calorimeter data, the mass loss rate (or heat release rate in
a non-inert atmosphere) and back surface temperature were considered.

3.2 Experimental procedure
The adopted experimental procedure for determining the relevant kinetic, thermo-
dynamic and thermal parameters identified in the previous section for the studied
pyrolyzing thermoplastics [50, 51].
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Start

Input: n=dimension; p=number of complexes;

m=number of points in each complex

Compute: sample size s=pxm

Sample s points randomly

Compute the function value et each point

Sort the s points in order of increasing RMSRE

Partition the domain into p complexes of m points

Evolve each complex (CCE algorithm)

Replace the evolved complexes

Convergence criteria

satisfied?

Stop

Yes

No

Figure 3.1: Flow chart of the shuffled complex evolution method. Adapted from Duan
et al. 1993 [102].

The first step of the parameter fitting methodology involves the analysis and in-
terpretation of Simultaneous Thermal Analysis (STA) experiments. It comprises two
experimental techniques, simultaneously employed to determine, on the one hand,
the kinetics and, on the other hand, the thermodynamic parameters: a thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC). A schematic of the
STA configuration is shown in Fig. 3.2.

TGA is a technique where the mass of a material is measured as a function of temper-
ature or time while the sample is subjected to a controlled temperature program in a
controlled atmosphere [105]. The temperature program in commercial TGAs typically
vary between ambient temperature to 1200 K or higher, which is sufficient to analyse
the polymers full degradation process. As shown in Fig. 3.2, a purge gas, commonly
nitrogen, flows through the balance to ensure an inert atmosphere. Additionally, the
moisture content of the purge gas can be controlled. Typical sample size ranges from
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3 to 10 mm, which ensures a constant temperature inside the material throughout the
heating program. With the assumption that the polymers degrade through consecu-
tive Arrhenius-based reactions, their respective decomposition kinetics parameters
may be determined by the aforementioned zero-dimensional numerical model, by
fitting into the material mass and mass loss profile.

DSC measures the heat flux with respect to a reference as a function of temperature
(see Fig. 3.2). In this process, the difference in the amount of heat required to increase
the temperature of a sample and a reference is measured as a function of temperature.
Sample and reference are maintained at the same temperature throughout the experi-
ment. DSC curves plot the heat flux versus temperature or time. The heat capacity, the
heat of melting and the heat of decomposition can be determined by this technique.

Balance mechanism

Purge N2 gas

(50 mL/min)

Furnace

(0.25-25 K/min)

Exhaust gases

Polymer sample

(5-10 mg)

Thermocouple

Reference sample

Heat flux sensor

Figure 3.2: Schematic of the simultaneous thermal analysis configuration.

Once the kinetic Arrhenius parameters, heat capacities and heats of melting and de-
composition are obtained, the heat transport related properties are obtained through
gasification experiments of thermally-thick samples under specified heat fluxes. A
schematic of the one-dimensional configuration for a radiation-driven pyrolysis un-
der a cone calorimeter is shown in Fig. 3.3. This experiment typically considers an
extruded sheet of a polymeric material, with an initial length, mass and temperature
of L = L0, m = m0 and T = T∞, respectively, exposed to a controlled radiant heat of
I 0

ex = q̇
′′
cone. The temperature evolution at the rear surface, as well as its mass evolution

may be measured, and these data are fitted by the aforementioned one-dimensional
model and optimization algorithm to determine the material thermal conductivity
evolution with temperature, as well as for validating the whole pyrolysis model.

For the experimental data used in this chapter [51], gasification experiments have
been performed in a cone calorimeter with samples of L = 6-7 mm under controlled
radiant heating in an inert atmosphere. Additionally, the radiant heat was assumed
to be fully absorbed at the solid top surface. A consequence is that the material
absorption coefficient does not need to be determined. A precision balance is used
to monitor the sample mass. An infrared camera pointed at the back surface of the
polymer sheet allows for measuring the back surface temperature, granting additional
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data for the model calibration and verification.

x

q''cone

q''loss

q''loss

Polymer

sample

Cone heater

L0, m0, T∞

Figure 3.3: Schematic of a one-dimensional pyrolysis of a polymer sample under a
cone calorimeter configuration.

3.3 Model calibration methodology
The methodology for parameter calibration over the three experimental procedures
described in the last section is presented in this section [50, 51]. The step-by-step
procedures for parameter fitting of polyoxymethylene (POM) are explained. The
experiments used for parameters determination are taken from Refs. [50, 51]. This
material has been chosen for this purpose because it is characterized by a melting
process and two chemical reaction decompositions, allowing for a complete analysis of
each experimental and numerical procedure. The resulting fitted parameters are then
compared with the ones retrieved from the original study of Stoliarov and colleagues
[50, 51], and differences between the obtained values are discussed.

The TGA of POM is presented in Fig. 3.4. In these figures and, in the following of
the manuscript, m, m0 and MLR = dm(t )/d t represent the current mass, the initial
mass and the mass loss rate, respectively. The left-side column (index a) shows the
ML whereas the right-side column (index b) shows the MLR. Analysis from mass loss
rate of POM from Fig. 3.4(b) shows two peaks. Each is attributed to a distinct chemical
reaction.
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Figure 3.4: Experimental [50] and fitted model for TGA of POM at 10 K min−1. (a)
Normalized mass of the burning sample as a function of temperature. (b)
Normalized mass loss rate as a function of temperature.

Moreover, differential scanning calorimetry (DSC) suggests a third peak of heat flow,
at a lower temperature than the other two, as shown in Fig. 3.5. It is not accompanied
by mass loss, and it is therefore assumed to be associated to the phase change (melting)
process.
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Figure 3.5: Experimental [50] and simulated DSC of POM at a heating rate of 10 K
min−1.

With the gathered information of decompositions and phase-change process, the
reactions are schematized here, and the first parameters to be determined are evi-
denced:
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POM → θmPOM_melt+Hm ;

POM_melt → θ1POM_int+H1;

POM_int → θ2POM_res+H2.

(3.19)

Number subscripts represent decomposition reactions, while m represents the melt-
ing reaction. Subscripts mel t , i nt and r es represent the distinct components of POM
degradation: melting, intermediate component and residue, respectively.

The mass loss and mass loss rate are obtained by solving Eq. 3.3. Fitting the exper-
imental data allows for calibration of the Arrhenius pre-exponential and activation
energy. An initial guess for these values are obtained from the following expressions
[50]:

E =
eRT 2

max
MLRmax

mi ni t

(1−θ) dT
d t

, (3.20)

A = MLRmax

mi ni t
exp

(
E

RTmax

)
. (3.21)

Here, the subscript max represents the maximum values taken at maximum of
the corresponding mass loss rate peak. mi ni t is the initial reactant mass and e is the
base of the natural logarithm. The subsequent refinement of these parameters was
obtained with inverse modelling of the material mass loss and mass loss rate data,
with the optimization algorithm described in section 3.1.4.

As shown in Fig. 3.4, tendencies for mass loss and mass loss rate were well captured
by the fitted model, considering both reactions. The second peak has been slightly
under-predicted in this fitting. Property names, units, values and error margins (if
any) are documented in Table 3.2. Even though good fitting with experimental data
was achieved, the optimized values occasionally diverged from the values determined
in the literature [50, 51]. This corroborates the statement of a non-unique solution for
the model input parameters.

Once the kinetic Arrhenius parameters are obtained, the heat capacities, heats
of reaction and melting may be determined from DSC data, presented in Fig. 3.5.
Heat capacities of solid and melted phases may be extracted directly from measured
heat flow data. Solid POM is assumed to be the only specie in the region before the
heat flow peak attributed to melting. The region after the melting peak and before
the reaction peaks are assumed to represent melted POM only. A simple linear fit is
executed in these areas in order to obtain the heat capacities that correspond with the
predominant condensed material. A heat flow baseline is computed to account for
the pure heat flow that corresponds to the material heating as if no chemical reactions
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Property Unit Value Error Literature value [50, 51]

A1 s−1 4.34 ×1014 50 % 3.84 ×1014

E1 kJ mol−1 187 5 % 200
θ1 - 0.400 - 0.400
A2 s−1 9.46 ×1035 20 % 4.76 ×1044

E2 kJ mol−1 466 2 % 590
θ2 - 0.018 - 0.018
Am s−1 2.70 ×1042 - 2.70 ×1042

Em kJ mol−1 382 - 382
H1 kJ kg−1 1005 5 % 1192
H2 kJ kg−1 1700 5 % 1352
Hm kJ kg−1 192 6 % 192
cPOM kJ kg−1 K−1 −1.60+0.011T - −1.86+0.0099T
cPOM_melt kJ kg−1 K−1 3.36+0.0011T - 1.65+0.0012T
cPOM_int kJ kg−1 K−1 3.36+0.0011T - 1.65+0.0012T
kPOM W m−1 K−1 0.44+7.5×10−4T - 0.25+1.6×10−5T
kPOM_melt W m−1 K−1 0.29−4.9×10−5T - 0.21+8×10−6T
kPOM_int W m−1 K−1 0.25−1.4×10−5T - 0.19+6×10−5T

Table 3.2: Kinetic, thermal and thermodynamic parameters describing POM melting
and decomposition.

or melting occurred. The heat flow difference between experimentally measured
and the baseline is integrated in time in order to obtain the heats of melting and
decomposition. In the case of POM, where the two chemical reactions juxtapose, a
total heat of degradation may be obtained (H1 +θ1H2), and fitting of the solution of
the zero-dimensional version of Eq. 3.14 allows for determination of heats of the first
and second reactions. A good prediction of the melting reaction is obtained. The
optimization of the combined parameters allowed for the separation between heats
of decomposition of the two reactions, and a relatively good fitting is obtained.

The cone calorimeter experimental data is used as means of thermal conductivities
determination and overall model verification. Six sets of experimental data are used
for the model fitting: mass loss rate and back surface temperature as a function of
time, for three different levels of radiant heat flux. Solution of Eq. 3.3 and Eq. 3.14
allows for determining the thermal conductivities as a function of temperature for
each individual chemical species.

Cone calorimeter experiments and numerical fitting are shown in Fig. 3.6 and
Fig. 3.7. Model results are within 5 % for back surface temperature measurements.
Agreement with measurements of mass loss rate is also remarkable, considering the
complexity of this material.
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Figure 3.6: Experimental [51] and simulated back surface temperature histories ob-
tained for POM at different radiant heat intensities. (a) q̇

′′
fl = 30 kW m−2; (b)

q̇
′′
fl = 50 kW m−2; (c) q̇

′′
fl = 70 kW m−2.
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Figure 3.7: Experimental [51] and simulated mass loss rate histories obtained for POM
at different radiant heat intensities. (a) q̇

′′
fl = 30 kW m−2; (b) q̇

′′
fl = 50 kW

m−2; (c) q̇
′′
fl = 70 kW m−2.

3.4 Results and discussion
The parameter-calibrated model fittings are now presented over their correspondent
experimental data [50, 51] for the other two tested materials in this section. The
calibrated parameter values are presented and discussed.

3.4.1 Polymethylmethacrylate (PMMA)
PMMA shows a change in its structure to a glass phase at T = 403 K. This is assumed
to occur instantly when the material reaches this temperature, and causes a change in
its thermal conductivity. The calibrated PMMA parameters are shown in Table 3.3.

The fitted zero-dimensional model over the TGA experimental data [50] is presented
in Fig. 3.8. The mass evolution normalized by the initial mass as a function of tempera-
ture is shown in Fig. 3.8(a), and the normalized mass loss rate is depicted in Fig. 3.8(b).
For PMMA, only one reaction is considered, based on the single mass loss rate peak at
T ≈ 650 K. A good agreement is obtained with experimental results for both cases.
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Property Unit Value Error Literature value [50, 51]

A1 s−1 3.80 ×1012 40 % 8.6 ×1012

E1 kJ mol−1 183 2 % 188
θ1 - 0.015 - 0.015
H1 kJ kg−1 915 5 % 846
cPMMA kJ kg−1 K−1 1.27+0.0006T - 0.6+0.0036T
cPMMA_glass kJ kg−1 K−1 1.27+0.0006T - 0.6+0.0036T
kPMMA W m−1 K−1 0.49−4.7×10−4T - 0.45−3.8×10−4T
kPMMA_glass W m−1 K−1 0.42−4.6×10−4T - 0.27−2.4×10−4T

Table 3.3: Kinetic, thermal and thermodynamic parameters describing PMMA melting
and decomposition.
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Figure 3.8: Experimental [50] and fitted model for TGA of PMMA at 10 K min−1. (a)
Normalized mass of the burning sample as a function of temperature. (b)
Normalized mass loss rate as a function of temperature.

Figure 3.9 shows the experimental and numerically fitted evolution of the mass-
normalized heat flow in time, obtained at the differential scanning calorimetry experi-
ments. The heat flow baseline is also displayed, evidencing the area that is integrated
in order to determine the heat of decomposition. A slight shift of the reaction peak
may be observed this time for the model, when using the recently determined Arrhe-
nius parameters. These properties will be later re-calibrated over the cone calorimeter
experiment, considering their error margins.

The final thermal parameters are calibrated, along with the gathered parameters
from TGA and DSC on the cone calorimeter gasification experiments. PMMA pos-
sesses the particularity of a glass phase change, assumed to happen instantaneously at
T = 403 K. As a consequence, additional thermal conductivities must be recalculated
through the optimization procedure.

The back surface temperature evolution in time for the PMMA gasification is anal-
ysed in Fig. 3.10, for three levels of incident heat flux. Good agreement with experi-
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Figure 3.9: Experimental [50] and simulated DSC of PMMA at a heating rate of 10 K
min−1.
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Figure 3.10: Experimental [51] and simulated back surface temperature histories ob-
tained for PMMA at different radiant heat intensities. (a) q̇

′′
fl = 20 kW m−2;

(b) q̇
′′
fl = 40 kW m−2; (c) q̇

′′
fl = 60 kW m−2.

Mass loss rate data is also used as means of parameter fitting. The one-dimensional
model results fitted over the experimental data are shown in Fig. 3.11. The agreement
is not perfect, but the curves tendencies are well captured for the three tested radiant
heat levels.
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Figure 3.11: Experimental [51] and simulated mass loss rate histories obtained for
PMMA at different radiant heat intensities. (a) q̇

′′
fl = 20 kW m−2; (b) q̇

′′
fl = 40

kW m−2; (c) q̇
′′
fl = 60 kW m−2.

3.4.2 High-impact polystyrene (HIPS)
The same procedure is now applied for parameter calibration over gasification experi-
ments of high-impact polystyrene. This may be considered as the "simplest" material
over the three tested polymers in this section. Similarly to PMMA, it possesses only one
chemical reaction, as evidenced by TGA results, and no melting reaction, as evidenced
by DSC results. Moreover, no other particular phase transition is observed. Therefore,
one set of chemical reaction parameters needs to be determined, as well as thermal
properties for only one species. The calibrated parameters are shown in Table 3.4.

Property Unit Value Error Literature value [50, 51]

A1 s−1 2.42 ×1019 40 % 1.7 ×1020

E1 kJ mol−1 285 5 % 301
θ1 - 0.043 - 0.043
h1 kJ kg−1 716 5 % 689
cHIPS kJ kg−1 K−1 2.23+0.0002T - 0.59+0.0034T
kHIPS W m−1 K−1 0.49−6.3×10−4T - 0.1+1.0×10−4T

Table 3.4: Kinetic, thermal and thermodynamic parameters describing HIPS thermal
decomposition.

The fitted TGA model is first presented in Fig. 3.12. The curve tendencies are similar
to TGA of PMMA. Good agreement is observed for mass loss and mass loss rate curves.
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Figure 3.12: Experimental [50] and fitted model for TGA of HIPS at 10 K min−1. (a)
Normalized mass of the burning sample as a function of temperature. (b)
Normalized mass loss rate as a function of temperature.

The DSC of HIPS is presented in Fig. 3.13. Once more, curve tendencies are well
predicted, though the pre-calibrated Arrhenius parameters under-predict its heat flow
of the reaction peak. The inert heat flow baseline is also plotted for evidencing the
reaction heat of decomposition, which is considerably smaller in magnitude that the
one observed for PMMA.
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Figure 3.13: Experimental [50] and simulated DSC of HIPS at a heating rate of 10 K
min−1.

The cone calorimeter experiments and fitted model results are finally presented in
Fig. 3.14 and Fig. 3.15. It can be said that a good agreement with experimental results
has been achieved for both set of data, for the three heat flow intensities. Moreover,
numerical results were largely similar to the original fitted model, even if different
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properties were determined. This corroborates again the statement of non-unique
solution for these parameters fitting.
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Figure 3.14: Experimental [51] and simulated back surface temperature histories ob-
tained for HIPS at different radiant heat intensities. (a) q̇

′′
fl = 30 kW m−2;

(b) q̇
′′
fl = 50 kW m−2; (c) q̇

′′
fl = 70 kW m−2.
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Figure 3.15: Experimental [51] and simulated mass loss rate histories obtained for
HIPS at different radiant heat intensities. (a) q̇

′′
fl = 30 kW m−2; (b) q̇

′′
fl = 50

kW m−2; (c) q̇
′′
fl = 70 kW m−2.

3.5 Conclusions
In order to predict the polymers behaviour as they thermally degrade, a numerical
pyrolysis model that is to be implemented on the flame spread model has been de-
veloped. The governing equations of the zero and one-dimensional approaches have
been presented, as well as their boundary conditions. This model requires the deter-
mination of several material parameters, related to their kinetic, thermodynamic and
transport properties. A methodology has been applied to calibrate these parameters
over three experimental procedures: thermogravimetric analysis, differential scanning
calorimetry and cone calorimeter gasification. An optimization algorithm has been
employed for calibrating the numerical results using the same configurations of each
experiments, allowing to determine each material parameter. Three polymers have
been investigated for these purposes: polymethylmethacrylate (PMMA), high-impact
polystyrene (HIPS) and polyoxymethylene (POM). A last comparison of each numeri-
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cal results with their corresponding experimental data shows good agreement, thus
validating the developed model and optimization procedures.

The calibrated properties have often diverged from other models observed in the
literature, even if extremely similar results of mass loss, mass loss rate, heat flow and
back surface temperature were obtained. This corroborates the assessment that the
solution is not unique, and therefore a methodology that calibrates one (or one small
group of) parameter at a time over numerous experiments is necessary in order to
minimize errors.

Overall agreement with experimental results is remarkable. In the case of PMMA
cone calorimeter fitting, a larger discrepancy has been observed. This may be due to
this material change to glass phase from a certain temperature, and it could result in
a difficulty to predict the material thermal transport within the material. Numerical
results for HIPS and POM (not shown) have been identical to the Thermakin code,
when using the same properties and configurations.

Thermal conductivities have been shown to be particularly difficult to determine
with precision. A slight change in other parameters or configurations has resulted
in large changes of this property among a material’s components. This problem has
also been observed in other studies [46]. This should not result in significant error
propagation when applying the developed pyrolysis model inside the 2D flame spread.
As thoroughly discussed in Chapter 2, heat transfer is significantly more impactful
inside a metallic wire core than in its polymer insulation.

The implementation of this model on the tested low-density polyethylene (LDPE)
coating is the subject of the next chapter. The gasification of this material on a non-
inert atmosphere (i.e. in the presence of oxygen) needs be considered, as combustion
will occur and new heat fluxes must be taken into consideration. The model must
be then reformulated to a two-dimensional (in cylindrical coordinates) model, and
attention must be drawn to the material deformation, since LDPE shows a change in
its density with the temperature increase.
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Polyethylene, with its broad spectrum of attractive physical properties, is employed
in a multitude of industrial applications, such as packaging, containers, piping, wire
and cable insulation [106]. It also has potential consideration for applications in the
context of space exploration, which is the current research interests of the authors, as
polyethylene-based composite materials are currently being investigated as a solution
for radiation shielding material in spacecrafts [107]. However, its high flammability
constitutes a major drawback for these applications. Such as studied in Chapter 2,
the variant low-density polyethylene (LDPE) has been used as coating of laboratory
wires as an international target configuration to investigate flammability properties
of electrical cables in both normal and microgravity conditions [22, 86, 30, 100]. It is
therefore of great interest to understand and predict the thermal decomposition of
this material.

In this chapter, the previously developed and validated pyrolysis code is applied to
simultaneously reproduce the thermal decomposition of LDPE in the aforementioned
described experimental procedures. The experiments (TGA, DSC, cone calorimeter)
reported in this Chapter and the next one have been conducted at the UMET Lille in
collaboration with Professor Serge Bourbigot. The cone calorimeter experiments have
been performed in a non-inert atmosphere. In this configuration, a flame that covers
the pyrolysing sample is observed once ignition occurs. As a consequence, additionally
to the heat flux from the cone heater, an flame heat flux must be modeled over the
solid top surface. An empirical flame model for the burning of common polymer
samples has been proposed by Stoliarov [48], where the interaction between the flame
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4 Thermal decomposition of low-density polyethylene – 4.1 Numerical methodology

and the sample surface was characterized by adding a 12-24 kW m−2 radiative heat
flux source term once ignition occurs. This heat flux was not directly measured but
was determined from inverse analysis of the burning material heat release rate (HRR).

In the next section, the material is described, along with its previously gathered
properties. The experimental methodologies are also presented. In the following sec-
tion, the results relative to TGA and DSC experiments are first discussed, followed by
those concerning the cone calorimeter experiments. Details about the determination
of the flame heat flux are presented. Finally, the conclusions drawn from this study
are summarized.

4.1 Numerical methodology
The methodology and details for determining the apparent properties that control
the thermal degradation of LDPE have been presented in Chapter 3. Modelling of
the gasification experiments follows the governing equations presented in section 3.1.
The parameter calibration methodology is thoroughly described in section 3.2 and the
optimization of the model parameters uses the algorithm described in section. 3.1.4.

Due to a non-inert atmosphere in the cone calorimeter experiments, a flame appears
over the pyrolyzing LDPE surface which alters the incident heat flux onto the top
sample surface. The boundary conditions are thus updated to account for the flame
heat feedback. Once ignition occurs, the modeled incident heat flux, which differs
from Eq. 4.1 from Chapter 3, becomes:

I 0
ex = (1−R)× (q̇

′′
cone + q̇

′′
flame), (4.1)

where q̇
′′
flame is the flame heat flux, applied once the sample is ignited. Consistently

with the modelling approach of Stoliarov et al. 2009 [48], the flame heat flux is assumed
to be radiative in nature and will be determined by fitting the results of one of the cone
calorimetry experiments. Ignition is assumed to occur (ti g ) when the solid surface
reaches its pyrolysis temperature Tpyr (see Table 4.1). The surface reflectivity is set to
R = 0.05 (Table 4.1). Prior to ignition, boundary conditions are described in Eq. 3.16.
After ignition, heat losses are neglected at the top surface:

k
∂T

∂x
= 0, (4.2)

for x = 0, t > ti g .
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4.2 Experimental methodology

4.2.1 Material
LDPE was supplied by Sabic (Netherlands) in the commercial grade Sabic®LDPE
2602X1 00900. The LDPE properties, also discussed in Chapter 2, are presented in
Table 4.1. The broadband surface reflectivity was estimated from the average of a wide
range of thermoplastics [52].

Property LDPE_solid LDPE_melt

Density, ρ (kg/m3) 948.2 948.2−0.94× (T −T∞)
Reflectivity, R 0.05 0.05
Pyrolysis temperature, Tpyr (K) - 660

Table 4.1: LDPE properties.

4.2.2 Simultaneous Thermal Analysis (STA)
Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were
conducted simultaneously using a Netzsch 449 F3 Jupiter thermal analyser. An overall
configuration of these experiments has been shown in Fig. 3.2. STA tests utilized
a temperature program that consisted of a conditioning period, when the sample
was maintained at 303 K for 25 min, followed by linear heating at a nominal rate
of 5 K min−1. This heating rate was chosen to be sufficiently slow to ensure that
the sample did not experience significant temperature or composition gradients.
The samples were heated through decomposition up to the temperature where no
significant mass loss was detected.

Additional TGA tests were carried out using a Netzsch TG 209 F1 Libra at five linear
heating rates of 1,2,5,10 and 20 K min−1 from 300 K to 1000 K. These heating rates were
generally sufficiently slow to ensure that the sample did not experience significant
temperature or composition gradients. The tests were performed in an anaerobic
environment established by continuously purging the furnace with nitrogen at a flow
rate of 50 cm3 min−1. Samples of an initial mass of m0 = 10 mg (±0.3 mg) were put
in open alumina pans to maximize temperature uniformity. The sample mass was
collected as a function of time and temperature. Each test was repeated 3 times and
recorded mass signals were averaged prior to further analysis. The TGA experiments
provide the evolution of the sample mass loss (ML) and mass loss rate (MLR) with the
temperature and the peaks of MLR are interpreted as apparent chemical reactions.
So, this approach does not resolve the detailed chemical species involved in the
decomposition.
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4.2.3 Cone calorimetry
FTT (Fire Testing Technology) Mass Loss Calorimeter (MLC) was used to carry out
measurements on samples following the procedure defined in ASTM E 906. An overall
configuration of these experiments has been shown in Fig. 3.3. The equipment is iden-
tical to that used in oxygen consumption cone calorimetry (ASTM E-1354-90), except
that a thermopile in the chimney is used to obtain heat release rate (HRR) rather than
employing the oxygen consumption principle. The procedure consists in exposing
100 mm×100 mm×6 mm samples in a horizontal orientation to external radiative
heat fluxes of 25, 35, 50 and 60 kW m−2. The heat flux of 35 kW m−2 corresponds to
a common heat flux in a mild fire scenario [63]. MLC was used to determine heat
release rate (HRR) and total heat release (THR). When measured at 35 kW m−2, HRR is
reproducible within ±10 %. The cone data reported in this work are the average of two
replicated experiments.

4.3 Results and analysis

4.3.1 STA Experiments
The mean experimental DSC data of LDPE at a heating rate of 5 K min−1 is shown in
Fig. 4.1. The peak normalized heat flow depicted in Fig. 4.1 occurs at a temperature of
T ≈ 400 K . Since no mass loss was found to be associated to this process in the TGA
experiments, it is assumed to be related to the melting reaction. Below the melting
temperature, LPDE is in solid form and its heat capacity was fitted by a second-order
polynomial, cLDPEsol i d = 15773−105.7T +0.2T 2 J kg−1 K−1. Above this temperature,
LDPE is in molten phase and its heat capacity is c = 1228.3+3.4T J kg−1 K−1. The
heat of melting was determined by integrating in time the difference between the
experimental heat flow and the baseline one (green curve in Fig. 4.1), this latter being
computed by assuming that no melting reactions occurred (see Fig. 4.1). The kinetic
parameters that describe the melting reaction of LDPE are obtained from inverse
modeling of DSC at this given heating rate and the quality of the fit is illustrated by the
red curve in Fig. 4.1.

92



4 Thermal decomposition of low-density polyethylene – 4.3 Results and analysis

Temperature (K)

N
o
rm

al
iz

ed
 h

ea
t 

fl
o
w

 (
W

 k
g

­1
)

300 400 500 600 700 800

0

200

400

600
Experiments

H baseline

Model

Figure 4.1: Experimental and simulated DSC of LDPE at a heating rate of 5 K min−1.

The TGA of LDPE at heating rates of 1, 2, 5, 10 and 20 K min−1 are plotted in Fig. 4.2.
Figure 4.2 indicates that the pyrolysis of LDPE can be represented by a single first-order
reaction, which peaks between 680 K and 730 K. In addition, almost no condensed-
phase residue remains at the end of each test (θ ≈ 0.35 wt%). The kinetic parameters
were then obtained from an inverse modeling of the TGA at 2 and 10 K min−1. Both
ML and MLR were targeted during the optimization process.

The resulting LDPE reaction mechanism is provided in Table 4.2, and the corre-
sponding optimized parameters are listed in Table 4.3. Reaction (1) describes the
LDPE melting, observed experimentally in DSC experiments, whereas reaction (2)
describes the LDPE pyrolysis (gasification), observed in TGA experiments. Number
subscripts represent decomposition reactions. The optimized activation energy for
LDPE gasification reaction is consistent with the upper range reported in the literature
[108]. The value for the enthalpy of LDPE melting is slightly lower than the range
reported in the literature (−100 < H1 <−50 J g −1) [109, 110]. However, it should be
pointed out that these latter values were not determined from a heat baseline such as
done in the present work. The enthalpy of pyrolysis (H2) is determined and discussed
in the next section. Figures 4.1 and 4.2 show that the computed normalized heat flow,
ML and MLR reproduce well the experimental data, not only for the heating rates used
for the optimization (2 and 10 K min−1 for TGA experiments) but also for the other
heating values, demonstrating the robustness of the mechanism.
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Figure 4.2: Experimental and simulated TGA of LDPE at the heating rates of 1, 2, 5, 10
and 20 K min−1. (a) Normalized mass loss. (b) Normalized mass loss rate.
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Reaction

(1) LDPE_solid → θ1LDPE_melt
(2) LDPE_melt → θ2LDPE_res+ (1−θ2)LDPE_gas

Table 4.2: Reaction mechanism of LDPE thermal decomposition.

Reaction A(s−1) E (J mol−1) θ H (J kg−1)
(1) 2.4 ×1048 372000 1 -32700
(2) 8.4 ×1018 291500 0.0035 -1140000

Table 4.3: Kinetic and thermodynamic parameters describing LDPE thermal decom-
position.

4.3.2 Cone calorimeter
The experimental heat release rates (HRR) obtained from cone calorimeter experi-
ments at different cone heat fluxes are shown in Fig. 4.3. When the cone radiative
flux is increased, the time to ignition and burning duration decrease while the peak of
HRR increases. The time evolution of the HHR is similar for the four cases: ignition
is followed by a rapid increase in HRR until a short plateau or peak. Then, the HRR
decreases until extinction. The final residual mass represents in average 3.5 % of the
initial mass of the sample.

Assuming that the instantaneous heat of combustion is constant [60], the HRR has
been obtained numerically by multiplying the MLR by the heat of combustion of
polyethylene ∆Hc,PE = 43.28 kJ g−1 [111]. Four apparent properties were optimized by
the inverse modelling of cone calorimetry experiments: the thermal conductivity (and
its linear evolution with temperature) and radiation absorptivity, α, of LDPE_solid
and LDPE_melt, and the enthalpy of the pyrolysis reaction (H2). These parameters
were obtained by optimizing the HRR for q̇

′′
cone = 25 and 60 kW m−2. The flame heat

flux has also been numerically fitted in this step, targeting the HRR in the optimization
process for the same cone heat fluxes as those used for the parameter fitting. Incre-
ments of 1 kW m−2 were applied to the flame heat flux until best agreement with the
experimental data was achieved in the optimization algorithm. The flame heat flux
for LDPE was found to be q̇

′′
cone =12 kW m−2, which is consistent with values obtained

by [48] for similar polymers (PMMA and HDPE) when using the same methodology.
Table 4.4 shows the final optimized parameters. The thermal conductivity of

LDPE_solid at ambient temperature is within the range of the values reported in
the literature (approximately 0.3 W m−1 K−1 [93]). No reference value was found in the
literature for thermal conductivity of LDPE_solid. The absorption coefficients of solid
and melt LDPE were also in the range of the average values of thermoplastics [52].
The value of the heat of pyrolysis (shown in Table 4.3) is also in the range of the heats
of decomposition of common plastics and polymers [112]. Figure 4.3 shows that the
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model represents the HRR accurately, not only for the targeted cases of incident heat
flux used for the optimization (q̇

′′
cone = 25 and 60 kW m−2) but for the two other cases,

showing the robustness of the model and its calibrated parameters. The peak and total
HHRs are within 15 % of experimental results in all observed cases. The numerically
determined ignition time also represents well the experimental data qualitatively, as
shown in Fig. 4.4.
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Figure 4.3: Experimental and simulated heat release rate history of LDPE at the at
different radiant heat intensities. (a) q̇

′′
cone = 25 kW m−2. (b) q̇
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Component k(W m−1 K−1) α (m−1)
LDPE_solid 0.31−9×10−5 T 1.52
LDPE_melt 0.2−8.8×10−5 T 1.13

Table 4.4: Heat transfer parameters describing LDPE thermal decomposition.
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Figure 4.4: Experimental and numerically calculated time to ignition for the four
observed cases of cone heat flux.

4.4 Conclusions
A semi-empirical model involving a semi-global mechanism based on first- and
second-order reaction and a detailed description of the heat transfer mechanism
have been exercised to characterize the thermal decomposition of LDPE. The kinetic,
thermodynamic ad thermal parameters are obtained from inverse modelling of TGA,
DCS and cone colorimeter experiments over a wide range of heating rate and cone
radiative fluxes, respectively, using the Shuffled Complex Evolution optimization al-
gorithm. The semi-global reaction mechanism for the degradation of LDPE consists
of two consecutive first-order reactions for the melting and gasification. The derived
parameters as well as the flame heat flux in cone calorimeter experiments are in line
with those measured and reported in the literature. The final model and fitted pa-
rameters are shown to predict the time to ignition and the time evolution of the heat
release rate of experiments within the engineering accuracy.
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A practical solution to mitigate the high fire risks attributed to polymers is the in-
corporation of fire retardants. These additives typically work by lowering the material
flammability and/or slowing down the flame spread. One of the most promising
solutions to improve fire resistance of polymeric materials are intumescent flame
retardants (IFR) [113]. Their fire mitigation mechanism is based on the formation of a
swollen char that acts as a thermal shield towards external heat sources [11, 12, 13].
Their efficiency in reducing flammability was well documented [65]. In this chapter,
the intumescent flame retardant additive studied is a combination of ammonium
polyphosphate (APP), which works as an acid source and blowing agent, and pentaery-
thritol (PER) as the charring agent. The reaction process of the APP/PER mixture was
intensively studied in the 80s and 90s [66, 67, 68, 114]. It was shown that the addition
of 15 wt% of APP/PER to a matrix of polypropylene achieves a Limiting Oxygen Index
of 30 %, which is the requirement for polymer commercial applications [67]. The addi-
tion of APP, PER and melamine was found to improve polypropylene’s flammability
in terms of heat release rate, limiting oxygen concentration and smoke release, while
retaining its mechanical properties [115].

The multi-step pyrolysis code and inverse modelling methodology for input param-
eter determination, thoroughly discussed in Chapter 3, to develop a pyrolysis model
for polymers, has been extended to multi-component blends and, more specifically, to
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flame retardant additives in a polymeric matrix by Ding and colleagues [78]. An intu-
mescent flame retardant system of Poly(lactic acid), melamine and APP with different
concentrations was considered for building a semi-global reaction mechanism con-
sisting of first and second-order reactions. Inverse numerical modelling of TGA, DSC
and microscale combustion calorimetry (MCC) were used to determine the relevant
kinetics and thermodynamics parameters. Following the work of Ding and colleagues,
cone calorimeter experiments over the same IFR system were used to measure the
mass loss rate (MLR), back surface temperature and shape profile of the pyrolyzing
sample in an anaerobic environment [80]. Their modeling framework Thermakin2Ds
[45] was used for inverse analysis of the experimental data, allowing to determine the
relationship between thermal transport properties and material composition. The
controlling of the model apparent properties allowed to simulate the effects of intu-
mescence on the reduction of the material heat release rate upon gasification. This
same methodology was also applied to build a semi-global reaction mechanism and
determine the kinetics and thermodynamics parameters of chopped glass fiber rein-
forced polyamide (PA66) blended with a condensed-phase-active flame retardant red
phosphorus [82]. This reaction mechanism was considered for the inverse modelling
of cone calorimetry data in view to characterize heat and mass transport parameters
[116]. The final pyrolysis model was found to predict accurately the evolution of the
heat release rate in the gasification of disk-shaped samples subjected to well-defined
radiant heating in an anaerobic environment for different blend compositions.

In this work, a semi-global reaction mechanism for the thermal decomposition of
an intumescent flame retardant system is built based on TGA and DSC experiments.
The inverse modeling technique used in this work is applied again to determine the
kinetics and thermodynamics of thermal decomposition of the multi-component
mixture. Cone calorimetry data in a non-inert atmosphere is then conducted, and the
thermal transport properties are determined. The IFR system chosen in this chapter
is low-density polyethylene (LDPE) blended with ammonium polyphosphate (APP),
and pentaerythritol (PER). The experimental and numerical procedures follow the
guidelines described in Chapters 3 and 4 and will be not mentioned in this chapter.

5.1 Materials
Three neat materials are considered in this chapter: low-density polyethylene (LDPE),
ammonium polyphosphate (APP) and pentaerythritol (PER), whose formulation
names, blends and compositions are provided in Table 5.1. LDPE was supplied by
Sabic (Netherlands) in the commercial grade Sabic®LDPE 2602X1 00900. APP is the
commercial grade of Clariant (Germany) with the brand name Exolit AP422. PER was
supplied by Aldrich.

Neat APP, PER and AP, that refers to APP/PER fire retardant with the ratio 3:1 (wt/wt)
hereafter, were tested in the form of powder. The ratio of APP/PER = 3 was selected
as it can lead to the formation of an intumescent maximum [117].

APP/PER samples were prepared by conventional powder mixing. LDPE was blended
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with 10 wt% of AP in a twinscrew extruder. Compounding was performed using HAAKE
Rheomix OS PTW 16 twin-screw extruder. The extruder is a co-rotating intermeshing
twin screw with a barrel length of 400 mm and a screw diameter of 16 mm (L/D = 25)
with 10 zones. LDPE and AP were incorporated using two gravimetric side feeders
into the extruder. The polymer flow rate is fixed to extrude about 500 g/h with a screw
speed of 300 rpm. For the TGA analysis of the LDPE90AP10 samples (see Table 5.1),
small pieces of material were cryogenically grinded into powder and about 7 mg of
powder was put in alumina pan

Formulation name LDPE (wt. %) APP (wt. %) PER (wt. %)
Pure LDPE 100 0 0
Pure APP 0 100 0
Pure PER 0 0 100
AP 0 75 25
LDPE90AP10 90 7.5 2.5

Table 5.1: Material and blend compositions.

5.2 STA Results

5.2.1 Methodology
The methodology to develop a semi-global kinetic mechanism for the thermal decom-
position of the intumescent flame retardant system is described here. The first step
consisted in developing a kinetic mechanism for each of the neat materials separately
(APP, and PER, such as previously performed for LDPE). In a second step, a semi-global
reaction mechanism for the flame retardant blend AP was developed. During this
stage, strong interactions between the neat components, i.e. APP and PER, were
observed and a physically-based semi-global mechanism was built by relating the
chemical reactions, deduced from analysis of the mass loss rate from TGA, to the main
steps of the mechanism of intumescence [13]. Finally, the individual mechanisms
of LPDE and AP were combined to generate the mechanism for the LDPE/APP/PER
blend. This mechanism was validated in a 90%LDPE/10% AP system and was slightly
updated to account for the possible interactions between the LDPE and the APP/PER
additive.

5.2.2 TGA of neat materials
The mean experimental TGA data of the neat APP and PER are shown in 5.1 and 5.2,
respectively. The TGA of LDPE, which is also used in this chapter, was shown and
analysed in Fig. 4.2.
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Figure 5.1: Experimental and simulated TGA of APP at 10 K min−1. (a) Normalized
mass loss. (b) Normalized mass loss rate.
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Figure 5.2: Experimental and simulated TGA of PER at 10 K min−1. (a) Normalized
mass loss. (b) Normalized mass loss rate.

Figure 5.1 suggests that the decomposition of APP is characterized by three distinct
first-order reactions at T ≈ 600,700 and 850 K whereas the solid residue at the end of
the test is estimated to be around 40%. The second reaction peak at T ≈ 700 K is less
distinguishable than the two others as the corresponding reaction is characterized by a
low reaction rate. However, it was found crucial to account for it to match experimental
data at this region. A similar analysis of Fig. 5.2 indicates that the degradation of PER
is represented by a single first-order reaction at T ≈ 550 K. The reaction models and
the optimized kinetic parameters for the neat APP and PER are given in Table 5.2 and
Table 5.3, respectively, and the quality of the fits is illustrated in Figs. 5.1 and 5.2. Both
the mass and MLR histories were targeted in the optimization process. Reactions (1)
and (2), not shown in these tables, correspond to the decomposition of neat LDPE,
previously presented in Tables. 4.2 and 4.3.

The TGA of APP reported by Ding et al. [78] is qualitatively consistent with that
reported in this study with the three reactions occurring at similar temperatures.
However, some differences are observed, in particular, concerning the magnitude
of the third reaction peak which was found higher in the experiments of [78]. This
explains that different kinetic parameters were obtained. On the other hand, TGA of
PER was reported in Ref. [118] with a similar behaviour as observed in the present
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Mechanism Reaction

APP MECH
(3) APP → θ3APP_res1+ (1−θ3)APP_gas
(4) APP_res1 → θ4APP_res2+ (1−θ4)APP_res1_gas
(5) APP_res2 → θ5APP_res3+ (1−θ5)APP_res2_gas

PER MECH (6) PER → θ6PER_res+ (1−θ6)PER_gas

Table 5.2: Reaction models of the decomposition of the neat materials.

Reaction A(s−1) E (J mol−1) θ

(3) 1.40 ×105 88200 0.87
(4) 0.05 23800 0.76
(5) 1.71 ×1015 280400 0.68
(6) 7.30 ×1013 165900 0.006

Table 5.3: Kinetic parameters describing the neat materials thermal decompositions.

study. However, no kinetic model was proposed in this study.

5.2.3 TGA of the intumescent blend AP
A first attempt to simulate the decomposition of the intumescent blend AP was made
by assuming that APP and PER do not interact. In this case, the mass of the sample is
computed as a mass weighted sum of APP and PER and the individual mass loss rates of
APP and PER are obtained from the reaction models given in Table 5.2. Figure 5.3 shows
that this approach produces large discrepancies between simulated and experimental
results, indicating that strong interactions between APP and PER occur throughout
the process. This behaviour is consistent with previous experimental observations
[66]. A semi-global reaction model is designed to account for these interactions by
relating the reaction events in the MLR to the mechanism of intumescence.

The TGA of AP is shown in Fig. 5.4(a), for five sets of heating rates of 0.25, 1, 2, 10 and
20 K min−1. A systematic behavior is observed for the different heating rates and the
MLR for an heating rate of 20 K min−1 is selected for analysis (see Fig. 5.4(b)). Figure
5.4(b) shows that five apparent reactions can be clearly identified. Similar observations
were made by [70] in TGA at an heating rate of 10 K min−1. These different reactions
can be related to the three-step in the mechanism of intumescence [66, 68, 119, 120,
13]:

1. The acidic species (APP and its degradation products into orthophosphates and
phosphoric acids) reacts with the char forming agent (PER) to produce ester
mixtures (T < 550 K). At the end of this process, the carbonisation process takes
place via a free radical process. This sequence of chemical events is modeled
by a single second-order reaction, reaction I, between APP and PER leading to
formation of the ester mixtures AP1 (see Table 5.4).
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Table 5.2 at 10 K min−1. (a) Normalized mass loss. (b) Normalized mass
loss rate.

+++++++++++++++++++
+
+
+
+
++++

+
+
+
+
+
+
+
+++++++++++++

+
+
+
+
+

+

+

+

+

+

+

+
+
+++++++++

Temperature (K)

m
/m

0
 (

­)

300 400 500 600 700 800 900 1000
0

0.2

0.4

0.6

0.8

1

1.2 0.25 K min
­1

1 K min
­1

2 K min
­1

10 K min
­1

20 K min
­1

+

a)

AP

Temperature (K)

M
L

R
/m

0
 (

s­1
)

300 400 500 600 700 800 900 1000

0

0.0005

0.001

0.0015

0.002b)b)

AP

I

II
III

IV

V
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2. The blowing agent decomposes to yield gaseous products (i.e. ammonia evolved
from the decomposition of APP), forming the char to swell (550 < T < 620 K). This
sequence of chemical events is modelled by a second-order reaction, reaction II,
and a first-order reaction, reaction III (see Table 5.4).

3. The intumescent material decomposes and loses its foamed character (T >
700 K). Concurrently, the heat conductivity of the char decreases with the high
temperatures, enhancing the insulation of the substrate [64]. This sequence of
chemical events is modelled by reaction IV (see Table 5.4).

Finally, a strong vaporization of the remaining material (reaction peak V) is ob-
served at 750 < T < 850 K, which can be assigned to the degradation of phospho-
carbonaceous species and to the subsequent sublimation of phosphorus oxide [120].
A peak at similar temperature is observed in the TGA of neat APP (see Fig. 5.1) and,
accordingly, this reaction was attributed to the final decomposition of the remaining
APP and its decomposition products (see Table 5.4).

Most of the information on the APP/PER products and their physical characteristics
discussed previously come from visual observations. However, the information on the
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morphology of the foam and the thermal conductivity of the system were deduced
from direct measurements, involving X-ray computed tomography and Hot Disk
thermal constants analyzer, respectively, in a polyurethane matrix filled either by
30 wt.% of APP or by a combination of 28 wt.% of APP and 2 wt.% of nano-magnesium
oxide [64].

Mechanism Reaction

AP MECH

(I) αI APP+PER → θI AP1 + (1−θI )AP_gas
(II) αI I APP+AP1 → θI I INTUM+ (1−θI I )INTUM_gas
(III) INTUM → θI I I INTUM2+ (1−θI I I )INTUM2_gas
(IV) INTUM2 → θIV INTUM2_res+ (1−θIV )INTUM2_res_gas
(V) APP → θV APP_res+ (1−θV )APP_res_gas

Table 5.4: Reaction model of AP.

The terms INTUM and INTUM2 denote the intumescent material, and they are
treated in the model as single, uniform components, as described in the item 2. It
is also important to note that the term APP, in reactions I, II and V may not refer
to as the exact same component. As discussed in the item 1, APP decomposes into
ammonia, orthoposphates and phosphoric acids [13] and it has been assumed that this
decomposition is infinitely fast throughout the overall process and plays little effect
in the mass loss of the system. A consequence is that APP can be treated as the same
component in the semi-global reaction model. All gaseous products nominations are
theoretical, and they likely consist of a mixture of degradation products, such as water,
ammonia and other boiling products [66].

In order to inverse-model the AP degradation, the optimization procedure was
performed from the ML and the MLR at 1 and 10 K/min−1 and the kinetic parameters
are listed in Table. 5.5. The accuracy and the robustness of the AP MECH reaction
model are illustrated in Figs. 5.5 which shows that both experimental ML and MLR
are well reproduced at all the heating rates. The assumption of thermally-thin sample
may become questionable at a heating rate of 20 K min−1 which may explain the larger
discrepancies observed for this specific rate.
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Figure 5.5: Experimental and simulated TGA of AP, using AP MECH, at the heating
rates of 0.25, 1, 2, 10 and 20 K min−1. (a) Normalized mass. (b) Normalized
mass loss rate.
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Reaction A(s−1) E (J mol−1) θ α

(I) 3.5 ×1015 146300 1.13 0.54
(II) 2.7 ×1013 143000 1.02 0.25
(III) 2.8 ×1014 194100 0.79 -
(IV) 2.2 ×103 77000 0.78 -
(V) 3.5 ×106 139200 0.25 -

Table 5.5: Kinetic parameters describing AP thermal decompositions.

5.2.4 TGA of the intumescent system LDPE/AP
Comparisons between the experimental TGA of LDPE90AP10 and predictions using
the decomposition (gasification only) reaction model of neat LDPE (reaction 2 from
Table 4.2) and the isolated intumescent system AP (reactions I-V from Table 5.4)
are shown in Fig. 5.6 for a heating rate of 10 K min−1. The simulation predicts the
experimental data reasonably well. However, two main discrepancies are observed:
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Figure 5.6: Experimental and calculated TGA of LDPE90AP10, using reactions 2 and
I-V (see Tables 4.2 and 5.4) at 10 K min−1. (a) Normalized mass loss. (b)
Normalized mass loss rate.

1. The predicted decomposition of LDPE is shifted to sightly lower temperatures as
compared to the experiments, as shown in Fig. 5.6(a). Moreover, the associated
peak of MLR is lower as compared to the experiments, as shown in Fig. 5.6(b).

2. The final decomposition of APP (reaction V, depicted in Table. 5.4), which occurs
at T = 750−800 K, is not observed in the experiments.

Similar discrepancies between simulations and experiments are observed for the
other heating rates (not shown). This indicates that LDPE and APP/PER interact
sightly. This assumption is supported by the fact that the experimental mass loss of
LDPE90AP10 and that computed by neglecting the interactions as the mass-weighted
sum of the experimental mass losses of neat LDPE and AP (m(t) = 0.9×mexp

LDPE (t)+
0.1×mexp

AP (t )) exhibits similar discrepancies (see Fig. 5.7). We assume that these inter-
actions have a physical origin rather than a chemical one and the kinetic parameters
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Reaction A(s−1) E (J mol−1) θ α

(2) 1.1×1022 339600 0.0035 -
(I) 3.5 ×1015 146300 1.13 0.54
(II) 2.7 ×1013 143000 1.02 0.25
(III) 2.8 ×1014 194100 0.79 -
(IV) 2.2 ×103 77000 0.78 -
(V) 3.5×107 139200 0.25 -

Table 5.6: Kinetic parameters describing LDPE-AP thermal decomposition.

of two decomposition reactions, namely reaction 1 and V, are modified to account for
this. In particular, reaction V is assumed to occur more rapidly when AP is added to
the LDPE matrix. The updated set of kinetic parameters are provided in Table 5.6 with
the modified parameters evidenced in bold characters. The corresponding model
predictions are compared with experimental data in Fig. 5.8, exhibiting a satisfactory
overall agreement for all the heating rates.
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Figure 5.7: Experimental mass loss of the LDPE90AP10 system (red curve) and mass
loss calculated as the mass-weighted sum of the experimental mass losses
of neat LDPE and AP (blue curve) at 10 K min−1.
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Figure 5.8: Experimental and simulated TGA of LDPE90AP10 at a heating rates of 1, 2,
5, 10 and 20 K min−1. (a) Normalized mass loss. (b) Normalized mass loss
rate.
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5.3 Cone calorimeter results
The experimental heat release rate (HRR) histories obtained from cone calorimeter
experiments for the intumescent flame retardant system LDPE90AP10 and their com-
parison with pure LDPE are shown in Fig. 5.9 for three different cone heat fluxes.
The flame retardant additive is shown to improve the flammability of the polymer.
The addition of 10 % of AP significantly reduces the peak release rate (pHRR) of the
burning LDPE down to 24, 26 and 37 % reduction for the cone heat fluxes of 35, 50 and
60 kW m−2, respectively. The behavior of the HRR of LDPE90AP10, and its comparison
with that of pure LDPE, remain similar for the three observed cone heat fluxes. Ignition
is followed by a rapid increase in HRR, both similar in time and magnitude with those
observed from pure LDPE. After increase of HRR, a longer plateau is observed, though
lower in magnitude, until decrease in burning until extinction.
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Figure 5.9: Experimental heat release rate history of pure LDPE and LDPE90AP10 at
three different radiant heat intensities.

Inverse modeling of cone calorimetry data of LDPE90AP10 requires the previously
developed reaction model from STA experiments, globally summarized in Table 5.7
and their kinetics properties (see Tables 4.3 and 5.6). The gaseous products have
been removed from the reaction mechanism in Table 5.7 for simplification purposes.
The enthalpy of AP decomposition reactions have not been determined in this work.
However, it has been assessed by our numerical model that they do not significantly
contribute to the overall enthalpy of the system, as these species masses are minor,
compared to the LDPE. An estimated value of H = −800000 J kg−1 has been given
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Mechanism Reaction H (J kg−1)

LDPE MECH
(1) LDPE_solid → θ1LDPE_melt
(2) LDPE_melt → θ2LDPE_res

-32700
-1140000

AP MECH

(I) αI APP+PER → θI AP1

(II) αI I APP+AP1 → θI I INTUM
(III) INTUM → θI I I INTUM2
(IV) INTUM2 → θIV INTUM2_res
(V) APP → θV APP_res

-800000
-800000
-800000
-800000
-800000

Table 5.7: Reaction model of LDPE90AP10.

to this set of reactions, and multiplying or dividing these values by 30% was found
to provide minor changes on the results. Values measured by DSC for the heat of
decomposition of pure APP were found to be within this range [78]. The enthalpy of
decomposition reactions are also shown in Table 5.7.

An image of the LDPE90AP10 sample residue after combustion in the cone calorime-
ter is shown in Fig. 5.10. An expanded carbonaceous char has been formed, which
acts as a heat barrier. The internal structure is foamy, with random voids of irregular
volumes and the cohesion of the structure is relatively high. The key to the modeling
of the burning IFR system is the determination of apparent properties associated
with the swollen char: density, thermal conductivity and radiation absorptivity [80].
These properties can control the material swelling effect, which slows down burning
as characterized in section 5.2.3.

Figure 5.10: LDPE-AP sample after combustion.

The remaining condensed-phase properties used in the pyrolysis model of LDPE90AP10
are summarized in Table 5.8. The targeted HRR values for inverse modeling were 35
and 60 kW m−2, and the optimized parameters are evidenced in bold characters.

The densities of APP and PER were taken from literature [121, 122], and the density
of AP1 is estimated to be the weighted average of its original products. The density of
the residue APP_res is given as the same value as its original component, assuming
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Component ρ (kg m−3 ) k (W m−1 K−1) α (m−1)
LDPE_solid 948.2 0.31−9×10−5 T 1.52
LDPE_melt 948.2−0.94× (T −T∞) 0.2−8.8×10−5 T 1.13
LDPE_res 948.2 0.2 1.5
APP 1900 0.25 1.12
PER 1390 0.25 1.12
AP1 1773 0.25 1.12
INTUM 28 0.19 1.52
INTUM2 4 0.2 1.44
INTUM_res 396 0.2 9.6
APP_res 1900 0.15 8.2

Table 5.8: Intumescence parameters describing LDPE-AP thermal decomposition.

that pure APP degradation products do not swell. The apparent densities of the intu-
mescent components INTUM, INTUM2 and INTUM_res were significantly decreased
in order to model the material swelling. The resulting evolution of the material de-
formation under an incident heat flux of 35 kW m−2 is shown in Fig. 5.11(a). The
materials swells when the IFR components decompose to form INTUM and INTUM2
and, then, the foamed character decreases when INTUM_res is formed and LDPE gasi-
fies. Experimental measurements of the condensed-phase deformation for validation
of the proposed apparent properties and swelling modeling are not available, and are
a main perspective of this work.

The thermal conductivity of APP, PER and AP1 were given constant, estimated values.
They were not mathematically fitted through inverse modeling, as these values were
found to not significantly contribute to the overall HRR. The conductivity values
of the intumescent components and APP_res were found to be inferior than their
original components, as expected from the mechanisms of intumescence [76, 64].
The evolution of the mean thermal conductivity with the mean sample temperature
is reported in Fig. 5.11(b). This behavior is qualitatively in accordance to thermal
conductivity measurements of another intumescent system (28%APP and 2% nano
magnesium oxide in a polyurethane matrix) using the transient plane source method
(see Fig. 1.13) [64].

The fitted absorption coefficient values for APP, PER, AP1, INTUM and INTUM2 are
within the range of engineering polymers [52]. The values of the residual components
INTUM_res and APP_res were found to be significantly higher. This is expected as
the intumescent residues were observed to appear very optically dark and graphite in
nature [63, 80].
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Figure 5.11: Simulated condensed-phase deformation (a) and mean thermal con-
ductivity (b) of LDPE90AP10 at 35 K min−1. Measurements of the heat
conductivity of an IFR consisting of 28%APP and 2% nano magnesium
oxide in a polyurethane matrix are also shown for comparison purposes.

The final quality of the fit is shown in Fig. 5.12. A good overall qualitative agreement
is observed with the experimental data, not only for the targeted optimized values (35
and 60 kW m−2) but for 50 kW m−2, showing robustness of the model at the proposed
range of incident heat flux. The total HRR was within 10% of the measured values in
cone calorimetry, and the numerically determined ignition time also represents well
the experimental data qualitatively, as show in Fig. 5.13.
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Figure 5.12: Experimental and simulated heat release rate history of pure LDPE and
LDPE90AP10 at the at different radiant heat intensities. (a) q̇
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cone =
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cone = 50 kW m−2. (c) q̇
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Figure 5.13: Experimental and numerically calculated time to ignition for the three
observed cases of cone heat flux.

5.4 Conclusions
This chapter presents the development of a semi-empirical model that describes
the decomposition process of an intumescent fire retardant system consisting of
ammonium polyphosphate/pentaerythritol in a LDPE matrix according to TGA, DSC
and cone calorimeter experiments. Based on TGA experiments over a wide range
of heating rates, from 0.25 to 20 K min−1, a semi-global reaction mechanism for the
decomposition process of LDPE-APP/PER is built. The methodology relies, on the one
hand, on the development of intermediate reaction models for neat materials and,
on the other hand, on the knowledge of the intumescent mechanism to account for
the interactions between neat species. The reaction mechanism and its determined
input parameters were then used for determination of thermal transport properties
for modeling cone calorimetry data over a range of incident heat fluxes, from 35 to
60 kW m−2. The model was found to predict that system mass loss and associated heat
release rates within engineering accuracy. The resulting semi-global reaction model
can serve as a basis to build a pyrolysis model for the LDPE-APP/PER system which,
coupled to CFD fire simulators, can be used to predict fire growth, which is a main
perspective of this line of work.

The following conclusions can be drawn:

1. Accurate and robust reaction mechanisms for neat LDPE, APP and PER are
developed involving one, three and one first-order reactions, respectively.

2. APP and PER interact during the decomposition of the APP/PER fire retardant
system and the generation of an accurate reaction model from those of neat APP
and PER seems to be difficult.
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3. An accurate and robust 5 step physically-based reaction mechanism, combining
first and second order reaction, was built for APP/PER with ratio 1:3 (wt/wt).

4. The direct coupling of the 1-step reaction mechanism for LDPE and the 5-step
mechanism for APP/PER provides a reasonable prediction of TGA experiments
for the 90% LDPE/10% APP/PER fire retardant system, despite noticeable in-
teractions between the LDPE matrix and the APP/PER. These interactions are
simply taken into account by slightly updating the kinetic parameters of two
reactions.

5. Modeling of the intumescent components apparent properties, in particular
density, thermal conductivity and radiative absorption coefficients was shown
to be effective for modeling the increased fire performance of the IFR system
inside the polymeric matrix.
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Conclusion

In the context of fire safety in manned space vehicle, the condensed-phase mech-
anisms, processes and properties that influence the flammability of polymers in
microgravity were numerically and experimentally studied in this PhD thesis. An in-
house engineering flame spread model and pyrolysis model were developed with the
objective of creating a fully predictive flame spread model over wires in microgravity.

The problem of opposing air-flow flame spread over a solid fuel was first approached
with an engineering model for creeping flame spread. The studied configuration was
that of LDPE-coated NiCr wires, since unexpected overheating of wires by electrical
current overshoots has been identified as a primary cause of fire initiation and growth
in space vehicles. The values of flame spread rate were validated against data from
DIAMONDS, an experimental rig that studied the flammability of wires, designed
for parabolic flights. The coupled heat transfer equations for LDPE and NiCr were
solved in the pyrolysis zone and ahead of the pyrolysis front, in conjunction with
a simple phase-change based pyrolysis model for LDPE. By considering an Oseen
approximation for the flow and infinitely fast chemistry for the gas-phase combustion,
the model was show to be reduced to two parameters: the diffusive heat length and
the heat conveyed from the flame to a flat surface, this latter depending only on the
ambient oxygen concentration. The model was shown to successfully predict the
creeping flame spread rate as a function of the oxygen concentration, for different
wire geometries and levels of ambient pressure. The heat transfer mechanisms that
control flame spread within the wire were then investigated. It was shown that, in the
preheat zone adjacent to the flame, the contribution of the flame flux dominate the
LDPE heating process whereas the metallic core acts as a heat sink for the thinner
LDPE coating and mainly as a heat source for the other wire geometries.

In order to develop a comprehensive flame spread model, a condensed-phase
thermal decomposition model was then developed. These developments were per-
formed in collaboration with the group of Serge Bourbigot at UMET Lille. It solved
the transient chemical species and energy equations to predict the burning rate of
engineering polymers and flame retardants. The materials apparent properties re-
lated to heat transfer and decomposition kinetics must be determined as the model
input parameters. A strategy for determining these parameters based on inverse
modeling of gasification experiments that isolate individual pyrolysis processes was
implemented. This strategy was thoroughly described and discussed, based on the
Shuffled Complex Evolution, an optimization algorithm used for numerically fitting
the target experimental data through inverse modeling. The developed model and
optimization algorithm were validated against gasification tests of three commercial
polymers retrieved from the literature.
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The developed semi-empirical pyrolysis model and strategy were exercised to inves-
tigate the flammability of LDPE. The kinetic, thermodynamic and thermal parameters
were obtained from inverse modeling of TGA, DSC and cone calorimeter experiments
over a wide range of heating rates and cone radiative fluxes. A semi-global reaction
mechanism for the degradation of LDPE consisting of two consecutive first-order
reactions for the melting and gasification was proposed, and the obtained parameters
and flame heat feedback from the burning LDPE were in-line with the values reported
in the literature.

The pyrolysis code and parameter determination strategy were finally applied to
an intumescent flame retardant system consisting of LDPE blended with ammonium
polyphosphate and pentaerythritol on a ratio of 3:1 (wt/wt). A reaction model was
developed for the decomposition of the intumescent system based on knowledge of
the intumescent mechanism, including first- and second-order reactions that account
for physical and chemical interactions between components. The resulting model was
shown to simultaneously reproduce TGA and cone calorimetry data for a wide range of
heating rates and cone heat fluxes. The main contribution of this work is to propose a
reliable methodology based on the mechanistic (physic and chemistry) understanding
of the intumescent process to determine a semi-global reaction mechanism with
robust kinetic parameters. This approach and methodology could be extended to all
forms of decomposition. In addition, this semi-global reaction mechanism was used
as a basis to build and validate a pyrolysis model for the LDPE-APP/PER system. The
remaining transport parameters, including the apparent densities of the intumescent
materials, their thermal conductivity and absorption coefficients, were determined
from inverse modelling of cone calorimeter experiments.

The pyrolysis models for LDPE and the intumescent flame retardant system can be
coupled with a detailed modelling of the gas phase combustion in order to predict the
flame spread over electrical wires at both normal and microgravity with and without
flame retardant. This is the main perspective of this study. Additionally, the modelling
and calibration approaches, developed during this thesis, can be used to develop
pyrolysis models for other materials, including non-charring and charring solids with
and without additives.

During my Phd, I have also participated to different works of my research group that
have led to two accepted publications: one in Combustion and Flame and another
in the The Proceedings of the Combustion Institute. The first study was a numerical
investigation of the effects of oxygen on soot production and emission from electrical
wires in microgravity, whereas the second consisted in an experimental work with
DIAMONDS in parabolic flights to investigate the effects of flame retardants on ex-
tinction limits, spread rate, and smoke emission. These two papers are provided in
Annexe.
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a b s t r a c t 

The main objective of this article is to investigate experimentally and numerically the effects of reduced- 

oxygen contents on the soot production and emission from solid fuels in microgravity, which constitute 

an important issue in terms of fire safety for manned space missions. Due to its convenience for the 

implementation of soot-related optical diagnostics, the configuration of a flame spreading in an opposed 

flow over thin nickel chromium (NiCr) wires coated by low density PolyEthylene (LDPE) is considered. 

Experiments are conducted at a pressure of 101.3 kPa and an oxidizer velocity of 150 mm/s. The oxygen 

mole fraction in the oxidizer, X O 2 , is varied from 18% to 21% by nitrogen dilution of air. The modeling 

strategy lies on a surrogate fuel to mimic the combustion of LDPE by preserving its stoichiometry and 

the laminar smoke-point (LSP) flame height. The numerical model considers a detailed chemistry, a two- 

equation soot production model involving laminar smoke point (LSP)-based soot formation rates and ox- 

idation by OH and O 2 , a radiation model coupling the Full-Spectrum correlated-k method with the finite 

volume method, and a simple degradation model for LDPE. Based on experimental evidence, the soot for- 

mation rate is scaled by the adiabatic flame temperature to account for thermal effects due to variation 

in X O 2 . The model reproduces quantitatively the increase in flame size, residence time, and soot volume 

fraction observed experimentally as X O 2 is enhanced as well as the transition from a non-smoking to a 

smoking flame, which occurs for X O 2 between 19% and 20%. The increase in soot volume fraction results 

of a combined enhancement in both residence time, owing to an increase in the fuel mass flow rate, 

and soot formation rate due to higher temperature in the soot formation region. The radiant fraction in- 

creases significantly with X O 2 from about 17% for X O 2 = 18% to about 36% for X O 2 = 21%. This increase in 

radiative losses is accompanied by a reduction of the temperature in the soot oxidation region. Therefore, 

for increasing X O 2 , the soot oxidation process is governed by a competition between oxygen-enhanced 

conditions that promote the formation of soot oxidizing species and the increase in radiative losses that 

dampens their formation. For the present flames, the first mechanism prevails as X O 2 increases from 18% 

to 19% whereas the second dominates as X O 2 is further increased, leading to smoking flames as actually 

observed for X O 2 = 20 and 21%. The radiant fraction at the smoke-point transition and the soot oxidation 

freezing temperature are in line with those reported at normal gravity. Finally, model results show that, 

whatever X O 2 , the contribution of radiation to the heating process is negligible ahead of the pyrolysis 

front and is largely overcome by surface radiative losses along the pyrolysis region. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

∗ Corresponding author. 

E-mail address: jean-louis.consalvi@univ-amu.fr (J.-L. Consalvi). 

1. Introduction 

Ignition and flame spread over idealized thin electrical wires, 

composed by a metal core coated with a polymer, has received a 

considerable attention over the last twenty years due to the high 

interest of this configuration for fire safety [1] . In particular, elec- 

https://doi.org/10.1016/j.combustflame.2021.111447 
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Nomenclature 

A S soot surface area [m 

−1 ] 

E a activation energy [kJ/mol] 

f S soot volume fraction [-] 

L f l flame length [m] 

L S distance from the molten droplet leading edge to 

the integrated SVF peak [m] 

l sp laminar smoke point height [m] 

˙ m p pyrolysis mass flow rate [kg • s −1 ] 

˙ m 

′′ 
p pyrolysis mass flow rate per unit area [kg • m 

−2 • s −1 ] 

N A Avogadro number [part • mol −1 ] 

NC min number of carbon atoms in the incipient soot parti- 

cle [-] 

N S soot number density per unit mass of mixture 

[part • kg −1 ] 

P pressure [Pa] 

P OH OH partial pressure [Pa] 

P O 2 O 2 partial pressure [Pa] 

˙ q ′′ 
R,inc 

incident radiative flux [W • m 

−2 ] 

˙ q 
′′ 
R , w 

surface re-radiation [W • m 

−2 ] 

r radial coordinate [m] 

r f l flame radius [m] 

R wire wire radius [m] 

R u universal gas constant (kJ/(mol K)) 

S Stoichiometric oxidizer/fuel volumetric ratio [-] 

s Stoichiometric oxidizer/fuel mass ratio [-] 

S b surface of the molten ball [m 

2 ] 

T temperature [K] 

T ad adiabatic flame temperature [K] 

T 0 
ad 

adiabatic flame temperature for X O 2 = 20% [K] 

u F Fuel injection velocity [m • s −1 ] 

u p spread rate [m • s −1 ] 

u ox oxidizer flow velocity [m • s −1 ] 

W i molecular weight of the i th species [kg • mol −1 ] 

x i mole fraction of the i th species [-] 

X O 2 
mole fraction of oxygen in the oxidizer [-] 

z axial coordinate [m] 

αg gas thermal diffusivity [m 

2 • s −1 ] 

δ stand-off distance [m] 

ηOH collision efficiency of OH [-] 

ξ mixture fraction [-] 

ρg gas density [kg • m 

−3 ] 

τ residence time [s] 

χR radiant fraction [-] 

˙ ω coag reaction rate for soot coagulation [part • m 

−3 • s −1 ] 

˙ ω n reaction rate for soot nucleation [mol • m 

−3 • s −1 ] 

˙ ω N S 
reaction rate for soot number density 

[part • m 

−3 • s −1 ] 

˙ ω 

′′ 
O 2 

reaction rate for soot oxidation by O 2 per unit soot 

surface area [kg • m 

−2 • s −1 ] 

˙ ω 

′′ 
OH 

reaction rate for soot oxidation by OH per unit soot 

surface area [kg • m 

−2 • s −1 ] 

˙ ω OH reaction rate for soot oxidation by OH [kg • m 

−3 • s −1 ] 

˙ ω SF reaction rate for soot formation rate [kg • m 

−3 • s −1 ] 

˙ ω 

X 0 
O 2 

SF , P 
peak of soot formation rate for X 

0 
O 2 

= 20% 

[kg • m 

−3 • s −1 ] 

˙ ω 

X O 2 
SF , P 

peak of soot formation rate for X O 2 
[kg • m 

−3 • s −1 ] 

˙ ω Y S 
source term for soot mass fraction [kg • m 

−3 • s −1 ] 

Subscript 

ad adiabatic 

b molten ball 

fl flame 

g gas 

inc incident 

max maximum 

p pyrolysis 

PE polyethylene 

R radiation or radiative 

sp smoke point 

S soot 

∞ ambient 

Superscript 

0 reference 

Acronyms 

BMAE Broadband Modulated Absorption Emission 

FSCK Full-Spectrum correlated-k 

LDPE low density polyethylene 

LSP laminar smoke point 

PE polyethylene 

SF soot formation 

SP smoke point 

SVF soot volume fraction 

SO soot oxidation 

trical wires were identified as the primary cause of fire initiation 

and growth in a space vehicle. This has resulted in specific experi- 

mental, theoretical and numerical studies in microgravity environ- 

ments to get insights into flame spread characteristics and flamma- 

bility properties [2–12] . 

The release of smoke is a critical aspect of fire safety, as ev- 

idenced by the various fire incidents reported in the context of 

manned space missions [13–18] . In addition, smoke and flame ra- 

diation constitute signatures of fire appearance to develop fire de- 

tection strategies in microgravity conditions [2] . Although most of 

these incidents, at the noticeable exception of that aboard Mir in 

1997, involved smoke released in the absence of flame, and the 

early detection of fires from smoke generated by oxidative pyrol- 

ysis (such as smoldering) is desirable to allow the crew to re- 

spond before a larger flaming situation develops [19] , the soot re- 

leased from flaming solids, including polymers, is also of funda- 

mental and applicative interest [ 20 , 21 ]. Beyond the study of mate- 

rial flammability, the opposed flow spreading of laminar diffusion 

flames over idealized cylindrical electrical wires in microgravity of- 

fers a unique configuration to investigate soot production, smoke 

release and, corresponding radiative heat transfer processes from 

flaming solid fuels [ 21 –26 ]. The 2D axisymmetric geometry enables 

the implementation of advanced optical diagnostics based on ex- 

tinction techniques, such as the BMAE (Broadband Modulated Ab- 

sorption Emission) technique [27] , to measure local soot volume 

fraction (SVF) and temperature. A proper selection of the metal- 

lic core enables the formation of a stable laminar boundary layer 

diffusion flame spreading at a steady rate over the 22 s of mi- 

crogravity in parabolic flights [ 22 –26 ]. In addition, the presence 

of the metallic core, on the one hand, ensures the rigidity of the 

configuration maintaining an axisymmetric boundary layer within 

the flame spread and, on the other hand, avoids the occurrence 

of a dripping process. Finally, the microgravity environment pro- 

motes longer residence times than those encountered in buoyant 

flames. The effects of ambient conditions, namely pressure, P , oxy- 

gen content in the oxidizer, X O 2 , and oxidizer flow velocity, u ox , 

on soot production and emission were experimentally investigated 

using the BMAE in parabolic flights for flames propagating in op- 

posed flow over thin electrical wires. The studied samples were 

2 
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Fig. 1. Backlighted frame imaging a flame spreading over a wire in opposed flow conditions in microgravity. Main features of the flame geometry, subsequent notations 

adopted, and a 1 mm scale are overlaid. 

made of a 0.5 mm in diameter NiCr metallic core coated by a 

0.3 mm thick layer of LDPE [ 23 , 24 ]. P , X O 2 , and u ox were varied be- 

tween 51 kPa and 142 kPa, 18% and 21%, 100 mm/s and 200 mm/s, 

respectively. LDPE was selected as solid fuel for three main rea- 

sons. First, it corresponds to an international target configuration 

to investigate fundamentally the flammability properties of elec- 

trical wires [ 2 , 4 , 8–12 , 22–26 ]. Second, it produces SVF levels above 

the detection threshold of the BMAE over the ranges of pressure, 

oxygen content, and flow velocity considered. Finally, the corre- 

sponding flames undergo a transition from a non-smoking flame 

to a smoking one over these ranges. 

These experimental investigations were accompanied by the de- 

velopment of a numerical model, involving the coupling of a de- 

tailed chemistry and a state-of-the-art radiation model, to help in 

the interpretation of data [ 25 , 26 ]. The main challenge in the mod- 

eling of the gas-phase processes resulting from the combustion of 

solid fuels lies in the fact that the gaseous pyrolysis products are 

generally not well identified and some simplifications, such as a 

global one-step chemical reaction, have to be introduced due to 

this lack of information. In order to circumvent this limitation and 

to be able to consider a detailed chemistry with access to soot 

precursors and soot oxidizing species such OH radicals, a numeri- 

cal fuel surrogate, inspirited from the works of Refs. [ 28 , 29 ], was 

designed to mimic the gas-phase combustion of PE in terms of 

flame structure and fuel sooting propensity. In our approach the 

fuel sooting propensity is related to the laminar smoke-point (LSP) 

height and the LSP strategy, initiated in Refs. [ 30 , 31 ], was adopted 

to determine the soot production rates of PE. This strategy is based 

on the analysis developed by De Ris et al. [32] from experimen- 

tal evidence that the soot production rates of a given fuel are in- 

versely proportional to the LSP height. In practice, the soot produc- 

tion rates are established for a reference fuel, typically ethylene, 

and the model is extended to other fuels by scaling the aforemen- 

tioned rates by the inverse of the corresponding LSP flame height 

[ 30 , 31 ]. In our approach, a two-equation LSP-based soot production 

model was specifically developed, extending the one-equation for- 

mulation proposed in Refs [ 30 , 31 ]. This extended approach is ex- 

pected to improve the soot oxidation description by considering 

explicitly the surface area dependence of the soot oxidation rates 

by O 2 and OH [33] . The combination of the experimental results 

and simulations provided a detailed characterization of the effects 

of pressure on flame structure, soot production and soot emission 

[ 23 , 26 ]. More specifically, it was found that increasing the pres- 

sure does not affect the residence time in the present configura- 

tion and that, over the range of pressures investigated, the soot 

formation rate of LDPE is third order in pressure. In addition, con- 

sistently with data obtained at normal gravity [34–37] , the smoke- 

point transition was found to occur for a radiant fraction of about 

0.3 and the soot oxidation freezing temperature was estimated in 

the range 1350–1450 K. 

The present article focuses on the effects of X O 2 
on flame struc- 

ture, soot production, and soot emission in the opposed flow flame 

spreading over NiCr/LPDE wires for X O 2 
lower than 21%. The main 

objectives are: i) to extend the previously-developed two-equation 

LSP-based soot production model to account for X O 2 effects, ii) to 

further validate the surrogate fuel modeling strategy by compari- 

son with the available experimental data reported in Refs. [ 23 , 24 ], 

and iii) to provide insights into the ways X O 2 affects both soot for- 

mation (SF) and soot oxidation (SO) processes as well as the re- 

sulting smoke emission and radiative heat transfer. The article is 

organized as follows. Sections 2 and 3 present the experimental 

set-up and the main features of the numerical model, respectively. 

The two-equation LSP model and the developments performed to 

account for X O 2 effects are described in Section 4 . The results are 

discussed in Section 5 . Finally, Section 6 summarizes the main con- 

clusions of the paper. 

2. Experimental set-up 

Experiments were conducted in parabolic flights. The experi- 

mental setup and the optical diagnostics are detailed in Refs. [22–

24] and are only briefly described here. Cylindrical 150 mm long 

wires, consisting of a 0.5 mm diameter NiCr core coated with a 

0.3 mm thick LDPE insulation, are placed along the central axis 

of a cylindrical combustion chamber with an inner diameter of 

190 mm. For all the experiments considered in the present study, 

the pressure and flow velocity were set equal to 101.3 kPa and 

150 mm. s −1 , respectively. X O 2 was varied between 18% and 21% by 

nitrogen dilution of air. The samples were ignited using a hot Kan- 

thal wire at the beginning of the parabolic sequence, resulting in 

an opposed-flow flame spread. As discussed in the introduction, 

this choice of NiCr and dimensions enable the formation of a sta- 

ble steady-spreading axisymmetric laminar boundary layer diffu- 

sion flame over the 22 s of microgravity in parabolic flights for the 

range of ambient conditions studied [22–26] . 

Flame spread rate, pyrolysis mass flow rate, and SVF were de- 

termined during the steady flame spread using the optical diag- 

nostics described in details in Ref. [23] . In particular, SVF fields 

were obtained using the B-MAE technique as extensively outlined 

in Ref. [27] . This technique enables the recovery of the SVF and 

temperature with an uncertainty lower than 1 ppm and 100 K, 

respectively. In agreement with observations reported in previous 
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Table 1 

Main characteristics of the flames investigated in the present study. The pressure and the oxidizer 

velocity are 101.3 kPa and 150 mm. s − 1 , respectively. 

(%) 18 19 20 21 

u p (mm/s) 1.11 ± 0.08 1.27 ± 0.07 1.33 ± 0.01 1.46 ± 0.07 

˙ m p (mg/s) 0.77 ± 0.058 0.879 ± 0.048 0.925 ± 0.01 1.01 ± 0.05 

L f (mm) 12.41 ± 0.42 14.40 ± 0.77 15.50 ± 0.36 16.19 ± 0.32 

r f (mm) 3.26 ± 0.06 3.47 ± 0.19 3.62 ± 0.28 3.78 ± 0.08 

f S,max (ppm) 10.20 ± 0.82 13.85 ± 1.12 16.73 ± 0.96 22.70 ± 1.36 

L S (mm) 10.01 ± 0.21 11.40 ± 0.31 12.40 ± 0.24 13.50 ± 0.12 

τSF (ms) 66.60 76.00 82.66 90.00 

S (-) 16.67 15.78 15.00 14.28 

Smoking/non-smoking Non-smoking Non-smoking Smoking Smoking 

Fig. 2. Fields of SVF in ppm for a) X O 2 = 18%, b) X O 2 = 19%, c) X O 2 = 20% and d) X O 2 = 21%. The red solid line represents the wire surface. The origin of the z-coordinate is located 

at the molten ball leading edge that is assumed to correspond to the pyrolysis front. z b represents the trailing edge of the pyrolyzing region. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

works [ 8 , 21 , 26 , 38 , 39 ], LDPE was characterized by the formation of 

gaseous bubbles in the molten phase as it degrades, which then 

burst and eject fragments of molten PE into the gas phase after 

they reached the fuel surface. These events were mainly observed 

at higher oxygen content ( X O 2 
= 0.21) and were found to be suffi- 

ciently sparse to affect significantly neither the mean soot produc- 

tion level nor the smoke point transition at the flame trailing edge. 

Nevertheless, although the resulting perturbations do not affect the 

flame downstream, the local signal deformation in flame emission 

means that the error on local flame temperature increases drasti- 

cally [26] . As a result, only SVF experimental fields are reported 

here. 

The flame was assumed to spread at a steady rate once the 

dimensions of the characteristic molten insulation droplet (see 

Fig. 1 ), the visible flame length, and the rate of the flame front dis- 

placement reach a steady state value [22] . The flame spread rate, 

u p , is evaluated by tracking the time evolution of the luminous 

flame front whereas the pyrolysis mass flow rate, ˙ m p , is then eval- 

uated from u p assuming ρPE = 920 kg/m 

3 . 

Table 1 presents the main characteristics of the four flames in- 

vestigated in the present study. As illustrated on Fig. 1 , the lu- 

minous flame radius, r f , and flame length, L f , are defined as the 

distances between the coated wire and the maximum radial loca- 

tion of the luminous flame and between the pyrolysis front, iden- 

tified by molten droplet leading edge, and the maximum axial lo- 

cation of the luminous flame, respectively. Similarly, the SF char- 

acteristic length scale, L S , is defined as the axial distance between 

the molten droplet leading edge and the peak of SVF (see Fig. 2 ). 

Table 1 shows that u p , ˙ m P , L f , r f , L S , and the peak of SVF, 

f S,max , increase with X O 2 . f S,max increases from about 10.20 ppm 

for X O 2 = 18% to about 22.70 ppm for X O 2 = 21%. The residence 

time for the SF process, that can be estimated as τSF = L S / u ox , in- 

creases also with X O 2 . The flames for X O 2 = 18% and 19% are non- 

smoking whereas the flames for X O 2 = 20% and 21% are smoking, 

showing that the smoke point transition occurs somewhere be- 

tween X O 2 = 19% and 20% (see Fig. 2 ). 

3. Numerical model 

A detailed description of the numerical model can be found in 

Refs. [ 25 , 26 ] and only a summary is given here. The model solves 

the governing equations of both gaseous and solid phases in a 

flame-fixed axisymmetric coordinate system. 

For the gas phase, the Navier-Stokes equations and transport 

equations for gas-phase species mass fractions and energy are 

solved. The numerical methods as well as the strategy for han- 

dling the stiffness of the equation system can be found in Refs. 

[ 25 , 26 ]. As discussed in the introduction, a surrogate fuel is de- 

signed to mimic the gas-phase combustion of PE in terms of flame 

structure and fuel sooting propensity. This strategy, widely inspired 

from that used to develop the Burning Rate Emulator (BRE) to sim- 

ulate the burning of condensed fuels [ 28 , 29 ], consists in preserving 

the heat of combustion (or similarly the oxygen-fuel mass ratio) to 

reproduce the flame structure, and the laminar smoke point (LSP) 

height to reproduce the fuel sooting propensity. Pure ethylene is 

adopted to represent the pyrolysis products of LDPE since both 

species exhibit very similar heat of combustion with a discrep- 

ancy lower than 10% and the same oxygen-fuel mass ratio [40] . The 

LSP height of LPDE will be preserved in the soot production model 

in order to mimic its sooting propensity (see Section 4 ). This sur- 

rogate fuel modeling strategy was found to be able to reproduce 

accurately the experimental flame structure, soot production and 

soot emission of flames spreading over LDPE wires under different 

pressure levels [26] . The oxidation of ethylene is modelled using 

the full chemical kinetic scheme developed by Qin et al. [41] . 

The present study focuses on gas-phase processes. Therefore, 

the conjugated heat transfer problem at the gas/solid interface is 

simplified since its solution is only required to provide proper 

boundary conditions for the gas-phase modeling. The spread rates, 

the pyrolysis mass flow rate, the structure of the burning wire 

and the shapes of the molten LDPE droplet are specified as inputs 

from the experimental steady spreading data. The steady struc- 

ture of the burning wire consists of three regions as shown in 
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Figs. 1 and 2: i) the insulated wire located ahead of the pyrolysis 

front for z ≤ 0 , ii) the molten ball corresponding to the pyrolysing 

region for 0 ≤ z ≤ z b , and iii) the bare NiCr core for z > z b . The ex- 

perimental data in Fig. 2 show that the shape of the molten ball 

is hardly affected by the different X O 2 and, for the sake of simplic- 

ity, the molten ball obtained for X O 2 = 19% will be adopted for all 

the simulations. In the pyrolysing region, the fuel injection veloc- 

ity profile, u F (z) , is determined from the measured fuel mass flow 

rate, ˙ m P , the ball surface, S b , and the stand-off distance, δ(z) by 

assuming that ˙ m 

′′ 
P 

, is inversely proportional to δ(z) [ 25 , 26 ]. 

The axisymmetric heat transfer equation in the condensed 

phases is solved for both the metallic core and LDPE by assuming 

that both LPDE melting and pyrolysis processes behave as phase 

transitions. Based on these assumptions, the PE located ahead of 

the pryrolysis front can be in: i) a virgin state if T PE < T melt , with 

T melt = 403 K, ii) at the transition if T PE = T melt and, iii) in the 

molten phase if T PE > T melt . The pyrolysis process is assumed to oc- 

cur at the molten ball surface at a fixed temperature, T p = 760 K. All 

the thermal constants for the LDPE, including density, conductiv- 

ity and heat capacity of both virgin and molten LDPE, temperature 

and heat of melting and pyrolysis temperature were taken from 

thermal analysis [ 9 , 25 , 42 ]. During the melting stage, the thermal 

properties are computed using a mass-weighted average between 

the properties of solid and those of the molten LDPE [ 25 , 26 ]. 

A detailed description of the radiation model can be found 

in Refs. [ 25 , 26 ]. CO 2 , H 2 O and soot are considered as the only 

radiating species since it was found that the contribution of CO 

is negligible. The radiation model combines the Full-Spectrum 

Correlated-K (FSCK) [43] as a gas-soot radiative property model 

and the Finite Volume Method [44] as radiative transfer equation 

solver. The angular mesh consists in the present simulations of 

12 ×16 control angles. The emissivities of the LPDE, whether in its 

virgin or molten states, and of the NiCr along the bare wire were 

set equal to 1. 

4. Soot production model 

4.1. Formulation 

Smoke production is assumed to be only a gas-phase process 

since, as discussed in Section 2 , the generation of solid parti- 

cles from the bursting of LPDE bubbles were observed mainly for 

X O 2 = 0.21 and were found to be sparse enough to have no signifi- 

cant effects on soot production and smoke point transition. 

The two-equation LSP soot production model, proposed in Ref. 

[26] and based on transport equations for soot number density per 

unit mass of mixture ( N s ) and soot mass fraction ( Y s ), is adopted 

and further developed to account for the influence of oxygen de- 

pletion on soot formation. Thermophoretic velocities are included 

in N s and Y s conservation equations. 

The source term, ˙ ω Y s = ˙ ω SF − ( ̇ ω 

′′ 
O 2 

+ ˙ ω 

′′ 
OH ) A S , accounts for SF 

and SO by O 2 and OH. The SO rates by OH and O 2 , optimized by 

Guo et al. [33] , were considered: 

˙ ω 

′′ 
OH = 1 . 27 × 10 

−2 ηOH P OH √ 

T 
(1) 

˙ ω 

′′ 
O 2 

= 15 . 8 

P O 2 √ 

T 
exp 

(
−E A, O 2 / R u T 

)
(2) 

with ηOH = 0.1 and E A, O 2 
= 195 kJ/mol [33] . The source term, ˙ ω N S 

, 

for the soot number density is given by ˙ ω N S 
= N A /N C min ˙ ω n − ˙ ω coag 

where N A and N C min = 60 are the Avogadro number and the num- 

ber of carbon atoms in the incipient soot particle [45] , respectively. 

The coagulation rate, ˙ ω coag , is computed as proposed by Lindstedt 

[45] with a Van der Walls enhancement factor of 9. 

4.2. Soot formation and nucleation rates 

4.2.1. Background 

The modeling of the SF rate, ˙ ω SF , in the case of the combus- 

tion of solid fuels is challenging since, as discussed in the intro- 

duction, the gaseous fuel released by the material pyrolysis is gen- 

erally not well identified. In order to circumvent this issue, LSP- 

based soot production models have emerged over the last decade 

[30] . The main idea of these models is to map ˙ ω SF as a function 

of mixture fraction, ξ , and temperature, T , for a reference gaseous 

fuel, typically ethylene, burning in air under atmospheric pressure. 

The mapping proposed by Lautenberger et al. [30] for ethylene is 

adopted, leading to ˙ ω SF = f SF (ξ ) g SF (T ) . f SF and g SF are cubic func- 

tions whose coefficients are determined by specifying the value 

and slope of the polynomials at the peak and at the lower and 

higher limits of the SF process. 

Based on experimental evidence, the model is extended to 

other fuels by scaling the peak of SF rate obtained for the reference 

fuel by the inverse of the corresponding LSP flame height. The LSP 

flame height quantifies the propensity of a given fuel to release 

soot [32] . It represents the height of a well-ventilated axisymmet- 

ric laminar diffusion flame burning in air under atmospheric pres- 

sure at which soot starts to be released from the flame tip [32] . 

Also based on experimental evidence, LSP-based soot production 

models can be extended to sub- and super-atmospheric pressures 

by scaling the peak of SF rate by ( P/ P 0 ) 
n , where P 0 is the atmo- 

spheric pressure [32] . 

Based on these considerations and on the initial formulation of 

Lautenberger et al. [30] , the expression of the peak of soot forma- 

tion rates can be estimated as: 

˙ ω SF,P = 1 . 1 Y F T 
l sp, C 2 H 4 

l sp,PE 

(
W C 2 H 4 

W PE 

)(
P 

P 0 

)n 

(3) 

where l sp, C 2 H 4 
and l sp,PE are the SP flame heights of ethylene and 

PE that have been estimated to be equal to 0.106 m and 0.045 m, 

respectively [40] . Y F T is the mass fraction of fuel in the fuel supply 

stream. The constant 1.1 was calibrated to match SF in axisymmet- 

ric laminar ethylene diffusion flames burning in air at atmospheric 

pressure [30] . 

Eq. (3) was updated to model SF of PE in our previous study 

[26] for two reasons: i) the composition of the pyrolysis products 

and, in turn, W PE are not known, and ii) the modeling has con- 

sidered LDPE samples burning over a range of pressure in under- 

oxygenated conditions with X O 2 = 20% . This particular value of X O 2 
was the most suitable to investigate pressure effects over soot pro- 

duction since SVF was found to be above the detection threshold 

of the BMAE over a wide range of pressures while avoiding unde- 

sirable instabilities related to the formation and burst of bubbles 

in the LDPE as mainly observed for X O 2 = 0.21. As a consequence, 

the term ( 
W C 2 H 4 

W PE 
) was ignored in our formulation and the con- 

stant 1.1 was recalibrated to match the experimental SVF peak in a 

flame spreading over a wire coated by LDPE at a nominal pressure 

P = 101.3 kPa, and X O 2 = 20% . The calibrated constant was found 

equal to 0.5, leading to: 

˙ ω 

X 0 O 2 

SF,P 
= 0 . 5 Y F T 

l sp, C 2 H 4 

l sp,PE 

(
P 

P 0 

)n 

(4) 

where X 0 
O 2 

= 20%. In addition, an analysis of our experimental data 

showed that n is equal to 3, approximately, for pressure ranging 

from 50 kPa to 140 kPa [ 23 , 26 ]. 

The nucleation rate, ˙ ω n , was computed by revisiting the 

acetylene-based inception model developed by Lindstedt [45] . The 

initial formulation was multiplied by l sp, C 2 H 4 
/ l sp,PE to account for 

the difference in sooting propensity between ethylene and PE: 

˙ ω n = 2 k 1 ( T ) l sp, C 2 H 4 / l sp,PE [ C 2 H 2 ] (5) 

5 
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Table 2 

Experimental flow conditions for the axisymmetric laminar coflow ethylene diffusion flames at normal gravity and atmospheric pressure. 

Ref. Characteristic Fuel Stream Oxidizer Stream S (-) T ad (K) 

X F X N 2 X O 2 (%) 

Sun et al. [46] d F = 10.5 mm 

˙ Q F = 3.85 cm 

3 /s 1 0 21–36.9 14.28–8.13 2368–2773 

1 0 16.8–0.21 17.85–14.28 2145–2368 

0.8–0.95 0.05–0.20 16.8–0.20 14.28 2130–2317 

Zeng et al. [49] d F = 16.4 mm 

˙ Q F = 2.80 cm 

3 /s 1 0 15.2–20.9 19.73–14.35 2026–2361 

Fuentes et al. [47] d F = 10.0 mm 

˙ Q F = 2.35 cm 

3 /s 1 0 17–35 17.65–8.57 2152–2744 

where [ C 2 H 2 ] is the acetylene concentration. The kinetic parameter, 

k 1 (T ) , is provided by Lindstedt [45] . 

The semi-empirical soot production model described above was 

found to capture quantitatively the pressure effects on both SF and 

SO processes for flames spreading over LDPE wires for X 0 
O 2 

= 20% 

[26] . 

4.2.2. Effects of oxygen depletion 

The objective of this section is to extend the present LSP 

model to account for variations of X O 2 with a special emphasis for 

oxygen-reduced oxidizers. Varying X O 2 modifies two fundamental 

properties of diffusion flames, namely, the volumetric stoichiomet- 

ric oxidizer to fuel ratio, S, and the adiabatic flame temperature, T ad 

[46] . Experiments and detailed numerical simulations of axisym- 

metric laminar coflow diffusion flames at normal gravity suggest 

that S controls mainly the flame geometry and, in turn, the resi- 

dence times whereas the effects on SF and SO rates are rather re- 

lated to thermal effects that affect the formation of soot precursors 

and soot oxidizing species [ 31 , 46–48 ]. These effects are directly in- 

cluded in soot nucleation (see Eq. (5) ) and oxidation rates (see 

Eqs. (1) and (2) ) that depend explicitly on temperature and con- 

centrations of the corresponding species. In addition, the present 

model assumes that the effects of X O 2 on the peak of SF rate are 

only related to T ad : 

˙ ω 

X O 2 
SF,P 

= ˙ ω 

X 0 O 2 

SF,P 
×

(
T ad 

T 0 
ad 

)m 

(6) 

where T 0 
ad 

is the adiabatic flame temperature for X 0 
O 2 

= 20%. 

The exponent m is determined through the analysis of available 

experimental data. The selected set of experimental data includes 

axisymmetric laminar ethylene diffusion flames at normal gravity 

as well as spreading flames from the present study. The flow con- 

ditions relative to the experiments at micro and normal gravity are 

summarized in Tables 1 and 2 , respectively. Table 2 shows that Sun 

et al. [46] considered a Santoro-type burner with an inner diame- 

ter of 10.5 mm for the central fuel tube and an inner diameter of 

97.7 mm for the outer tube. For all the experiments, the fuel and 

oxidizer injection velocities were maintained unchanged and equal 

to 3.98 cm/s and 24.0 cm/s, respectively, leading to a volumetric 

fuel flow rate of 3.85 cm 

3 /s. Their comprehensive set of flow con- 

ditions included ethylene flames burning in both oxygen-enriched 

and oxygen-reduced oxidizers. For the oxygen-reduced oxidizers, 

two sub-sets of experiments were considered. In the first, pure 

ethylene injected trough the central tube while the oxidizer was 

diluted by nitrogen, leading to variations in S. In the second, both 

fuel and oxidizer were diluted by nitrogen to maintain S constant. 

Therefore, for a given X O 2 , these two sub-sets of data are charac- 

terized by different values of S but very similar values of T ad . This 

enables separate investigation of the effects of S and T ad on the 

SF rates. In the experiments of Sun et al. [46] , SVF were mea- 

sured with planar Laser Induced Incandescence (LII). Zeng et al. 

[49] also used LII technique to measure SVF in laminar axisym- 

metric ethylene-air/N 2 diffusion flames generated from a Santoro 

type burner with an inner diameter for the central fuel tube of 

16.4 mm. The fuel and oxidizer flow rates were maintained at 2.80 

Fig. 3. ˙ ω SF,P / ̇ ω 

0 
SF,P . as a function of T ad /T 0 

ad 
. This figure includes the experimental 

data obtained from Sun et al. [46] , Zeng et al. [49] , and Fuentes et al. [47] , in lami- 

nar coflow ethylene diffusion flames at normal gravity as well as the present data. 

The fit is expressed as ( ̇ ω SF,P / ̇ ω 

0 
SF,P ) = ( T ad /T 0 

ad 
) m with m = 6.17 and a coefficient of 

determination, R 2 = 0.97. 

cm 

3 /s and 65 L/min, respectively. The air and N 2 flow rates in 

the oxidizer were adjusted to vary X O 2 between 0.209 and 0.152. 

Fuentes et al. [47] considered both oxygen-enriched and oxygen- 

reduced laminar coflow ethylene diffusion flames stabilized on a 

Santoro-type burner with an inner diameter for the central fuel 

tube of 10.0 mm. The fuel and oxygen flow rates were kept con- 

stant at 2.345 cm 

3 /s and 20 L/min, respectively, whereas the nitro- 

gen flow rate was decreased from 97.6 to 37.1 L/min to vary X O 2 
from 0.17 to 0.35. In their experiments, the SVF was measured by 

using a laser extinction technique at a wavelength of 670 nm. 

SF and SO processes occur mainly in different regions in ax- 

isymmetric laminar diffusions flames [48] (see also the discus- 

sion in Section 5.4 ). As a consequence, the peak of SF rate can 

be estimated from the conservation of soot mass fraction in a La- 

grangian sense in the SF region, D ( ρs f s ) 
Dt ∝ 

ρs f s,max 
τSF 

= ˙ ω s f,P . For the 

laminar coflow diffusion flames at normal gravity, τSF is estimated 

as 
√ 

2 L S /a , where L S represents the distance above the burner at 

which the SVF peaks and a = g( 
T ad 
T ∞ 

− 1 ) is a buoyant acceleration 

[50] . As discussed in Section 2 , τSF is computed as L S / u ox for the 

present micro-gravity flames (see Table 1 ). Figure 3 shows that all 

the experimental data collapse on a single curve when ˙ ω SF,P / ̇ ω 

0 
SF,P 

is plotted as a function of T ad /T 0 
ad 

. This correlation includes both 

the data obtained with constant and varying S, supporting that the 

adiabatic flame temperature is the predominant parameter affect- 

ing the SF process when varying X O 2 . These results show also that 

the exponent m in Eq. (6) can be taken equal to 6.17. 

5. Results and discussions 

5.1. Computational details 

Simulations are performed in an overall computational domain 

of 4 cm (r) × 6 cm (z). The computational domain is divided into 

6 
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Fig. 4. Computed temperature (index 1, in K) and SVF (index 2, in ppm) fields for a) X O 2 = 18% , b) X O 2 = 20% , c) X O 2 = 20% and d) X O 2 = 21% . Streamlines are plotted with 

the SVF. 

167 (r) × 378 (z) cells using a non-uniform grid. The finest reso- 

lution (76 μm × 76 μm) is located in a region covering the molten 

droplet and the sooting region. 

5.2. Flame structure 

Figure 4 shows the computed temperature and SVF fields for 

the four flames. As observed experimentally (see Table 1 and 

Fig. 2 ), the predicted flame size and the soot production increase 

with X O 2 . As expected, the temperature peak, that is located at 

vicinity of the flame leading edge, is also enhanced while increas- 

ing X O 2 . For a given X O 2 , the temperature decreases progressively as 

the distance from the temperature peak is further increased. This 

cooling process is related, on the one hand, to the radiative losses 

and, on the other hand, downstream the molten ball, to the heat 

sink produced by the bare NiCr. 

Figure 4 shows clearly that the cooling in the sooting region is 

enhanced with X O 2 , leading to lower and lower temperature at the 

flame tip. For X O 2 = 0.20 and 0.21, the SO process at the flame tip 

is not strong enough to fully oxidize soot that, in accordance with 

the experimental observations for these oxidizer compositions (see 

Fig. 2 ), are partially released into the atmosphere. Streamlines are 

also plotted along with the fields SVF in the bottom diagrams of 

Fig. 4 . It is interesting to note that the model predicts that, what- 

ever X O 2 , the maximum pathline of SVF coincides approximately 

with a streamline from z ≈5–6 mm. 

5.3. Flame geometry 

The objective of this section is to understand the processes that 

govern the flame geometry and, in turn, the residence times. The 

analysis assumes complete combustion that is not fully satisfied for 

the smoking flames ( X O 2 ≥0.20). However, the amount of smoke 

released for the present smoking flames does not exceed 5% of the 

fuel mass flow rate and, therefore, the smoke point transition is 

expected to have no perceptible influence on the overall trend. 

Following the analysis provided by Bhattacharjee et al. for slabs 

[51] and extended by Konno et al. [52] for cylindrical samples, the 

luminous flame radius, r f , is estimated from the oxygen stoichio- 

metric requirement to consume completely the fuel released by 

pyrolysis: 

s ˙ m P ∝ ρg u ox π r 2 f Y O 2 , ∞ (7) 

where s is the stoichiometric oxygen to fuel mass ratio. This ex- 

pression suggests that r f varies linearly with α = 

√ 

s ˙ m P / ρg u ox Y O 2 , ∞ 

. 

In the present spreading configurations, the evolution of α while 

increasing X O 2 is governed by two competitive mechanisms: an in- 

crease in ˙ m P (see Table 1 ), that tends to enhance α, and an in- 

7 
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Fig. 5. a) Evolution of α as a function X O 2 , b) evolution of experimental r f as a function of α, c) evolution of β as a function X O 2 , and d) evolution of L f and L s as a function 

β . 

crease in Y O 2 , ∞ 

, that tends to reduce it. Figure 5 a shows that the 

first mechanism prevails with α increasing with X O 2 . Figure 5 b 

confirms the linear dependency of r f with α. 

The analysis of Refs. [ 51 , 52 ] estimates the luminous flame 

length, L f , by assuming that the rate of oxygen diffusion towards 

the fuel equals the stoichiometric amount required for the com- 

bustion of the pyrolyzed fuel. In the case of cylindrical samples, 

this leads to [52] : 

L f ∝ β = 

s ˙ m P ln 

(
r f / R wire 

)
ρg αg Y O 2 , ∞ 

(8) 

where R wire is the radius of the cylindrical wire, i.e. 0.55 mm. Sim- 

ilarly to α, the evolution of β as X O 2 is enhanced results from 

a competition between an enhancement in ˙ m P , that tends to in- 

crease β , and an increase in Y O 2 , ∞ 

, that tends to reduce it. As ex- 

pected, Figs. 5 c and d show that the first mechanism prevails and 

L f evolves linearly with β , respectively. Figure 5 d shows also that 

both measured and computed L S increase linearly with β and the 

slopes of the linear fits are very similar to that of L f . These re- 

sults suggest that the luminous flame length can be alternatively 

considered as characteristic length scale for the SF process in the 

present flames. In addition, the computed values of L S agree well 

with the experimental ones. 

5.4. Soot formation and oxidation processes 

Figure 6 a shows the SVF along the maximum SVF pathline. It 

increases in the SF region, reaches a peak, and then decreases ow- 

ing to the SO process. The numerical model captures well the evo- 

lution of SVF in both SF and SO region. As discussed previously and 

in accordance with experimental observations, the model predicts 

non-smoking flames for X O 2 = 0.18 and 0.19 and smoking flames 

for X O 2 = 0.20 and 0.21. In the SF region, the rates of increase in 

SVF with z as well as the magnitude of the SVF peaks are well 

reproduced. In the SO region, the rates of decrease in SVF with z

are also well reproduced although the model does not predict the 

abrupt freezing of the SO process as observed experimentally for 

the smoking flames and, in turn, underestimates the correspond- 

ing amount of soot released into the atmosphere. The present ox- 

idation model based on Eqs. (1) and (2) does not consider aging 

effects that reduce the soot surface reactivity near the flame tip, 

which may explain these underestimations [53] . 

Improvements to account for particle aging were reported in 

the literature in the case of PAH-based soot production models 

[ 53 , 54 ]. As discussed in Section 4 , such advanced soot models are 

challenging to be applied to solid fuels and are beyond the scope 

of the present study. The present numerical results suggest that 

the model captures the main trends observed experimentally and 

model predictions can be used to complete the present experimen- 

tal data. 

Let us start to discuss the SF region. Figure 6 a shows that the 

peak location of SVF occurs further downstream as X O 2 is en- 

hanced, which results in longer residence time to form soot and 

partially explains the increase in SVF with X O 2 . The evolution of 

˙ ω SF shows that an enhancement in the SF rate also contributes 

to this increase (see Fig. 6 b). Figure 6 a shows that the computed 

temperature in the SF region follows the same trends as the adi- 

abatic flame temperature, increasing with X O 2 . This reinforces the 

assumption made in Section 4.2.2 that thermal effects control the 

effects of X O 2 on the SF rate and can be related empirically to the 

adiabatic flame temperature. 

Model predictions show that the contribution of OH dominates 

the SO process along the maximum SVF pathline. Figure 6 b shows 

that ˙ ω OH exhibits a non-monotonic behavior with X O 2 , increasing 
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Fig. 6. Evolution along the maximum SVF pathline of a) the experimental and predicted SVF, and the predicted temperature, b) predicted ˙ ω SF and ˙ ω OH , and OH mole fraction. 

Experimental data are represented by symbols. Numerical results are represented by lines. 

Fig. 7. Computed radiant fraction as a function of X O 2 . 

first as X O 2 is enhanced from 0.18 to 0.19 and, then, decreasing as 

X O 2 is further increased. The previous observations can be then di- 

rectly related to the effects of increasing X O 2 on temperature and 

OH mole fraction. These effects result from the competition be- 

tween two mechanisms. On the one hand, oxygen-enhanced oxi- 

dizers tend to increase the flame temperature and to promote the 

formation of OH. On the other hand, Fig. 7 shows that the radi- 

ant fraction increases almost linearly with X O 2 from about 0.169 for 

X O 2 = 0 . 18 to 0.362 for X O 2 = 0.21. This increase in radiative losses 

tends to reduce the temperature in the SO region and to weaken 

the formation of OH. A detailed examination of Fig. 6 shows that 

the first mechanism prevails as X O 2 is enhanced from 0.18 to 0.19 

whereas the second dominates for X O 2 = 0.20 and 0.21. In particu- 

lar, it can be observed in Fig. 6 that, in the SO region, the temper- 

ature and OH mole fraction become significantly lower and lower 

as X O 2 is increased beyond 0.19. 

The experimental SVF in Fig. 6 a shows that, for X O 2 = 0 . 20 and 

0.21, the soot oxidation process freezes at z = 1.71 cm and 1.60 cm. 

At these locations, the corresponding predicted temperatures are 

of 1451 and 1453 K, respectively. These values stand within the 

range of 1350–1450 K that corresponds to soot burnout temper- 

ature reported in the literature for axisymmetric laminar diffu- 

sion flames under different conditions at both normal [34–37] and 

micro-gravity [ 24 , 26 ]. The smoke point transition occurs for X O 2 
between 19% and 20%. Figure 7 shows that the corresponding ra- 

diant fractions are of 0.23 and 0.30, respectively. These values are 

in line with recent measurements at normal gravity, which shows 

smoke point occurs for radiant fractions of about 0.25 for X O 2 = 19% 

and 0.28 for X O 2 = 20% [49] . 

Figure 8 compares measured and predicted radial profiles of 

SVF at different z. It should be pointed out that a given location 

does not necessarily correspond to the same stage in the soot pro- 

duction process for the different flames owing to the different resi- 

dence times. This figure confirms that model predictions reproduce 

reasonably the experimental trends in each region of the soot pro- 

duction process. Nevertheless, it can be observed that, for a given 

z, the computed maximum occurs at higher r and the soot re- 

gion is shifted downstream as compared to the experiments. These 

discrepancies become more and more pronounced as the distance 

along the wire axis increases and can be attributed to the fact that 

soot evolves parallel to the wire in the simulation (see Fig. 4 b) 

whereas it seems to fall down toward the wire at the stage of the 

flame trailing edge in the experiments (see Fig. 2 ). It was observed 

during the experiments that the flame trailing edge is sensitive to 

small changes in gravity, which may explain at least partially these 

discrepancies. 

5.5. Effects of X O 2 on the radiative feedback to the solid surface 

Figure 9 shows that, as expected, the radiative heat flux, ˙ q ′′ 
R,inc 

, 

increases substantially with X O 2 . Whatever X O 2 , ˙ q ′′ 
R,inc 

increases 

sharply with z along the molten ball, from values around 1–

2 kW/m 

2 at the leading edge to reach a peak downstream the 

ball top. The peak value is strongly enhanced as X O 2 increases, 

from about 9.42 kW/m 

2 for X O 2 = 0.18 to about 15.39 kW/m 

2 for 

X O 2 = 0.21. ˙ q ′′ 
R,inc 

reaches another maximum value along the bare 

wire in the region where the flame falls back to the wire. This 

maximum also increases substantially with X O 2 . Figure 9 shows 

also the radiative flux emitted by the wire surface, ˙ q ′′ R,w 

. It appears 

clearly that surface radiative losses dominate the flame radiative 

feedback in the pyrolysis region and along the bare wire. In the 

pyrolysis region, ˙ q ′′ 
R,w 

is predicted to be constant due to the as- 

sumption of constant pyrolysis temperature. Along the bare wire, it 

increases to reach a maximum in the region where the flame falls 

back to the wire. This maximum follows a non-monotonic behav- 

ior with X O 2 , increasing first as X O 2 increases from 18% to 20% and 

then decreasing slightly as X O 2 is increased further to 21%. Finally 

a careful examination of ˙ q ′′ 
R,inc 

and ˙ q ′′ 
R,w 

shows that the contribu- 

tion of thermal radiation to the heating process of the solid ahead 

of the pyrolysis front is negligible whatever X O 2 . 
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Fig. 8. Radial profiles of SVF at different heights. Experimental data are represented by symbols. Numerical results are represented by lines. 

Fig. 9. Incident radiative flux, ˙ q ′′ 
R,inc 

, and surface emission flux, ˙ q ′′ R,w , along the wire 

axis (right y-axis). The axial evolution of the wire radius, r wire , is also plotted (left 

y-axis). 

6. Conclusions 

Soot production, smoke emission and radiative heat transfer in 

oxygen-reduced non-buoyant laminar diffusion flames spreading in 

opposed flow along NiCr wires coated with LDPE are investigated 

experimentally and numerically. The numerical model considers a 

detailed chemistry, a state-of-the-art radiation model, and a two- 

equation soot production model involving a smoke-point soot for- 

mation rate and oxidation by OH and O 2 . 

The following conclusions can be drawn: 

1) Experimental data show that spread rate, fuel mass flow rate, 

flame size, residence time and peak of soot volume fraction in- 

crease with X O 2 . The flame length and radius and, in turn, the 

residence time increase with X O 2 owing to the increase in the 

fuel mass flow rates. 

2) Analysis of experimental data shows that increasing X O 2 en- 

hances the soot formation rate through thermal effects that can 

be related to the adiabatic flame temperature. Based on these 

experimental observations, the soot formation rate was scaled 

by the adiabatic flame temperature to account for X O 2 effects. 

3) Model predictions are in quantitative agreement with the avail- 

able experimental data, capturing the effects of X O 2 on flame 

structure, soot formation and oxidation processes. In addition, 

the model reproduces well the transition from a non-smoking 

to a smoking flame that occurs for X O 2 between 19% and 20%. 

These results support that the proposed surrogate fuel mod- 

eling strategy and the extended soot production model are 

promising to be applied to other configurations involving solid 

fuels at both normal and micro-gravity. 

4) Increasing X O 2 affects the soot oxidation process through two 

competitive mechanisms. On the one hand, oxygen-enhanced 

conditions promote the formation of soot oxidizing species. On 

the other hand, this increases the radiative losses which tends 
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to lower the temperature and weaken the formation of these 

species in the soot oxidation region. For the present flames, the 

first mechanism dominates as X O 2 is increased from 18% to 19% 

whereas the second prevails as X O 2 is further increased beyond 

19%. 

5) The radiant fraction increases with X O 2 to reach about 25% −30% 

at the SP transition. In addition, for the smoking flames, 

the soot oxidation freezing temperature is found to be about 

1450 K. These SP characteristics in terms of radiant fraction and 

soot oxidation freezing temperature are consistent with those 

previously reported at normal gravity. 

6) The net radiative flux ahead of the pyrolysis front is close to 

zero whatever X O 2 , showing that radiation does not partici- 

pate to the heating process responsible for flame spread. On 

the other hand, surface radiative losses dominate the radiative 

feedback from the flame along the pyrolysis region and the bare 

wire. 
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Abstract

Though flame retardants are considered for use in spacecraft, their performances in microgravity are still poorly
understood. To assess their effects on flame extinction, opposed flame spread rate, and smoke emission in the
absence of buoyant flows, thin cylindrical samples of Low Density Polyethylene (LDPE) loaded with intumes-
cent flame retardants are ignited in parabolic flights. Two types of flame retardants characterized by different
mechanisms of intumescence are considered, namely Expandable Graphite, (EG), and Ammonium polyphosphate
/ Pentaerythritol, (AP), for which thermal stress and chemical recombination drive physical expansion, respec-
tively. Observations are then reported and contrasted with results obtained at normal gravity for different flame
retardant loads, under varying oxygen content at given ambient pressure and flow velocity. Focusing on the flame
leading edge, results related to flame spread and flame extinction are analyzed first. At normal gravity, increasing
the flame retardant load improves fire safety through an increase in the flame extinction limit on the one hand, and
a reduction in the average flame spread rate for all oxygen contents studied on the other hand. In contrast, results
in microgravity show no modification in the extinction limit over the range of flame retardant loads studied, and
the benefits in average flame spread rate reduction are less pronounced. Investigating then radiative quenching at
the flame trailing edge, smoke emission is never evidenced at normal gravity. However, in microgravity, the addi-
tion of flame retardants increases the range of conditions leading to smoke emission, which is detrimental to fire
safety. These observations are valid for both flame retardants, yet more pronounced for EG-loaded samples than
AP-loaded samples. These ambivalent effects on fire safety of AP and EG addition in microgravity, which are not
evidenced at normal gravity, call for a cautious integration of flame retardants in the scope of space exploration.

Keywords: Flame retardant; Microgravity; Flame spread; Extinction limits; Smoke emission
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1. Introduction

Fire safety has been identified as one of the most
important issues that must be properly resolved in
manned spaceflight [1], since an accidental fire can
jeopardize the missions and even pose a threat to the
health and life safety of astronauts in the worst-case
scenarios. With the increase in both distance and du-
ration of space travel in the context of lunar habitats
development or deep space exploration ambitions, fire
safety issues are twofold. From a technological per-
spective, the existing fire strategies designed for low
earth orbit spacecraft rely on the possibility to con-
duct fast resupply missions after minor fire incidents,
or to perform short-range emergency evacuations if
the situation deteriorates. Unfortunately, both op-
tions are not accessible beyond Earth’s orbit. From
a fundamental perspective, the dramatic impact of re-
duced gravity on material flammability, ignition con-
ditions, flame spread, fire growth, and smoke emis-
sion through modifications in heat and mass trans-
fer is still not fully understood and remains an active
topic of academic research [2, 3]. Thus, to develop
relevant fire strategies in the absence of buoyancy,
these fire safety aspects are being studied over a range
of materials, e.g. composite cotton fabric [4], PMMA
[5], and polyethylene [6], and over geometries such
as flat sheets [7] and cylinders [8] to create a compre-
hensive base of knowledge for further investigations.
Cylindrical Low-Density PolyEthylene (LDPE) is
one of the most studied configurations, and can thus
be used as a baseline material to expand our knowl-
edge in this field. It has been found that the proba-
bility of ignition of LDPE is significantly increased
in microgravity conditions as compared with a stan-
dard gravity level [9]. In addition, as buoyant flows
disappear, a flame can spread over these samples un-
der low oxygen content conditions that would lead to
flame self-extinction at normal gravity [10]. More-
over, more intense smoke production is reported in
the absence of buoyancy [11] owing to increased ra-
diative losses from sootier flames [12], which is con-
sistent with observations from a major past incident
aboard the Mir Space Station [13]. All these obser-
vations suggest an increased danger in the confined
environment of a spacecraft.
Though leading aspects of combustion are modified
in microgravity, the associated fire safety concerns are
not specific to space exploration. As such, inspiration
can be found in existing solutions from other indus-
tries. For instance, flame resistant or flame retardant
materials are commonly employed in construction,
transport, cable, or textile industries to improve fire
safety, and should be considered in spacecraft design
as well. Flame resistant fabrics are made from mate-
rials that inherently have low flammability properties,
while flame retardant fabrics have been modified by
chemical coating or inclusion and thermal treatments
to improve on their original behavior.
Concerning flame resistant materials, Orndoff sum-
marized the successful development of several fab-

rics for space exploration by textile industries since
the 1960s, like polybenzimidazole fibers, aromatic
polyamide fibers, chlorofluoroethylene fibers, poly-
imide fibers, and beta fiberglass [14]. These mate-
rials could eventually pass flammability tests on the
ground to assess their viability in an oxygen-enriched
atmosphere (beta fiberglass for instance was designed
to be non-flammable in the pure oxygen environment
of a spacesuit), and were included in the design of
successive spacecraft. However, the tests were not
performed in the absence of buoyancy, so it is not
known whether these flame retardant fabrics perform
in microgravity as well as they do at normal gravity.
In addition, their prohibitive cost and limited range
of applications hampers a sustainable production. In-
vestigating the difference caused by buoyancy, Taka-
hashi et al. compared flammability of other more
common flame resistant materials, such as NOMEX,
Kevlar, Kapton, CARBOGLASS, PEEK, PPSU, sil-
icone resin, and silicone rubber, under both normal
and micro-gravity [15, 16]. They found that, among
these materials, those with higher pyrolysis temper-
atures inhibit flame spread in microgravity and can
self-extinguish under higher oxygen content than ob-
served at normal gravity. Because they are inherently
designed for specific fire needs, flame resistant ma-
terials may poorly address other functional require-
ments vital to space travel [14].
As such, research on flame retardant materials has
also received a special focus to boost the fire prop-
erties of existing materials used in spacecraft at a lim-
ited development cost. To protect spacecraft and as-
tronauts following the catastrophic 1967 Apollo 1 fire,
Parker et al. [17] considered enhancing the fire re-
sistance properties of polymeric materials by adding
flame retardant coatings (nitroanailine-sulfonic acids,
quinonedioxime-acid mixtures, and nitroanilinosul-
fones). The nitroanailine-sulfonic acids coating had
been tested for its effectiveness in protecting a struc-
ture from the fire on the ground and it was shown that
the temperature of the coated sample increased five
times slower than in the absence of coating. With the
same purpose, Kourtides et al. [18] conducted experi-
ments on composite materials loaded with flame retar-
dants (graphite-reinforced composites) on the ground.
They found that the loaded samples showed a higher
limiting oxygen index (LOI), lower heat release rate,
and lower smoke production. These two reports aside,
there is a lack of measurements regarding the effi-
ciency of flame retardants in the context of space ex-
ploration, amplified by the absence of data in reduced
gravity.
In this context, a broad range of flame retardants can
be investigated. Intumescent flame retardants, which
expand when exposed to external heating while re-
taining acceptable mechanical properties, are espe-
cially relevant in polymer materials increasingly used
in spacecraft. In the presence of a flame, an expanded
char layer can be formed, inhibiting fire spread by
slowing down heat and mass transfer between the
gas and condensed phases [19]. Intumescence can
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be obtained from a series of chemical reactions or
using mechanical expansion. Ammonium polyphos-
phate/pentaerythritol (AP) is a system consisting of
ammonium polyphosphate (APP) and PentaERythri-
tol (PER), producing intumescence via a series of
chemical reactions. Under the action of external heat
flux, APP decomposes and yields acidic phosphates
acting as char promoters. Phosphates react with PER
to yield char which can expand to a porous char layer,
thanks to the evolution of ammonia from APP and the
decomposition products of the burning material [20].
Therefore, the post-combustion AP residue is an ex-
panded carbonaceous char, acting as a heat barrier. Its
internal structure is foamy with small and large voids.
The cohesion of the structure is relatively high. Com-
paratively, Expandable Graphite (EG) is a typical ex-
ample of intumescent flame retardant that follows a
mechanical process. Insertion compounds are con-
tained between the graphite layers and upon heating
EG expands: the intercalation compound quickly de-
composes into gaseous products, thereby exposing the
graphite flakes which then form an entangled network
of worm-like structures on the surface of the loaded
material. This network acts as a protective layer that
expands under the rapid sublimation of molecules in
the polymeric matrix [21, 22]. It should be noted that
the cohesion of the structure is high enough to provide
the protection of interest but it is not strong to resist
the fluid flow or other erosion forces. The structure
difference between AP and EG could lead to a dif-
ferent mass transfer of gaseous fuel to the flame. An
image of the AP and EG residues after combustion is
provided as supplementary material to show the dif-
ference in their structure.
To investigate the influence of different flame retar-
dants on flame spread at both normal and micro-
gravity, this paper investigates the consequences of
AP and EG addition to standard samples. Many of the
results depend on the particular configuration. That
being said, the axisymmetric configuration gives ac-
cess to a relatively simple topology of the flow field
and the opposed flow feature leads to a minimal still
relevant interaction between the flame and the con-
densed phase. As a result, the configuration investi-
gated is believed to offer a fine compromise between
applied challenges and fundamental ambitions for the
specific study of flame retardants and especially their
influence on the condensed phase. Therefore, thin
cylindrical samples of LDPE are used as a baseline,
to build on the existing literature with uni-directional
flame spread. Experiments are then performed on the
ground and in parabolic flights to study the extinction
limit, the average flame spread rate, and smoke emis-
sion in the opposed-flow configuration, under varying
oxygen content.

2. Methodology

2.1. Experimental setup

All experiments at normal and micro-gravity are con-
ducted on the Detection of Ignition And Mitiga-
tion Onboard for Non-Damaged Spacecrafts (DIA-
MONDS) rig, extensively detailed in Refs. [23–25].
To conduct microgravity experiments, DIAMONDS
is installed aboard Novespace A310 ZeroG aircraft
which performs parabolic flights. Each parabola pro-
vides 22 seconds of microgravity, with an absolute
residual acceleration below 5× 10−2g0.
Briefly, DIAMONDS features a cylindrical combus-
tion chamber with an internal diameter of 190mm
where a laminar flow of controlled oxygen content,
pressure, and velocity is established. The ranges of
controlled oxygen content, ambient pressure level and
flow velocity are 0% to 21% in volume, 50 kPa to 150
kPa, and 0 to 300mm/s, respectively. In the following,
the flow velocity and the pressure are set at 150mm/s
and 101.3 kPa, respectively, and the oxygen content
is investigated from 17 to 21%. The samples studied
are LDPE cylinders, potentially loaded with intumes-
cent flame retardants. The samples are 100mm long,
with a diameter of 2mm. Unlike previously studied
samples [23], they do not feature a metallic core that
affects both heat transfer and the integrity of the con-
densed phase as the flame propagates. The sample,
located at the center of the combustion chamber along
its axis, is ignited without contact using a hot incan-
descent Kanthal wire. A 14.2V current flows for 8s in
the Kanthal wire as the aircraft enters its parabolic tra-
jectory, regardless of whether ignition happens or not.
Since the present study on the flame retardant sample
is based on the opposed-flow flame spread, the coil is
placed at the upstream end of the samples.
Once the sample is ignited, the flame propagation is
recorded by a JAI AT-140CL digital 12-bit tri-CCD
camera. This camera, equipped with a telecentric
lens, images the incoming light over red, green, and
blue 521x1396 pixel2 CCD arrays with a spatial reso-
lution of 72.6µm at a rate of 39fps. At the back of the
sample, uniform backlighting produced by a set of ad-
justable RGBW LEDs is alternatively set on and off
during the images recording. The solid fuel surface
can be observed on the backlighted images to investi-
gate the intumescence produced by the different types
of flame retardant. In addition, the backlight allows
discrimination between smoking and non-smoking
conditions through observation of absorption at the
flame trailing edge. Besides, a 640x480 VIM 640 G2
ULC Infrared camera with a working spectral range
from 8µm to 14µm, a resolution of 86µm, and a
frame rate of 30fps has been added along the direc-
tion perpendicular to the line-of-sight of the tri-CCD
camera. This additional camera measures the infrared
energy emitted from the surface of samples through
a polished germanium window with a transmission
spectrum between 2µm and 14µm. Moreover, a pas-
sively athermalized infrared lens is mounted in order
to block the infrared signal in a spectral band from
8µm to 12µm.
Observations are carried out 15 to 25 seconds after ig-
nition. This allows the flame to spread away from the
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Fig. 1: Backlighted frames imaging opposed-flow flame spread over cylindrical LDPE samples (left) and schematic of the
degradation process (right). All observations are carried out at a pressure of 101.3 kPa, under an oxygen content of 21% and a
flow velocity of 150 mm/s, to observe the impact of gravity and both AP and EG flame retardants with varying weight contents.
The images are taken 15s after ignition, shortly before the end of the flame spread. The time since ignition is indicated in the
upper right corner of every frame. The position of the upstream condensed phase deformation is indicated by a dashed line.

igniter and reduce undesired interactions while mak-
ing sure flame spread is analyzed in the steady micro-
gravity phase of the parabola.

2.2. Samples manufacturing process

LDPE was supplied by Sabic (Netherlands) in the
commercial grade Sabic® LDPE 2602X1 00900. EG
is the commercial grade ES350F5 from Graphitwerk
Kropfmühl (Germany) with an average particle size
of 300 µm. Sulfate was used in this grade as an inter-
calation compound to make graphite bisulfate. APP
is the commercial grade of Clariant (Germany) with
the brand name Exolit AP422. PER was supplied by
Aldrich.
LDPE was blended with flame retardants in a twin-
screw extruder. The total loading of flame retardants
in LDPE varied from 2 to 10 wt% of EG and at 5 and
10 wt% for APP/PER with the ratio 3:1 (wt/wt) and
hereafter called AP. Compounding was performed us-
ing HAAKE Rheomix OS PTW 16 twin-screw ex-
truder. The extruder is a co-rotating intermeshing
twin screw with a barrel length of 400 mm and a
screw diameter of 16 mm (L/D = 25) with 10 zones.
LDPE and flame retardants were incorporated using
two gravimetric side feeders into the extruder. The
polymer flow rate is fixed to extrude about 500 g/h
with a screw speed of 300 rpm.
Since the purpose of the present study is to observe
the influence of flame retardant on flame spread from
17 to 21% oxygen content, the flame retardant load-
ing needs to be adjusted to adapt to the general re-
quirements. Here, flame retardants are incorporated
into the LDPE solid phase, with proportions of 2wt%,
5wt%, and 10wt% for EG, and 5wt%, 10wt% for AP.
To provide a baseline, pure LDPE samples are also
investigated.

3. Results and discussion

3.1. Initial observation

Figure 1 displays backlighted observations of samples
at normal and micro-gravity, with various flame retar-
dant contents, at a set oxygen content of 21%.
The expansion linked to the intumescent processes is
clearly visible in microgravity, as illustrated in Fig.
1. AP loaded samples feature a globally spherical
shape in the pyrolyzing region with a size indepen-
dent of the loading. Yet, this region is larger in mi-
crogravity than at normal gravity. In contrast, the in-
tumescent region of EG-loaded samples increases in
size with the EG loading, moving from a spherical
shape towards a more cylindrical structure. As the
expanded carbon layers accumulate, the intumescent
region severely bents, and even drops under its own
weight at normal gravity, affecting the protection of
the unburnt upstream part. Ahead of the intumescent
region, dripping is also recorded at normal gravity and
increases as the content of flame retardant decreases.
Over pure LDPE samples, a strong dripping process is
observed. At normal gravity, the intense dripping car-
ries most of the molten fuel away, leading to a short
flame length. The dripping occurs due to the effect of
gravitational force on the accumulated molten droplet
generated by the pyrolysis process of LDPE. It has
been observed that the dripping also occurs with a
sample at low flame retardant loading (e.g. EG2wt%
and AP5wt%), but as the loading continues to in-
crease, the dripping is reduced. In microgravity, a
complex motion of twin droplets is observed ahead of
the flame. The droplets regularly merge and separate
as the flame spreads, with no correlation to the resid-
ual gravity, evidencing competing flow mechanisms
in the molten phase.
Over flame retardant-loaded samples, the luminosity
of the flame does not significantly change at a set
gravity level, in spite of the severe modifications in
the condensed phase with the increased intumescent
load. However, as the flame retardant load increases,
the flame seems to be more stable, with weaker flick-
ering. At normal gravity, the flame is bright and
stretched, while it is wider and less luminous in mi-
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crogravity. This points to an increased residence
time and a lower local soot temperature, which pro-
motes quenching at the flame trailing edge. A dark
trail of smoke is systematically observed over flame
retardant-loaded samples in microgravity, though it
was not reported over the pure LDPE samples. As
such, EG and AP seem to promote quenching, which
results in increased atmospheric contamination. This
illustrates the need for systematic characterization of
flame retardant performance in the absence of buoy-
ant flows, as increased smoke production questions
their efficiency.
A schematic is shown in Fig. 1 to further analyze
the mechanism of flame retardants affecting the flame
spread. The heat flux,

·
q
′′
f , from the flame to the sam-

ple surface is transferred to the unburned zone at the
leading edge of the flame, and the addition of flame
retardants slows down the local pyrolysis rate

·
m

′′
F of

the solid fuel. This influences the overall pyrolysis
rate

·
mF , therefore the flame spread rate, uf , as shown

by Eq. (1), and potentially stops the flame spreading.
In addition, the intumescent region also blocks a part
of the heat,

·
q
′′
f , which weakens the pyrolysis process

and contributes to the mitigation of the flame spread.
The gaseous fuel supplied by the pyrolysis needs to
flow through the intumescent region to reach the trail-
ing edge of the flame, and this process tends to in-
crease the residence time, which favors soot produc-
tion in the flame, thus increasing the hazard of smoke
emission.

3.2. Extinction limits

Flame propagation and self-extinction are investi-
gated first and reported in Fig. 2. Since the igniter
provides a large external heat flux in the first few sec-
onds of each experiment, a visible flame appears sys-
tematically. During the observation period, if com-
bustion is not self-sustained, the flame gets smaller
and less luminous until it eventually quenches at its
leading edge, then releasing a significant amount of
unburnt pyrolysis gases and possibly soot particles
which are visible through backlight attenuation. Such
a situation is regarded as extinction [26]. The in-
frared camera provides additional clues regarding the
surface temperature evolution. If combustion is sus-
tained at the flame leading edge and the flame spreads,
a pyrolysis region of uniform and stable temperature
is recorded. In an extinction situation, the infrared
signal gradually drops, starting from the upstream
preheating region, as heat loss mechanisms dominate
in the condensed phase. The infrared signal collects
quantitative information ahead of the potential vis-
ible flame extinction, thus increasing confidence in
the discrimination of spread and extinction situations
within the limited observation period.
Under normal gravity conditions, flame retardants
have a noticeable impact on flame extinction. Un-
der the pressure and flow velocity conditions stud-
ied, the LOI is raised from 18% for the pure LDPE

Fig. 2: Effect of oxygen content on flame spread and extinc-
tion over LDPE samples loaded with various flame retardant
contents under (a) normal and (b) micro-gravity conditions.
The noticeable impact of flame retardants on extinction at
normal gravity disappears in microgravity.

sample to 19% for both EG- and AP-loaded sam-
ples, and is even increased to 21% for 10wt% AP-
loaded samples. Increasing the EG load does not
show any significant effect on flame extinction. This
is interpreted as a consequence of the increase in in-
tumescence volume, which triggers subsequent bend-
ing and falling off of the expanded carbon layer un-
der the influence of gravity. As this protective ther-
mal insulation layer is removed, the virgin fuel is ex-
posed to the flame heat flux, which promotes pyrol-
ysis and cancels the benefits of increased EG load-
ing. On the other hand, the increase in AP loading
results in a higher LOI since the more compact intu-
mescent volume never detaches from the fuel surface,
thus retaining its protective function. Unlike normal
gravity observations, no shift in LOI was reported in
microgravity for both flame retardants regardless of
the loading. The flames could spread at 18% oxy-
gen content, the LOI for the pure LDPE sample, in
spite of the visible intumescence (see Fig. 1). As
such, the intumescence does not improve on the ex-
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Fig. 3: Effect of oxygen content on average flame spread
rate at normal and micro-gravity. Each color corresponds
to a type of sample and two different markers represent two
different gravity levels. Flame retardants hinder the spread
of flame at both normal and micro-gravity. The associated
uncertainties extracted from the measurement of the pyroly-
sis position and the frame rate of the camera are lower than
2.5% of the average flame spread rate (see the supplemen-
tary material for the set of estimated values).

tinction limit of the studied material under the inves-
tigated conditions. This lack of correspondence be-
tween normal and micro-gravity observations is par-
ticularly problematic as present spacecraft material
flammability tests performed on the ground rely on
self-extinction criteria [27]. A possible explanation
is that the intumescent matrix acts as a porous media
in the condensed phase, driving the molten fuel to-
wards the flame through capillarity. This mechanism
is shrouded by dripping at normal gravity but dom-
inates the viscous flow in microgravity. In addition,
the absence of natural convection prevents blow off at
the flame leading edge from the increased buoyancy
induced air velocity, as the Damkohler number is in-
creased in microgravity [28].

3.3. Average flame spread rate

The steadiness of spread rate for a given sample and
flow condition is evaluated based on the steadiness of
the flame length, of the droplet volume, and of the
velocity of the flame front position over the period
of interest [25]. In all studied conditions, the flame
length and the droplet volume continuously increase,
so no condition can be considered as a steady flame
spread. An average flame spread rate is then estimated
by averaging the displacement of the pyrolysis front
over the 10s of observation, with the pyrolysis front
being defined as the upstream deformation position
of the condensed phase (see Fig. 1).
The average flame spread rate at normal gravity and
microgravity is plotted as a function of the oxygen
content in Fig. 3. It should be pointed out that the
pure LDPE results at normal gravity under 20 and
21% oxygen content are not reported, because the

sample was fully consumed before the end of the ob-
servation period. Still, the average flame spread rate
for these two conditions can be considered higher
than all the other ones. Overall, the average flame
spread rate increases with the oxygen content, for all
flame retardant types and loads, and under both nor-
mal and micro-gravity conditions. This is expected
as the increased flame temperature enhances the heat
transfers to the sample surface.
At normal gravity and at a set oxygen content, the
average flame spread rate decreases when increasing
EG and AP flame retardants loads. In the absence
of flame retardant in microgravity, the samples have a
tendency to release two droplets upstream of the flame
(see Fig. 1 bottom left), which slows down the propa-
gation as the molten fuel cools down upstream of the
flame, thus increasing heat losses. As flame retardant
is added, this process is not observed anymore, which
increases the flame spread rate for the lowest flame
retardant loadings (EG2wt% and AP5wt%) compared
to the pure LDPE situation. Yet, as the loading is fur-
ther increased, a reduction in spread rate is observed.
Comparing the amplitude of flame spread rate, higher
flame retardant loading is required in microgravity to
reduce the spread rate to an extent similar to normal
gravity observations, where the slowest spread rates
are reported. It is interesting that the EG-loaded sam-
ple tends to provide a higher flame spread rate in mi-
crogravity than at normal gravity. The main reason
may be associated with the dripping effect. At normal
gravity, the increase in EG loading is correlated with
a reduced dripping rate. Different effects may con-
tribute to this trend. Among others, the enhanced ru-
gosity associated with the intumescent material, and
more specifically the worms formed with EG addi-
tion (see the supplementary material), increases the
adherence of the molten droplet at the contact loca-
tion. As a result, the deceleration of the flame spread
with EG loading is significant at normal gravity. In
addition, the above trend leads to a certain collapse of
the molten droplet formation phenomenology for nor-
mal and micro-gravity conditions. However, at nor-
mal gravity, the heat of the flame is transferred down-
stream of the flame especially by the buoyant flow,
which reduces the heat transferred upstream, there-
fore weakening the pyrolysis process. The latest trend
can then explain the lower spread rate at normal grav-
ity as compared to that in microgravity as EG loading
significantly affects the spread.
Overall, the EG-loaded samples spread more slowly
than the AP-loaded samples for the same flame retar-
dant load, under both normal and micro-gravity con-
ditions.

3.4. Smoke emission

In spreading situation where the flame does not
quench at the leading edge, local extinction can still
take place at the trailing edge, leading to contamina-
tion of the surrounding atmosphere. The tendency of
the flame to emit smoke can be simply evaluated us-
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Fig. 4: Effect of oxygen content on smoke emission over
LDPE samples loaded with various flame retardant contents
under (a) normal and (b) micro-gravity conditions. Flame
retardants promote smoke emission in microgravity.

ing the backlighted frames, and results are reported
in Fig. 4. Smoke-emitting conditions are defined
as spreading situations where a continuous flow of
broadband absorbing soot particles is reported at the
flame trailing edge. On the contrary, smoke-free con-
ditions are defined as spreading situations where the
closed-tip flame does not display detectable absorp-
tion at the trailing edge (see both Pure LDPE condi-
tions in Fig 1 for instance). It is worth reporting that
the flame spread over the EG 10wt% samples is too
slow to discriminate the smoking condition, since the
flame trailing edge is still intertwined with the igniter.
At both normal and micro-gravity, no smoke emission
was observed over pure LDPE in the studied range of
oxygen contents. At normal gravity, no smoke emis-
sion is also reported for all flame retardant-loaded
samples, over the range of oxygen contents studied.
It should be pointed out that results are affected by
significant dripping, which can reduce the fuel supply
to the flame, thereby reducing soot production. Be-
sides, it is also worth mentioning that the decrease
in soot residence time within buoyant flames also re-
duces the radiative heat losses, leading to flame tem-
peratures at the trailing edge high enough to support

complete soot oxidation.
Under microgravity conditions, flame retardant-
loaded samples show a consistent tendency to emit
smoke at an oxygen content of 21% for all flame re-
tardant types and loading. In addition, smoke emis-
sion is also observed at an oxygen content as low as
19% for EG-loaded samples of 5 wt%. But, since the
nature of EG and AP intumescence is different, the
mechanisms leading to smoke emission are different.
EG expansion creates graphite worms through rapid
sublimation. As such, it promotes the production of
carbonaceous elements which can be released in the
flame. Combined with the increase in residence time
and hence radiative losses in microgravity, this pro-
motes smoke release. In addition, higher EG loading
leads to an increase in carbon particle production and
thus also increases the possibility of smoke emission.
AP expansion, on the other hand, is driven by a car-
bonation mechanism that also promotes smoke emis-
sion. When the AP loading increases, the amount of
char promoters also increases, thus strengthening the
carbonation mechanism. As a result, the smoking also
increases with AP loading. Comparing both flame re-
tardants, the increase in EG loading causes the smoke
emission transition to occur at lower oxygen content
conditions, while the increase in AP loading has rela-
tively a weaker impact on smoke emission. This is
attributed to the different intumescent mechanisms,
affecting the pyrolysis processes differently as oxy-
gen content is increased. The gaseous fuel generated
from pyrolysis flows through the intumescent region
up to the trailing edge. This tends to increase the
residence time, favoring soot production, which in-
creases the hazard of smoke emission. As compared
to the AP-loaded sample, the EG-loaded one produces
a larger intumescent region at similar loading, which
leads also to a longer residence time, further promot-
ing the smoke emission. In addition, the cohesion of
the EG residue structure is lower than that of the AP
residue after combustion. As a result, it can be an-
ticipated that the carbonaceous matter is released at
a higher rate from the EG-loaded sample, which also
promotes the smoke emission.
Smoke emission is heavily influenced by oxygen con-
tent in microgravity, as the flames spreading over all
flame retardant-loaded samples transition from non-
smoking to smoking when the oxygen content is in-
creased. Oxygen content has a mixed effect on smoke
emission. Higher oxygen content provides higher sto-
ichiometric flame temperature and a higher soot oxi-
dation rate [29], which should block smoke emission.
But from the results of the previous section, it also ap-
pears that the flame spread rate,and consequently the
pyrolysis rate, increases with oxygen content, which
facilitates smoke production [12]. And the pyrolysis
rate is determined as:

.
mF = ρpe · π · r2s · uf (1)

where ρpe is the density of LDPE, rs is the cylinder
radius and uf is the spread rate.
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Table 1: Flame spread rate exponent β for different samples in microgravity
Pure EG2% EG5% EG10% AP5% AP10%

4.84 ± 1.76 3.84 ± 1.16 2.73 ± 0.67 3.11 ± 0.79 3.05 ± 2.35 2.53 ± 0.17

To further investigate the role of oxygen content, the
relationship between pyrolysis mass flow rate

.
mF and

oxygen content xO2 is quantified, following Guibaud
et al. [30]. The power law relating pyrolysis mass
flow rate to oxygen content is extracted from a least
square optimization using logarithmic transform to
identify the parameter β, as shown in Eq. (2).

.
mF = C xβ

O2,∞ (2)

where C is a constant.
The value of β is then contrasted to a previous investi-
gation by Glassman and Yaccarino at normal gravity
[31]. The authors investigated the effect of oxygen
content on a coflow diffusion flame at atmospheric
pressure, and reported the variation of critical ethy-
lene fuel flow rate

.
m

c
F to sustain quenching con-

ditions at the flame tip. Based on the variation of
this critical value in the oxygen content range of the
present experiment, a critical mass flow rate can be
obtained as:

.
m

c
F = C x0.82±0.14

O2,∞ (3)

Any variation above this critical value fosters smoke
emission, while any variation below hampers smoke
emission. With the present configuration, the fuel is
made of a similar chemical structure at the molecular
level (polyethylene). Still, it is solid and the fuel py-
rolysis rate is especially a function of the oxygen con-
tent, therefore cannot be freely adjusted. To under-
stand whether a variation in oxygen content and the
subsequent variation in fuel mass flow rate can trig-
ger the release of smoke, a method similar to that of
Glassman and Yaccarino is also applied to the present
results in microgravity. The values of β extracted
for the different sample types (reported in Tab. 1)
are contrasted with the critical variation reported by
Glassman and Yaccarino. All values for β are higher
than the critical fuel flow rate variation of Eq. (3), so
it can be concluded that the pyrolysis mass flow rate
of all samples in microgravity increases faster than
the critical mass flow rate required to sustain quench-
ing at the flame trailing edge as the oxygen content
increases. This means that the increase in pyrolysis
mass flow rate with oxygen can be sufficient to jus-
tify a transition from non-smoking to smoking con-
ditions. In addition, in the present case and as stated
previously, the smoke release is also promoted by the
effect of flame retardants on pyrolysis. Consequently,
if high flame retardants loadings can further reduce
flame spread rate until the increase in pyrolysis rate
drops below its critical value, the transition from non-
smoking to smoking still needs to be verified.

4. Conclusion

LDPE samples loaded with two types of intumes-
cent flame retardants, EG and AP, were ignited at
varying levels of oxygen content at normal and micro-
gravity, to analyze the associated extinction limits,
flame spread rates, and smoke emissions. The re-
sults show strong differences between microgravity
and normal gravity conditions, which call for cau-
tious integration of flame retardants in the scope of
space exploration. The extinction limit increases with
flame retardants loading at normal gravity, but this ef-
fect is not reported in microgravity. At normal grav-
ity, an increased flame retardant load inhibits flame
spread, this effect is also observed, though less pro-
nounced, when assessing the average spread rate in
microgravity. Under the same ambient conditions and
the same loading, EG-loaded samples show a reduced
flame spread rate compared to AP-loaded samples.
To confirm that these results stand once the flame
spreads steadily, similar long-duration experiments
are required. Though flame retardants enhance fire
safety in microgravity by lowering the flame spread
rate, they also facilitate smoke emission to an ex-
tent that is not reported at normal gravity. The en-
hanced propensity to emit smoke is especially notice-
able over the EG-loaded sample in spite of the lower
flame spread rate, because the intumescence produc-
tion mechanism readily contributes to soot formation
in the absence of gravity. Globally, it is observed that
the combustion characteristics of samples loaded with
flame retardants in microgravity are different from
those at normal gravity, stressing the need for addi-
tional experimental observations prior to their adop-
tion in spacecraft design.
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