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INTRODUCTION

The initiation and propagation of fire are highly dependent on the environment in which
it starts. An important factor to consider when studying fire is the ventilation or fresh air
supply. When the oxygen concentration in the environment is high, the fire is mainly related
to the amount of combustible material. However, in poorly ventilated atmospheres, the
behavior of the fire is determined by other factors. In the initial stages, it is similar to well
ventilated fire, but as time passes and the combustible material burns, the concentration
of oxygen begins to decrease because of its limited quantity, thus, the fire goes into an
underventilated state and and it becomes to be controlled by the amount of oxygen present.
The flame structure and radiation decreases, having a significant impact on the thermal
decomposition of the solid matrix. The decline of the mass loss rate of the materials limits
the quantity of combustible gas kept into the gas phase for the combustion, impacting than in
turm the flame. Complex unstable behavior can be observed as the heat and mass transfers
of the materials present decreases. In addition, toxic, flammable gases begin to be form in
the enclosed space, leading to possible various hazardous scenarios.

Such confined spaces can be found in transport such as aircraft and trains or in nuclear
facilities. Additionally, to minimize energy losses and increase efficiency, new legislations
mandate the improvement of insulation in buildings and structures. Building design has
changed as a result of the requirement to minimize energy loss, with a focus on producing
well-insulated spaces. Such insulation improves efficiency, but it also restricts the amount
of outside air that can enter the building. As a result, there is a serious risk of under-
ventilation in these interior spaces, which raises new issues related to fire safety. The new
safety challenge and public expectations contribute to the large development of the studies of
fire safety engineering, which are based on the use of numerical models, notably CFD codes.
In those different modelling tools (as FDS, Firefoam or others) have been developed and
improved for many years for well ventilated conditions, their application to under oxygenated
situation is questionable.

In fact, experiments and studies on fire in unventilated rooms are quite limited, particularly

regarding the effects of varying oxygen concentrations. This resulted in existing fire models
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relying on parameters recorded under ambient air conditions, which introduces a significant
bias in the results. To improve the accuracy and reliability of fire models, and consequently
improve predictions, there is a need for an understanding of fire dynamics in environments
with reduced oxygen levels. In this context, the current work focuses on the experimental
characterization of polymers under those conditions.

Within this framework, the present study examines key parameters critical to understand
the fire behavior of polymers in both the solid and gas phases in reduced oxygen atmo-
spheres. For this, the parameters investigated include heat release rate, heat flux at the
sample surface, gas temperatures, mass transfer and in-sample parameters. The investigation
uses a controlled atmosphere cone calorimeter and square thick samples of clear polymethyl
methacrylate (PMMA) with dimensions of 100 x 100 x 30mm in a horizontal configuration.
The PMMA is a material widely used in applications such as aircraft and billboards. PMMA
is chosen because of its well-documented thermochemical properties and its wide use in fire
rearche because of its relatively simple decomposition process. The oxygen concentrations
are varied from 21%wol to 10%wol. Three external heat fluxes ranging from 12kW/ m? to
35kW/ m? are applied. This approach allows for a thorough investigation of how varying
oxygen concentrations in vitiated atmospheres, coupled with varying external heat fluxes,
affect critical fire-related parameters.

The following thesis is divided into 4 chapters. The first one provides an overview of research
that has been done on PMMA in air and in vitiated environments. The state of the art allows
to have comparative basis for the current study but also highlights the gaps in the fire safety
community.

The second chapter describes the experimental setup used, which is the controlled atmo-
sphere cone calorimeter, but also the different modifications it has undergone to be able to
measure the different parameters mentioned above. This chapter also describes the calcula-
tion method used to calculate the heat release rate, the gas temperatures and the averages
throughout the study.

Having established the experimental basis, the chapter 3 focuses on the results obtained

under normal air conditions. This chapter serves as a basic reference for the following
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chapter in vitiated atmospheres.

Finally, the last chapter focuses on the study of these parameters in vitiated atmospheres.
The first section of this last chapter deals with the behaviour of the parameters in vitiated at-
mospheres under an external heat flux. The second and final section focuses on the combined
effect of oxygen concentration and external heat flux on both the thermal decomposition and

the combustion processes.
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The present study focuses on the thermal decomposition and the combustion of PMMA
(polymethylmethacrylate) in under-oxygenated atmospheres. PMMA is a widely used poly-
mer that is used in applications ranging from building, furnitures, advertising (such as signs
and billboards) to art (in design objects and sculptures) and even aviation (for aircraft win-
dows and helicopter cockpits). PMMA is also used as a protective or containment window
for glove boxes in the nuclear industry. It is therefore a material of major interest in the
fire safety community. In addition, PMMA was chosen because it does not produce carbon
residues during combustion and its thermo-physical properties are well documented. Many
studies focused on the characterization of the PMMA in the context of fire research. More-
over, in confined spaces, where there is a lack of ventilation and no fresh air supply, the
oxygen concentration is decreasing as it is consumed by combustion. This decrease in oxy-
gen levels affects the fire behavior (thermal decomposition and combustion) of the materials
present in the space [1]. Several past experimental studies have been carried out to observe

the effects of varying oxygen levels on combustion dynamics and material response. This
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chapter presents a review of the existing literature. It is divided into 3 main parts. The first
section focuses on understanding the thermal decomposition process of PMMA by reviewing
findings from relevant studies. The second section deals with a review of the literature on
the behaviour of PMMA in under-oxygenated atmospheres. This review covers a wide range
from the effects of oxygen depletion on material properties such as viscosity to its effects on
PMMA behaviour including ignition time, flame heat flux, burning rate and more. Finally,
analytical models that have been developed to predict various properties associated with

PMMA behavior under different conditions are presented.

1.1 PMMA fire behvaior under air

This section provides a non-exhaustive literature review focusing on the thermal decomposi-
tion and the combustion process of the PMMA under air atmosphere. A brief description is
provided first, followed by detailed explanations of both solid and gas phase characteristics,
aiming to summarise the key aspects of PMMA thermal decomposition and combustion.
Numerous studies have been conducted to investigate the combustion behavior under ambi-
ent air, focusing on parameters like pressure and humidity [2, 3, 4], flow velocity [5], sample
orientation [6], absorption [7, 8]. While these studies provide valuable insights, they are

outside the scope of the current study.

1.1.1  Thermal decomposition of PMMA under air

This section focuses on the thermal decomposition of the PMMA under air. On the molecular
level, a well-defined mechanism of thermal decomposition of PMMA is described in the

literature [9, 10] and can be summarised in four steps:

e PMMA depolymerizes to yield monomers derived from methyl methacrylate (MMA)

through pyrolysis or oxidation reactions.

e The MMA-derived molecules undergo oxidation and are converted to oxygenated prod-

ucts.



e The oxygenated molecules are further oxidized to form exhaust gases and gaseous

products.
e These gaseous molecules undergo oxidation into the gas phase.

The previous mechanism is summarized in Equation 1.1.1.

Ox/Py
PMMA MMA
Ox
MMA Oxygenaed products
yeenaea b (1.1.1)
Ox
Oxygenaed products Gaseous products
Ox

Gaseous products — Gas

A brief description of the PMMA’s molecular decomposition has been provided, however the
study focus does not extend to the molecular level of behavior. The material level is the main
focus of this investigation. On the material level, the decomposition process of the PMMA
under an external heat flux has been classically studied in the literature on two main benches:
the cone calorimeter (CC) [11, 12] and the fire propagation apparatus (FPA) [13, 14]. Both
apparatuses serve as a way to study the behavior of materials such as the heat release, the
ignition time, and the mass loss rate. Tests conducted in FPA and CC can yield different
results. The decomposition process happening in the two apparatuses is different since the
radiation coming from the two apparatuses is different. In fact, Bal [15], compared existing
literature findings to examine potential differences arising from changes in experimental
apparatus. They found that for clear PMMA, the majority of energy absorption occurred
for wavelengths above 2um, corresponding to the emission wavelength of the CC. However,
a different behavior was observed for wavelengths below 2um, the wavelength transmitted
by the FPA, where clear PMMA transmitted the energy. This change in pyrolysis behavior
highlights the importance of a thorough understanding of the radiative properties of the
PMMA under investigation before concluding experimental results.

In conducting experiments using the cone calorimeter, Luche et al [16] found four primary



stages in the decomposition process of PMMA. Initially, when the PMMA sample is sub-
jected to heat, it undergoes decomposition due to thermal stress, affecting a phase transition
with the formation of a gaseous phase within the material. This gaseous phase manifests
as a zone of bubbles, typically a few millimeters thick, proximate to the material’s surface.
As the temperature of the surface increases, the bubble zone diminishes in thickness, giv-
ing rise to progressively smaller bubbles. The viscosity decreases, facilitating the expulsion
of gaseous pyrolysis products. Consequently, the decomposition of PMMA leads to com-
plete depolymerization, yielding methyl methacrylate (MMA) [17] in the condensed phase.
Swelling occurs due to the pressure exerted by the gaseous products, prompting the migra-
tion of bubbles toward the surface, ultimately augmenting the exposed surface area of the
PMMA. This migration follows the path of least resistance and is primarily influenced by
pressure and buoyancy gradients [18, 19]. Flammable gases are generated, which, under
favorable conditions, combine with oxygen in the gas phase,and can create a diffusion flame
above the sample. The radiative and convective fluxes of this flame can be combined with
an external heat flux coming to the surface of the PMMA sample, thereby contributing to
ongoing pyrolysis. This coupling mechanism during the second stage serves to perpetuate
thermal decomposition and combustion, thereby illustrating the feedback loop between the
material and the combustion process. The third stage, described by Luche et al., is an
artifact arising due to the cone calorimeter apparatus utilized. It is characterized by the
thermal decomposition of the thin remaining layer of the PMMA sample after the initial
stages. During this phase, swelling stops, and the decomposition rate is accelerated by the
thermal feedback from the insulating plate of the sample holder used during cone calorime-
ter tests (ISO 5660). The mass loss rate peaks, subsequently decreasing as the remaining
PMMA material decomposes, ultimately resulting in the extinguishment of the flame due to
the absence of gaseous combustible. The decomposition ends with no PMMA residue in the
sample holder.

The decomposition process of PMMA occurs under favorable ignition conditions, which

necessitate a sufficient heat flux at the material’s surface.



1.1.2  Critical Heat Fluz (CHF) and ignition parameters

In the literature there were attempts to determine the critical heat flux to ignition. The
CHF can be determined both experimentally and theoretically. Janssens [20] proposed a
method to calculate the theoretical heat flux by plotting the inverse of the square root of
the ignition time as a function of the external heat flux. The intercept of the plot with the
x-axis constitutes the critical heat flux. However, Luche et al found that this method is not
accurate in predicting the critical heat flux. The authors characterized black PMMA in a
cone calorimeter and investigated the effect of the external heat flux on various parameters,
including ignition time (Figure 1.1). Luche et al attempted to calculate additional thermal
properties of the material and observed a linear evolution between the square root of the
ignition time and the external heat flux. They found the theoretical critical heat flux (CHF)
to be 4.8kW/m2, but the experimental one was measured to be 11/£VV/m2 showing the
critical nature of this method. In particular, studies such as [21] and [20] propose methods

for calculating the experimental critical heat flux using the theoretical critical heat flux.
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Figure 1.1: Square root of the inverse of ignition time as a function of heat flux from reference
[16].



The critical heat flux can be calculated using ignition parameters such as the thermal re-
sponse parameter (T'RP) introduced by Tewarson [22]. For example, Zarzecki et al [23]
conducted a study using 100 x 100mm?2 samples of PMMA in a large pressure vessel. The
PMMA was under external heat fluxes ranging from 10 to 72kW/ m?2. The researchers used
the TRP and the approach of Quintiere [24] to define the ignition time as shown in Equa-
tion 1.1.2, together with the TRP given in Equation 1.1.3.

TRP 2
) (1.1.2)
Qe

tig:(

Where ¢;, is the ignition time, T'RP is the thermal response parameter, and GY is the external

heat flux.

TRP = (Zk:pcp)él(Tg — Tho) (1.1.3)

Where p is the density, ¢y is the specific heat at constant pressure, Ty is the gas temperature
and T is the ambient temperature.

However, Zarzecki et al. argued that existing models, particularly those based on TRP,
may not accurately predict ignition time as the external heat flux approaches critical levels.
Their objective was to develop a model capable of predicting the ignition time at both high
and low heat flux conditions. They introduced the critical heat flux (CHF') as defined by
Equation 1.1.4, and established a correlation between C HF', ¢/ and ignition time, illustrated

in Equation 1.1.5.

CHF = o(Tjy — T) + he(Tig — Too) + dpy (1.1.4)

Where o is the Stefan-Boltzmann constant, T;, is the temperature at ignition, hc is the
convective heat transfer coefficient and qu is the pyrolysis energy heat flux.

The study focused specifically at oxygen concentrations Xpo = 0.21 and the results are
presented in Figure 1.2. In particular, the analytical model was based on a C'HF' value of
8.21<:W/m2, calculated using Equation 1.1.4, and a TRP of 179, determined by fitting the
ignition time data. The researchers found that the model performed well for lower heat

9



fluxes, but tended to underestimate ignition times for higher heat fluxes. The model was
only compared to values obtained in air and did not include ignition times at lower oxygen

concentrations.

e Vi 115
it P=rp) Vs (1.1.5)
1 I .
0.8 *
.//
/

55 0.6 /
=~ /
K .
T /
©o04r

/®

!

1

021/, |
o e Experimental Data
———-Model
0 : ‘ |
0 S0 100 150
Viig(s™1/%)

Figure 1.2: Ignition times normalized and plotted versus the external heat flux for X9 =
0.21 given by [23], and the model given by Equation 1.1.2

In the existing literature, researchers have studied ignition delay time [25, 26, 27]. Addi-
tional models to predict the ignition time can be found in the literature such as the one in
Equation 1.1.6. It is an analytical model developed by Rhodes and Quintiere [28]. They
compared their experimental data, showing good agreement for heat fluxes under 40kW/ m2.
Based on their plot, they determined a theoretical critical heat flux of 4kW/ m2.

2 (Tig— Tno)?

tig = skpcp. 7 (1.1.6)
tot

93
This subsection showed attempts from the literature to find models able to predict the
critical heat flux and the ignition time under air. The following subsection will focus on

flame radiation and its effect on the PMMA.
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1.1.3 Flame heat flur and flame temperature

During combustion, the decomposition process is continued by the heat flux receives at the
surface of the sample. To measure this heat flux, several apparatuses in the literature are
used. For example, Rhodes and Quintiere [28] used the experimental setup, illustrated in

Figure 1.3, consisting of a hollow black PMMA sample equipped with a fluxmeter.
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Figure 1.3: Apparatus used in reference [28].

Hopkins and Quintiere [29] investigated the flame heat flux at the PMMA sample surface
using Schmidt-Boelter heat flux meters with diameters ranging from 6 to 25mm to measure
the total heat flux coming from the flame. This measurement included both the radiative
and convective components of the flame heat flux. To prevent interference, a thick ceramic
material isolated the sample from the instrumentation, and the system included water cooling
at 65°C.

Beaulieu and Dembsey [30] investigated the flammability of black cylindrical PMMA samples

with diameters ranging from 105 to 1220mm, in both horizontal and vertical orientations.
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Figure 1.4: Experimental configuration for the measurement (in mm) of flame heat flux used
in reference [30].

They used the advanced flammability measurement apparatus [31] and the experimental
setup illustrated in Figure 1.4.

The flame heat flux is influenced by the dimensions of the sample in both vertical and hor-
izontal orientation. In fact, Orloff et al. [32, 33| focused on large vertical PMMA samples
with dimensions of 3560 x 914 x 64mm3 and 1570 x 410 x 45mm3. They found a flame heat
flux ranging from 27 to 20kW/ m?. In the vertical orientation, other literature references
show similar results. Pizzo et al. in 2015 [34] investigated the surface heat flux for vertical
clear PMMA samples of different heights. They found a flame heat flux ranging from 23.4
to 30.9kW/m?2. Kacem et al. [35] carried out a series of tests using horizontally positioned
translucent PMMA samples of different dimensions. The authors found a flame heat flux
of 40.9kW/m? for samples of dimensions 200 x 200mm? and 59.5kW/m? for samples of
dimensions 400 x 400mm?. Similar results were observed by Alibert [36] on the same ma-
terial where the flame heat flux varied from 24 for samples of dimensions 100 x 100mm? to
63kW/m? for samples of dimensions 400 x 400mm?. However, the flame heat flux does not
seem to be dependant on the external heat flux as shown by Rhodes and Quintiere [28]. The
authors found that the flame heat flux received at the surface of a horizontal PMMA sample
remained constant at 37kW/ m? over a wide range of external heat fluxes ranging from 0 to
T5kW/ m?. This finding suggests that the flame heat flux for black PMMA is not dependent
on the external heat flux.

The flame heat flux measured previously account for both radiative and convective compo-
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nent. To be able to measure the radiative flux, Kacem et al. [35] placed a zinc selenide (ZnSe)
pellet on top of the total flux meter. This approach allowed the isolation of the radiative
contribution alone. ZnSe was chosen because it has near-zero absorption of radiation over
a wide range of wavelengths. The results showed that the radiative contribution was up to
83% of the total heat flux. The radiative heat flux constitutes then a significant proportion
of the total heat flux received at the surface of the sample. This method was also used later

by Alibert [36] to the same end. The author found a radiative fraction of 65%.

Reference Sample Dimen- | Sample Orien- | Flame heat
sions (mm) tation flux (kW/m?)
Orloff et al. [32] ;ggg ;< 312 ;< gi vertical g(;
Quintiere et al. [37] 280 x 280 vertical 19.6 — 24
Rhodes and Quintiere [28] | 100 x 100 (black) horizontal 37
1000 x 100 23.58
. 1000 x 300 . 23.95
Tsai and Wan [38] 1000 x 500 vertical 20.04
1000 x 700 30.21
Leventon and Stoliarov | 50 x 150 vertical 35 and 40
39]
diameter = 100 20
: diameter = 178 : 31
Beaulieu and Dembsey [30] diameter — 610 horizontal e
diameter = 1220 60
, height = 25 . 23.4
Pizzo et al. [34] height — 200 vertical 20.9
200 x 200 . 40.9
Kacem et al. [35] 400 x 400 horizontal 505
100 x 100 24
Alibert [36] 200 x 200 horizontal 36.5
400 x 400 63

Table 1.1: Values of flame heat flux during the combustion of PMMA in the literature

It is important to note that the studies include different experimental apparatus, which may
contribute to certain discrepancies in the reported results.
A summary of some relevant literature values is given in Table 1.1, including measurements

from different sample heights, configurations of both clear and black PMMA, and considering
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both radiative and convective heat flux under ambient air conditions.
Although the flame can be characterised by its heat flux, another important factor to consider
is the flame temperature. In the literature, the flame temperature has been recorded for

different orientations and dimensions of the sample. The results are summarized in Table 1.2.

Reference Temperature (K)
Orloff et al. [32] 1367
Beaulieu and Dembsey [30] 1184
Kacem et al. [35] 1190
Alibert [36] 1080 — 1180

Table 1.2: Values of flame temperature during the combustion of PMMA in the literature

Numerous studies have extensively investigated PMMA combustion under ambient condi-
tions, as described above. However, the behavior of PMMA in under-oxygenated atmo-
spheres can be subject to change. The following section provides a non-exhaustive review of

the literature, summarising the results of studies of PMMA combustion in such environments.

1.2 Thermal behavior of PMMA under under-oxygenated

atmospheres

The thermal decomposition of PMMA is highly dependent on ambient conditions, including
external heat flux and oxygen concentration. To understand the behavior of this polymer
in different scenarios, researchers have investigated the effect of oxygen concentration on
both solid and gas phase parameters during PMMA combustion, such as mass loss rate,
gas temperatures, and flame heat flux. The following section provides a review of several
literature sources, beginning with the solid phase characteristics, followed by gas phase
characteristics, and concluding with analytical models found in the literature to describe the

behavior of PMMA in under-oxygenated atmospheres.
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1.2.1 Solid-phase characteristics

This subsection is dedicated to present studies that focus on the solid-phase characteristics of
the PMMA fire behavior in under-oxygenated atmospheres. The solid-phase characteristics
include the effect of oxygen on the viscosity of the PMMA and the mass loss rate.

(c) Rmt Fiue 4 w;cmi g (D) Radiant Flux 4 w/un= 40% 0,/60% N

Figure 1.5: Microscope pictures of PMMA surface layers exposed to different radiant fluxes
and environmental gases from reference [19]. The distance between two dark bars in the top
part of each picture is 1 mm.

Kashiwagi and Ohlemiller [19] determined the effect of the ambient oxygen concentration on
the rate of gasification and surface temperature of the PMMA. The oxygen concentrations
varied from X9 = 0 to X9 = 0.4 under two heat fluxes of 10kW/m? and 40kW/m?. The
authors observed that in an environment with lower oxygen concentrations (Xpo = 0 and

Xp9 = 0.10), the hottest, near-surface layer of PMMA is characterized by the appearance
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of large bubbles as shown in Figure 1.5. The presence of oxygen alters the behavior of the
surface layer of PMMA. The surface layer becomes less viscous in environments with high
oxygen concentrations (Xpo = 0.4). This promotes mass transfer of decomposition products
from deeper layers to the surface by forming bubbles. This bubbling phenomenon affects
the depth to which oxygen affects the surface. As the gasification rate increases, the effect
of oxygen on the gasification process decreases. This diminishing effect is attributed to the
counterflow of gases emanating from the surface of the material, which acts as a regulatory
mechanism. It reduces the rate at which oxygen diffuses and is supplied to the condensed
phase. The gasification process accelerates. The presence of oxygen also has a significant
effect on the surface temperature of PMMA. An increase in the oxygen concentration leads
to a significant decrease in the surface temperature of the material.

The mass loss rate of the material is heavily affected by the oxygen concentration. In fact,
when the later decreased, the mass loss rate decreases too.

Santo and Tamanini [40] observed that the mass loss rate, showed a decrease from 12.9g/ms
to 9.2g/ms as the oxygen volume fraction changed from 0.209 to 0.180.

Mulholland et al. [41] carried out a study of thin PMMA samples measuring 100 x 100 x 6mm.
Their experiments took place in a controlled atmosphere cone calorimeter and the samples
were subjected to two different external heat flux conditions: ¢ = 15 and 30kW/m?. They
observed a decrease in the mass loss rate at both external heat fluxes. This decrease is
evident as the oxygen concentration decreased, from 259/s.m2 at Xp9 = 0.21 to 15g/s.m2
at X9 = 0.14 for ¢/ = 30kW/m?. Similarly, for ¢/ = 15kW/m? the mass loss rate decreases
from 5.3g/s.m? at Xgo = 0.21 to 3g/s.m? at Xpg = 0.15. This study’s normalized mass
loss rate ratios are later compared with values from other literature sources in this section
(see Figure 1.10). The combined influence of heat flux and oxygen concentration results in
a significant reduction in the specific mass loss rate, reaching a minimum value of 3¢g/ s.m2.
In 2019, Chatenet [42] realized a series of experiments using the Mass Loss Rate Calorimeter.
This standardized apparatus (ISO 13927) is described in detail in [43]. This calorimeter is
a modified version of the cone calorimeter that uses a thermopile at the top of the stack to

measure the heat release rate, unlike the traditional oxygen consumption method. Chatenet’s
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investigation focused on determining the Peak Mass Loss Rate (pMLR) under varying oxygen
concentrations (Table 1.3). The results show a noticeable decrease in the pMLR as the
oxygen concentration decreases. The pMLR decreased from 0.284g/s at Xpo = 0.21 to
0.232 at Xpo = 0.13, which is close to the observed limiting concentration reported by the
author. Subsequent tests at Xpo = 0.09, X9 = 0.06 and X9 = 0.02 show a transition to
the non-flaming mode. During this phase, the pMLR is almost constant. This observation

is consistent with the findings of Marquis et al. [44].

| Xo2 | PMLR(g/s) |

0.21 0.284
0.18 0.264
0.16 0.246
0.13 0.232
0.09 0.18
0.06 0.173
0.02 0.175

Table 1.3: Values of peak MLR for several oxygen concentrations from reference [42].
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Figure 1.6: Specific mass loss rate values for several oxygen concentrations from reference
[45].

Their results for Specific Mass Loss Rate (SMLR) for black PMMA, are presented in Fig-

ure 1.6. In both studies, the SMLR shows a decreasing pattern in the flaming region and
17



becomes constant in the non-flaming region. Thus, the literature shows that the oxygen
concentration considerably affects the behavior of the PMMA in its solid phase. The surface
layer of the PMMA becomes more viscous with the decreasing oxygen which affects the mass
transfer of decomposition products to the surface. The oxygen concentration in turn affects

the mass loss rate material which decreases with the decreasing of oxygen.

1.2.2  Gas phase characteristics

In this subsection, studies discussing the gas phase characteristics are presented. The gas
phase characteristics include the emittance, the flame heat flux, and the heat release rate.
The flame morphology is subject to change with the oxygen concentration. Santo and
Tamanini [40] found that the flame dimensions such as diameter and height decrease with
the oxygen concentration. For lower oxygen concentrations, the flame height also decreases,

with a smaller diameter.

600600 mm?

Figure 1.7: Instantaneous pictures of the flames generated by the combustion of the PMMA
from reference [36]

This behavior was also observed by Alibert [36]. The author presented pictures of the

flame resulting from the combustion of clear PMMA samples of surface 600 x 600mm2.
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As shown in Figure 1.7, the oxygen concentrations varies from Xpo = 0.18 to Xpo =
0.21. The flame diameter increases with decreasing oxygen, accompanied by a decrease in
flame height. A noticeable change in the color of the flame is observed, appearing bright
yellow under normal air conditions and changing to a more orange-yellow hue as the oxygen
concentration decreased. This shows that the flame morphology is directly linked to the
oxygen concentration present in the ambient environment. The flame heat flux has been
found to decrease with the oxygen concentration. In particular, Alibert [36] observed total
heat flux at the surface of PMMA samples with dimensions of 200 x 200mm?2 and 400 x
400mm?2. They found values of 40.9 and 59.5kW/ m? under ambient air conditions. Tests
carried out at different oxygen concentrations show a decrease in heat flux with increasing

oxygen concentration.

’ X02 ‘ Xr ‘
0.209 | 0.36
0.199 | 0.33
0.190 | 0.29
0.180 | 0.25

Table 1.4: Influence of the oxygen fraction on the radiative fraction from reference [40].

The measurement of the radiative flame heat flux has been the subject of interest in several
studies. It is also found to decrease with the oxygen concentration. Santo and Tamanini
[40] found a correlation between oxygen concentration and the radiative fraction, denoted
Xr- Under normal air conditions, this fraction is measured to be 0.36, but as the oxygen
concentration decreased to Xpo = 0.18, it falls to a value of 0.25. This trend is shown in
Table 1.4. Similar trends are observed in other flame properties such as absorption coefficient,
emittance, and total radiation. These parameters show a consistent decrease with decreasing
oxygen concentration, due to a reduction in soot production and to an increase in flame
dimension as oxygen levels increased. A similar behavior was found by Tewarson et al. [1].
The researchers used Spalding’s B-number and a surface heat balance analysis to estimate
the convective and radiative heat flux in flames. This investigation focused on a range of

oxygen concentrations, between X9 = 0.16 and X9 = 0.46. They noticed an increase in
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flame radiation with the increase in oxygen concentration. However, the flame convection
decreases.

The flame temperature follows the same trend as the heat flux as it decreases with the
oxygen concentration. However, while Alibert [36] identified a linear correlation between
gas temperatures and oxygen fraction, ranging from X9 = 0.18 to X9 = 0.21, Santo and
Tamanini [40] found that the flame temperature stayed constant as the oxygen decreased.
Another parameter to consider in the gas phase is the heat release rate which also decreases
with the oxygen concentration. This was observed for instance in the work of Mulholland
et al. [41] and Chatenet [42]. Mulholland et al. [41] found that heat release rate show a
decrease from 6.5k under ambient conditions to 3.7kW at Xpo = 0.14. Chatenet [42]
provided data on peak heat release rate (pHRR) and total heat release (THR), as shown in
Table 1.5. The reported values show a decreasing trend for both pHRR and THR as oxygen
concentrations decreased. The highest values of pHRR reported under air is 489kW/ m? and
the THR is 130M.J/m?. Those values drop to 386kW/m? for the pHRR and 113M.J/m? for
the THR at Xpo = 0.16. At an oxygen concentration of Xpo = 0.13, the authors refrained
from reporting values due to the non-repeatability of the results, indicating getting close to
the limiting oxygen concentration. At oxygen concentrations lower than Xpo = 0.13, where

there is no flame, both pHRR and THR are negligible.

| Xpo | pHRR(kW/m?) | THR(MJ/m?

0.21 489 130

0.18 451 127

0.16 386 113

0.13 | No repeatable results | No repeatable results
0.09 / /

0.06 / /

0.02 / /

Table 1.5: Values of pHRR and THR for several oxygen concentrations from reference [42].

This subsection showed that the gas phase characteristics such as the heat release, the lame

morphology, and the flame heat flux are affected by the oxygen concentration in the ambient
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air. The previous studies conducted experiments with decreasing oxygen concentration until

no flame was observed.

1.2.3  FExtinction

This section is focusing on studies about extinction. It will discuss the limiting oxygen index,

and the Damkohler number, which is a metric related to extinction and extinction time.

Damkohler number

Flame extinction, as defined by Maragkos et al. [46], is when the chemical reaction rate
falls below a critical value that renders self-sustaining combustion unattainable. This phe-
nomenon is governed by three mechanisms [47]: aerodynamic quenching, thermal quenching,
and dilution quenching. Each of these mechanisms causes extinction by interfering with a
critical component that affects its sustained combustion. Aerodynamic quenching induces
a rapid flow disturbance, resulting in a critical reduction in flame residence time. Thermal
quenching, the second mechanism, extinguishes the flame by significant heat loss. Dilution
quenching, the third mechanism, extinguishes the flame by changing the composition of the
fuel or oxidizer. To evaluate these quenching mechanisms, a unified criterion known as the
Damkohler number has been introduced [48, 49, 50] and is defined by Equation 1.2.1. The
Damkohler number serves as a metric that provides a standardized measure to evaluate the
three extinction methods.

t ..
Da = 9 (1.2.1)

tehemical
When Da is lower than a critical number, the mixing time #;;zing becomes shorter than
the characteristic chemical time ¢.pemical, Which represents the required duration for the
chemistry reaction to take place, the combustion becomes unsustainable and Da << 1
[51]. In under-oxygenated atmospheres, extinction happens when the oxidizer is no longer
sufficient. In the following section, studies focusing on the extinction times will be discussed

as well as the effect the oxygen concentration has on them.
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Limiting oxygen concentration and extinction times

This subsection focuses on the limiting oxygen concentration and the extinction times.
The limiting oxygen concentration is the concentration at which no ignition happens. It can

be affected by factors such as the external heat flux.
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Figure 1.8: Influence of external radiant heat flow upon the oxygen index of the PMMA as
found by [52].

With the decrease of the heat flux the limiting oxygen concentration increases in a hyperbolic

pattern. This trend was showed by Zhubanov and Gibov [52] on the PMMA.

Decrease in oxygen concentration x10~2(vol) ‘ Time to extinction (s) ‘

0.5 150
95
50
30
15
15
2

QY = | W DN =

Table 1.6: Influence of the oxygen concentration on the extinction time in [52]

They used hollow cylinders with an external diameter of 10mm and an internal diameter

of 3.2mm. To initiate combustion, a polymeric sample was heated by a NiCr spiral and
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then removed. The combustion was maintained by the system. As shown in Figure 1.8,
they observed that the relationship between the oxygen index and the external heat flux
show a hyperbolic pattern. In particular, the oxygen index show lower values at higher heat
fluxes, while it show an increase at lower heat fluxes. They also observed that at lower
oxygen concentrations, extinction is almost instantaneous. In contrast, when the oxygen
concentration is higher, combustion continues, lasting a few minutes (Table 1.6). While the
ignition method may not have a direct impact on the ignition times, the presence of external
heat flux could. In fact, Tewarson and Pion [14] used various ignition methods, including
a match flame, heptane ignited by a match flame, a propane air torch, and the ignition of
plastic shavings, n-pentane, and paraffin oil by a match flame to ignite commercial PMMA
and concluded that the ignition methods has no discernible effect on the ignition results.
However, their results indicated that PMMA extinction occurs at an oxygen concentration
of Xp9 = 0.17. This observation leads to the consideration that the methodology involving
the absence of an external heat flux may have contributed to the lack of combustion at
oxygen concentrations lower than X9 = 0.17. Alibert [36] did not observe any ignition
for Xpo = 0.18 which is a value close to the one of close to Tewarson and Pion. The
author used the Controlled Atmosphere Device for Unburnt and Carbon Emission Evaluation
(CADUCEE). The device consists of a combustion chamber, an octagonal stainless steel
enclosure with a volume of approximately 22m3, positioned above the oxidizer chamber
and below the extraction hood. The ignition procedure involved grooving the top surface
of the PMMA sample and filling it with ethanol, which was then ignited. The oxygen
concentration was kept constant at Xp9 = 0.21 for some time. This duration ensured the
complete combustion of ethanol in a normal atmosphere, resulting in the even coverage of
the upper surface of the sample by the flame. As observed in [14], the absence of an external
heat flux can be the reason why ignition does not happen at an oxygen concentration lower
than X9 = 0.18. In parallel, Mulholland et al. [41] and Chatenet [42] did not observe
ignition for values under respectively Xp9 = 0.14 and X9 = 0.13 which are much lower
than the values of [36] and [14]. This shows that the external heat flux has a major impact

on the limiting oxygen concentration.
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This subsection shows that the limiting oxygen concentration is impacted by the presence
of an external heat flux. It increases in a hyperbolic trend with the decrease of the external
heat flux. The extinction time is affected by the oxygen concentration and decreases with

the latter.

1.2.4  Analytical models under under-ozygenated conditions

The previous subsection discussed experimental results on various parameters for the com-
bustion of PMMA. In the literature, researchers attempted to come up with analytical models
to illustrate those experimental results and being able to predict them. The following section
focuses on the different analytical models developed in the literature to describe the thermal
behavior of different fuels during a fire.

The mass loss rate, during the steady burning, can be found by doing an energy balance as

shown in Figure 1.9 at the surface of the sample Equation 1.2.2.
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Figure 1.9: Heat balance at the surface of the sample.
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Where 712 is the specific mass loss rate, q;{ is the flame heat flux, ¢/ is the external heat
flux, and ¢y, is the radiative losses at the surface.

According to Drysdale [53] the flame heat flux can be divided into three heat fluxes: a
conductive heat flux Cj}{’ cond Pauation 1.2.3, a convective one q;ﬁ, . Equation 1.2.4, and a

radiative one q;ﬁ ,» Equation 1.2.5.

-1 . 4K, cond

Fcond = — 5 (Ty = T) (1.2.3)
qf .= he(Ty = Ty) (1.2.4)

. 1K
i, = W—D;(T}l —TH(1 = exp—rD) (1.2.5)

Where K., is the conduction constant, D is the equivalent diameter of the surface, h. is
the convection coeflicient, 7' is the flame temperature, T is the temperature at the surface,
K is a radiative constant taking into account the Stefan-Boltzmann constant and the view
factor, and k is the extinction coefficient.

The radiative losses q;’,,, are given by Equation 1.2.6

i, = co(T} - TY) (1.2.6)

In light of the previous equations, the mass loss rate is given by Equation 1.2.7.

1 4K
N d T, T

Lo~ D

(TF = TH(1 = e D)+ ¢ — eo(T) = T)] (1.2.7)

Correlation of Tewarson and Pion for the mass loss rate

In the aim of defining the mass burning rate of plastics, Tewarson and Pion investigated as
documented in [14]. They aimed to determine the mass loss rate at the surface of plastic

samples, a critical parameter in understanding flammability characteristics. Using a heat
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balance approach, they introduced the specific mass loss rate, denoted 1/, expressed by
Equation 1.2.2. They found experimentally that the flame heat flux can be expressed as
Equation 1.2.8.

it =7.X02 (1.2.8)

Where 7 is a fitted constant and X9 is the molar fraction of oxygen. They conceptualized an
ideal scenario where the heat flux lost at the surface is equal to the external heat flux. This
ideal burning rate is defined by Equation 1.2.9 and the actual burning rate is represented by
Equation 1.2.10.

= X0 (1.2.9)
G

(1.2.10)

Correlation of Peatross and Beyler for the mass loss rate

Peatross and Beyler [54] conducted experiments in a large enclosure under forced and nat-
ural ventilation on diesel, wood, and polyurethane. They argued that the mass loss rate
per unit area varies significantly for each fuel, and they came up with a new representation
for the mass loss rate to help account for those differences. A key aspect of their approach
is to normalize the mass loss rate by its corresponding value under ambient air conditions.
They used data derived from their experiments as well as supplementary information from
the studies of Tewarson et al. [1] and Santo and Tamanini [40]. By assimilating and syn-
thesizing these datasets, Peatross and Beyler created a linear correlation model, detailed in

Equation 1.2.11.

v/
02 _ Ax,y+ B (1.2.11)

s //_
air
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Where A = 10 and B = —1.1. Based on this approach, Alibert [36] compared their values
to the correlation of Peatross and Beyler in Figure 1.10 and it showed a good fit. The
data for the PMMA and different studies are shown in and compared to the Peatross and
Beyler correlation, showing all a good fit expect for the values of Mulholland et al. [41].
The correlation given by Peatross and Beyler is based on experimental results with no or
low external heat flux at the surface of the sample. However, in their study, Mulholland et
al. maintained a constant external heat flux of 30 or 15kW/m?. The added external heat
flux could be the reason for the deviation of the specific mass loss rate ratio data. Chatenet
[42] explained this difference incident heat flux. Radiative heat flux, a key component of
total heat transfer, is closely linked to flame emissivity. Emissivity is in turn influenced by
factors such as soot volume fraction, soot absorption coefficient, and partial pressure of gas
compounds. This provides an explanation for the observed decrease in mass loss rate (MLR)

that would become consistent with the correlation established by Peatross and Beyler.

Model of Utiskul for the mass loss rate

Utiskul [55] developed a theoretical model for the burning rate based on the approach of
Quintiere [56] [57] which aims to predict the burning rate under under-oxygenated atmo-
spheres using the Saplding B-number. The authors define a control volume of thickness ~
at the gas-solid interface of the sample. They consider a unidimensional problem following
the axis y perpendicular to the surface of the sample. The conservation equations can be

applied to the layer.

e Conservation of Mass

d
—(pV) =0 1.2.12
aPY) (1.2.12)
e Conservation of species
—(pVY;) d (1.2.13)
i) = —— 2.
d dy(pD%) + m}/!
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Figure 1.10: Specific mass loss rate data for the PMMA from [41], Tewarson et al. [1], Santo
and Tamanini [40], Peatross and Beyler [54] and Alibert [36].

e Conservation of energy

d d dr )
de—y(pl/T) = @(Kcondd_y) +m" AH, (1.2.14)

e Conservation of momentum
dP

— = 1.2.1
4y =0 (1.2.15)

For the following calculations, a few assumptions are taken:

1. A simple chemical reaction with a single product as follows is considered:
(1kg)F+(r.kg)Oy — (r+ 1)kgP

Where F' is the fuel, P are the products, and r is the stoichiometric ratio air/fuel.

2. The flame radiative heat flux is assumed to be negligible and only the convective heat
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flux is considered.
3. The specific heat ¢ is considered constant
4. A laminar, unidirectional flow is considered following the y direction.
5. The properties used are constant and independent of the temperature.

Integrating Equation 1.2.12 leads to Equation 1.2.16.
m" = pV = constant (1.2.16)

Equation 1.2.16 shows that for y = 0 the mass loss rate is the mass loss rate of the vaporized
fuel.

Equation 1.2.15 shows that the pressure is constant throughout the axis y giving Equa-
tion 1.2.17.

P(y) = Poo (1.2.17)

The energy conservation equation Equation 1.2.14 becmes Equation 1.2.18, and the species

conservation equation Equation 1.2.13 becomes Equation 1.2.19.

d1 d?1

N/ /)

cpm y cond dy2 m H,. ( )
—m" ifi=F

dy; d2y;

ALy 7 . o

m @ a Dd_?/2 =q —r.an” it i =09 (1'2'19)
(r+1)m" ifi=P

The boundary conditions are given at:
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e The surface of the sample (y = 0)

(1.2.20)

e The interface of the flow of oxygen (y = 7).

T — TOO
Yoz = Y0200 = 0.23 o)
Yp=Ypoo=0

Yp =0

The convective heat flux being the only heat flux at the surface of the sample, Equation 1.2.22
is deduced.

dT
m"La = (Kmd—> (1.2.22)

The resolution of the system leads to Equation 1.2.23.

h
m’ = —in(1+ B) (1.2.23)
“

Where B is the Spalding number [58] given by Equation 1.2.24.

r

Lg

B— YO2,ooAHC —cp(Ts — To)

(1.2.24)

If the radiative heat flux at the surface of the sample was taken into account, a new parameter

is introduced. The modified heat of gasification L, defined by Equation 1.2.25.
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df .+l —o(Td = T2)

Ly =Lg— i (1.2.25)
The Spalding number then becomes Equation 1.2.26.
Y ==<(1-X;) —cp(Ts — Tt

L,
Based on the previous approach, Utiskul [55] defined the convective heat flux of the flame
Equation 1.2.27 using the Spalding number B from Equation 1.2.26.

o he [ln(l + B) (1= X)) — cp(Ts — Too)) (1.2.27)

Qfe=— T} (Yo2,00

This model was specifically formulated for confined spaces characterized by a reduced mass

fraction of oxygen. In this context, Utiskul states that the numerical value represented by B

ln(1—|—B)

is relatively small, leading to a convergence of the ratio towards 1. The total heat

flux of the flame becomes Equation 1.2.28.

_ he AH
qf Cp r

(1= X3)Y02,00 = p(Ts — Too) + {5, (1.2.28)

The radiative component of the flame heat flux q#,r’ can be neglected due to its reduction
with decreasing oxygen concentration in a horizontal configuration, as established by [40]
[1]. Consequently, Equation 1.2.28 illustrates a direct proportionality between (j;{ and Y09 -
Utiskul further asserts that the total heat flux ¢j,,, is also proportional to Y02, 00- This rela-
tionship holds even under ambient air conditions, where qt ot air has a similar proportionality

to Y02 4ir, as shown in Equation 1.2.29.

q'élot . YOQ,oo

: - (1.2.29)
q{‘i)t,air YOZ,air

Whith qtotmr m”. .La.

alr
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The previous equation leads to the correlation of mass loss rates given by

N~ Y02,00 Q_g
a“r YOQ,air Lg

(1.2.30)

Model of Quintiere for the flame temperature

In 1993, Quintiere [24] introduced a predictive model for flame temperature, as outlined in

Equation 1.2.31.
T

Yo2lhe

1.2.31
repTso (1.2.31)

=Cp (1= Xp)(

Where Cp y = 0.5 for ¢p = 1kJ/kgK and the radiative fraction X, affected by the oxygen

concentration.

1.3 Conclusion

This first chapter is dedicated to the state of the art of the influence of the oxygen concen-
tration on the thermal decomposition and the combustion of the PMMA, both considering
the solid, the gas phases and the coupling between these two. The literature review shows
that the combustion parameters are influenced by the oxygen concentration and the external
heat flux. In the solid phase, the mass transfer is impacted by the PMMA’s surface layer
becoming more viscous when oxygen levels drop. The mass loss rate material is influenced
by the concentration of oxygen and decreases as oxygen levels drop. The oxygen content
of the surrounding air has an impact on the gas phase properties, including heat release
rate, flame shape and flame heat flux. Additionally, the limiting oxygen concentration is
impacted by the external heat flux. Despite the number of experimental data available for
flame temperature under air and relatively high oxygen concentrations, there is a signifi-
cant gap in understanding the behavior of different combustion parameters at lower oxygen
concentrations. The rarity of data in this critical range shows the need for further inves-
tigation. Moreover, the literature shows a large discrepancy into the values of parameters
studied. This is why, the current study focuses on experimental data for several oxygen
concentrations and heat flux, in an attempt to fill this gap. The next chapter will present
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the experimental setup and protocol used in the study and the different measurements made.
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EXPERIMENTAL SETUP
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The state-of-the-art review highlighted the need for combustion data for a wider range of
oxygen concentrations, especially lower ones. The present study uses PMMA samples in the
controlled atmosphere cone calorimeter. Some modifications have been made to this bench
to allow the measurement of several parameters such as the gas temperatures and in-sample
heating rate. The following chapter focuses on the experimental setup and protocol used, as

well as the measurements done.

2.1 Material

The material used in this study is a non-charring transparent poly(methyl methacrylate)(PMMA)
shown in Figure 2.1 obtained by casting from IRPEN. This polymer does not contain any in-
ert charges, flame retardant or fillers. The composition of this PMMA is unknown; however,

it is possible to find data for similar products [16].
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Figure 2.1: Sample of the poly(methyl methacrylate) (PMMA) studied into the cone
calorimeter sample holder

Chemical formula C5HgOo
Density (kg/m?) 1183 (current study)
Thermal conductivity (W/m.K) 0.176 [35]
Specific heat (J/kg.K) 1680 [59]
Refractive index 1.5 [34]
Auto-inflammation heat flux (kWW/m?) 25-30 [28]

Table 2.1: Properties of the PMMA studied

The behavior of the PMMA used in this thesis has also already been studied on a larger
specimen in the references [35] and [36]. The specimens are of dimensions 100 x 100mm?
with a thickness of 30mm. The properties of the material are summarized in Table 2.1.
Before the test, the specimens were conditioned at (23 4 2) and (50 £ 5)% relative humidity

for more than 88 hours, in compliance with ISO 291 [60].

2.2 The controlled atmosphere cone calorimeter

The experiments were performed using the controlled atmosphere cone calorimeter (CACC)
shown in Figure 2.2, which is a variation of the cone calorimeter (CC) described in ISO
5660-1 [61]. A schematic of this experimental device is shown in Figure 2.3. It is designed
to investigate the impact of an oxygen deprived environment on the burning characteristics

of solid matter under varying levels of external heat flux. The CACC consists of a standard
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truncated conical heater positioned at the top of a stainless steel chamber (38 x 32 x 35¢m3).
At the basis of the enclosure, two gas inlets equipped with two Bronkhorst mass flow meters
allow the control of the air/nitrogen mixture inside the enclosure (Xp, € [0 — 21]%wol).

Their characteristics are presented in Table 2.2.

Type Flow controller (D)
Fluid Air or Nitrogen
Flow 100L/min or 200L/min
Pressure 4.0 bars
Temperature 20°C

Table 2.2: Characteristics of the two Bronkhorst flowmeters used

Figure 2.2: The controlled atmosphere cone calorimeter

The air/nitrogen mixture is thoroughly mixed before entering the enclosure to ensure a

homogeneous mixture inside the combustion chamber. The radiant cone, similar to a gray
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body, exposes the sample to a constant heat flux within the range of 5 to 75kW/ m?2. The
temperature of the heating cone is regulated through several thermocouples. At its basis,
the remotely operated shutters limit the quantity of heat at the surface of the sample before
the start of the test. The height between the exposed surface of the sample and the radiant
cone is fixed at 25mm. A spark plug, located 15mm above the exposed surface of the
sample, is used to ignite the decomposition gases when the gas concentration reaches the
lower flammability limit. A chimney of 0.6m height is placed in the upper part of the cone
heater and directly underneath the exhaust hood without a direct connection. This chimney
is used to limit post-oxidation phenomena at the cone outlet [44]. To prevent the backflow
of ambient air into the chimney, a 20% diameter restriction is applied to the chimney outlet.
The device is positioned under an exhaust duct, inside of which a ring allows the sampling
of the gases, which are then passed through carbon monoxide, carbon dioxide, and oxygen
analyzers. The measurement of these gases allows the calculation of the heat release rate

using the oxygen depletion method.
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Figure 2.3: Schema of the Controlled Atmosphere Cone Calorimeter device used
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The experimental bench used in this study has a few limitations. The impact of those
limitations on the results is unknown and is complicated to quantify. Tests have been
performed continuously at a rate of 2 to 3 tests per day. After each test, the bench is
left to rest for 15 minutes. However, the resting phase does not allow a full cooling of the
bench. Then, the first test of the day is generally conducted inside a ”cooler” bench. The
second and third tests are performed then in a bench whose sides have already stored heat
(already exposed to heat generated by the heating cone and the combustion of the material).
Moreover, it is important to note that the door of the enclosure is equipped with a joint
isolating the enclosure from the outside air. However, this joint is not a 100% effective,
and air from outside can leak inside. Consequently, oxygen is still entering the controlled

atmosphere and it is not possible to reach a totally inert atmosphere.

2.3 Heat release rate correction

The heat release rate is the energy released per unit time during the combustion. It is
calculated using the oxygen depletion method which suggests that the energy released is
proportional to the oxygen consumed [62]. To determine the latter, a measurement of the
combustion products is necessary. Some methods are based upon the measurements of C'O9
and Oy, CO9, CO, and Oy or others CO9, CO,09 and soot. The following method used in
this study is based on the Oy depletion. Janssens [63] suggests an equation (Equation 2.3.1)
to calculate the heat release rate in a cone calorimeter based on the mass conservation

principle. This formula is typically used for the standard cone calorimeter.

. 1- ¢ XEo me Mo
= |Ah — (Ahco — Ah 2

AO
(1-Xp,0)X5, (23.1)

With the depletion factor ¢ as:

A0 A A A A0
- A A A A0
(1 =Xp, = Xco, = XC0) X0,

(2.3.2)
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Where @ is the heat release rate, Ahg, is the average value of the net heat release per
unit mass of oxygen consumed, ¢ is the oxygen depletion factor, Ahgo is the net heat
release per unit mass of oxygen consumed for CO (Ahgco = 17.6kJ/g0,, [64], X, éO is the
measured mole fraction of carbon monoxide in the exhaust gases, X 62 is the measured mole
fraction of oxygen in the exhaust gases, m, is the mass flow rate in the exhaust duct, « is
the chemical expansion factor, Mo, M, are the molecular weight of O and air, XIOJQO is
the mole fraction of water vapor in the incoming air, X g;) is the measured mole fraction of
oxygen in the incoming air, X éO is the measured mole fraction of carbon monoxide in the
exhaust gases, and XéO2 is the measured mole fraction of carbon dioxide in the exhaust
gases. "A” refers to analyzer-measured variables.

However, in this study, the measure of the gaseous component is realized in the exhaust
hood system, which is not directly linked to the CACC device. Due to this open design, the
combustion gases may continue to oxidize with the surrounding air of the laboratory when
they emerge from the chimney up to the sampling probe, biasing the oxygen measurement
and therefore the heat release rate calculations. To compensate for this error, the heat release
rate is corrected using Werrel’s method [65].

Werrel starts with Hugget’s [66] proportionality equation for complete combustion and the

oxygen mass consumed as shown in Equation 2.3.3.

Q = Ahg,. (10 — 1h02) (2.3.3)

Where Q is the heat release rate, Ahg, is the average value of the net heat release per unit
mass of oxygen consumed, mgg is the mass flow rate of Og in the incoming air and g is
the mass flow rate of Oy in the exhaust gas.

Assuming that the generation of carbon monoxide is an indicator of an incomplete combus-
tion [63, 64] and that the ratio of O, No, CO9 and C'O does not change because of the
trapped water, Werrel [65] writes the mole fraction of the incoming air in the duct of the

oxygen analyzer as Equation 2.3.4.
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X4, = - o2 — (2.3.4)

Where X g;n is the measured mole fraction of Oy in the incoming air, miO"Q, m}'%, m%z,
mig@ are the mass flow rate of respectively Oo, No, C'O9, and CO in the incoming air, and
Moo, My9, Mco,, Mco are the molecular weight of respectively Og, Na, COg, and CO.

Similarly, Werrel writes the depleted mole fraction of oxygen in the exhaust gas in the duct

of the oxygen analyzer as shown in Equation 2.3.5.

Mo
X4 = - Moz _ (2.3.5)
Mog 4 Mg | MCOy | Thco
Mog = My = Mco, = Mco

Where X 612 is the measured mole fraction of Og in the exhaust gaz, moo, my9, Mmcoy, MCO
are the mass flow rate of respectively Og, No, CO9, and C'O in the exhaust gas.
Since nitrogen does not participate in the combustion, its incoming mass flow rate is equal

to its outflow mass flow rate [63] and can be written as Equation 2.3.6.

'y = 1Ny (2.3.6)

Rearranging Equation 2.3.4 and Equation 2.3.5 in terms of Equation 2.3.6, the mass flow of

oxygen consumed is given by Equation 2.3.7.

Ain A A A Ain Ain
X0, 1 =X¢o, = Xoo = Xp,)(1 = X¢o, = XEo)

in L Moo

m m

maog —Mmo2 = n n Myo-57 (237)
(1 o gg o éOz)(l o gg o gOQ o éO) N2

Where X éOQ and X éO are the measured mole fraction of respectively C'O9, and C'O in the
exhaust gas, and X ég; and X éO are the measured mole fraction of respectively COs, and
CO in the incoming air.

Replacing Equation 2.3.7 in Equation 2.3.3 and adding the correction for the trapped water

(1-X I’gb) that is assumed known from the humidity in the room, the resulting equation
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is given by Equation 2.3.8.

Ain A A A Ain
X0, 1= Xgo, = Xoo = Xp,)(1 = X&o,) o Moy in
(1-X5, =X&o, = Xco)

Q = Ahg,

Where M, is the molecular weight of the incoming air and 1, is the mass flow rate of the

incoming air given by Equation 2.3.9.

e

=TT oD (2.3.9)

ma

Where m, is the mass flow rate of the exhaust gaz, ¢ is the oxygen depletion factor related
to the entire combustion system given by Equation 2.3.10 and « is the chemical expansion

factor.

mn A A A Ain
_ X5, 1= Xgo, = Xoo — X5,)(1 - X&o,)

¢ : . 4
A’L’)’L Al’n A AZTL

(2.3.10)

Werrel states that the heat released by incomplete combustion can be calculated by sub-
stracting the heat released through the oxidation of C'O from the heat released through

complete combustion as shown in Equation 2.3.11.

Q = Qtot - QCO
= Ahg, (mé;n —1mo9 + (Ammops)co — Ahco(Amos)co (2.3.11)

= Aho,(dy —1102) — (Ahco — Ahp,)(Athog)co

Where @ is the heat release rate of incomplete combustion, Qo is the heat release rate of
complete combustion, Q¢ is the heat release rate of oxidation of CO, Ahcp is the net
heat release rate per unit mass of oxygen consumed for the combustion of CO to CO9, and
(Arnpo)co is the oxygen mass consumed by the oxidation of C'O.

Using the stochiometric approach from [63]for (Ampe)co , Werrel writes this parameter as
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shown in Equation 2.3.12.

(2.3.12)

Equation 2.3.8, Equation 2.3.9, Equation 2.3.10 and Equation 2.3.12 lead to Equation 2.3.13.

)= | AR Ah Ah 1 -0 Xco, Iie
Q= |Aho, = (Ahco — Ahoy)— XA | THofa—T

)(1 — XH20)XO2 (2.3.13)
By introducing a thermal expansion factor v, (1 — X }4];%) becomes (1 — X ;}20.17), Knowing
that the ratio of mlecular weight of oxygen and air is 1.10, the final expression of the heat

release rate is given by Equation 2.3.16.

605 (&2 -1) -0 (5)

. in O
Q = L.10Aho, X5, e 2
L (1—¢) +ola—1)X5

(1= Xf1,00) (2.3.14)

With the oxygen depletion factor defined by Equation 2.3.15

in A A A A~

& ‘
Ain 1 1 1
Xp, 1 =X5, —XEo, = XCo)

(2.3.15)

Where Ahg, is the net heat of combustion per unit mass of oxygen consumed, Xg2 is the
time-dependent intake mole fraction of Og, me is the mass flow rate in the exhaust duct
calculated from the pressure drop and the gas temperature at the orifice flow meter, Ahco
is the net heat release per unit mass of Oy consumed for the oxidation of CO into CO9, « is
the stoichiometric dilution factor, v is a thermal expansion factor, Xp,, Xco and X, are
respectively the measured mole fraction of Oy, CO and C'O9 in the exhaust duct, X éOQ the
measured mole fraction of COy in the diluting ambient air, and X }4[20 is the mole fraction

of water in the diluting ambient air.
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A correction example is shown in Figure 2.4. The heat release rate under air is shown
in Figure 2.4a. The corrected (red plot) and measured (blue plot) heat release rates are
identical. The heat release rate under a vitiated atmosphere is shown in Figure 2.4b. The
results show that the measured HRR is overestimated by 29% in this case, but the error can
go as high as 30% according to Werrel [65]. In the present document, the calculations of the
HRR are therefore based upon Werrel’s approach.

700 r 700

= \leasured ——Measured

600 1 —— Corrected 600 - ——Corrected
500 - 500 -
£ 400! § 400 |
= 300f Z 300
200 f 200 -
100 | 100 |

0 : : : : : : 0 : : : : : :
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t(s) t(s)
(a) (b)

Figure 2.4: Mlustration of the measured and corrected heat release rate per unit surface with
a) under air and b) under vitiated atmosphere

The total heat release rate () expressed in J may be caluclated based on the heat release

rate Q” using Equation 2.3.16.

Q= /S /t Q"dSdt (2.3.16)

2.4 Gas temperature field

During this thesis, gas temperatures are evaluated under different conditions. The purpose
of this is to evaluate the gas temperatures and to observe their behavior under different
oxygen concentrations and heat flux conditions during the tests (considering also ignition
and extinction).

During the tests, the gas temperature field distribution is measured within the stack. The
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Figure 2.5: Setup of the thermocouples within the stack

chimney is equipped with small hollow metal tubes (Figure 2.3) allowing the insertion of
sheathed thermocouples at several heights. Measurements are performed using type K, class
A thermocouples featuring a mineral-insulated sheath diameter of 0.5mm. The thermocouple
TC-C1 is positioned at a height of 50mm from the base of the chimney (i.e. at a height of
155mm from the initial surface of the sample). The thermocouples TC-C2, TC-C3, TC-C4,
TC-C5, and TC-C6 are then placed 100 mm apart. The hot junction of the thermocouples
is positioned along the centreline of the duct. The acquisition time is 1s.

The temperature measurements are corrected by factoring in the thermal inertia effects and
radiative exchanges at the bead with the environment. Measurements are affected by the
environment (convection, radiation from the cone, gas, and internal walls) and are subject
to thermal leakage as shown in Figure 2.6. The heat balance is written at the thermocouple
bead of diameter d and the gas temperature T' can be expressed from the thermocouple
temperature Ty, by Figure 2.6. Any heat transfer occurring between the thermocouple and
the heated cone, the flames, or the outside air from the top of the chimney will be neglected.

The thermal balance at the bead of the thermocouple can be written as Equation 2.4.1.

dT; ) ) ) .
P-Vtc-cpﬁ = Qcat + Qcond + Qc + Qr (2-4-1)

Qecar refers to the catalytic flux, Qcond refers to the conduction energy lost through the

thermocouple, Q. refers to the convection energy between the thermocouple and the fluid
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Figure 2.6: Thermal balance at the bead of a single thermocouple inside the chimney

in the chimney and Q, refers to the radiation exchange between the theromcouple and its
environment. The catalytic flux is assumed to be negligible as the hot junction is covered in
a mineral sheath [67]. The heat losses from conduction can be assumed to be negligible [68].

For an unsteady system, Equation 2.4.1 becomes Equation 2.4.2.

dTy At
p.Vtc.CpWC = he Ape(T = Tye) — €.0. Age(T} — F(tc_duct).Tﬁuct.educt)# (2.4.2)
C
Equation 2.4.2 leads to Equation 2.4.3.
thC hc(T - th) Atc €0 4 4
dt = pCp W + E(F(tc—duct)‘Tduct'edUCt - th) (243)

The fluid passing through the chimney is assumed to be air and its thermal transport proper-
ties, such as the thermal conductivity &k in (W/m.K) (Equation 2.4.4), the kinematic viscosity
v in (m?/s) (Equation 2.4.5), the specific heat at constant pressure ¢, in (J/kg.K) (Equa-
tion 2.4.6) and the density p in (kg/m3) (Equation 2.4.7), are assumed to be temperature

dependent and are calculated using the following equations [69].

k=1.5207" 173 — 4.85778T2 +1.0184 74T}, — 3.400747° (2.4.4)
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v = —1.363528 1473 + 1.00881778 " 19T2 + 3.4521397 8T}, — 3.400747F (2.4.5)
¢p = 948.38 + 0.36 T} — 1.4374T2 + 2.2078T3, | with Ty in °C (2.4.6)
p = 35197, %9990 with Ty, in °C (2.4.7)

The thermal diffusivity o in (m?/s) (Equation 2.4.8) is calculated as follows [70]

In Equation 2.4.3, the convection coefficient h. is defined from the Nusselt number Nu

(Equation 2.4.9) [71].
~ Nuk

he = 2.4.
¢ dtc ( 9)

The Nusselt number is calculated as a function of the Reynolds number Re as well as the
Prandt number Pr using a correlation that characterizes the heat exchange involving the

flow field perpendicular to a horizontally oriented cylinder (Equation 2.4.10) [72].
Nu = 0.42Pr'/5 4+ 0.57Re}/2prl/3 (2.4.10)

The Reynold’s number of the flow in the stack is defined by Equation 2.4.11 [73].

. Ugdtc
v

Re (2.4.11)

The gas velocity vg inside the chimney is considered to be uniform. It is calculated using

the imposed flow rate of the inlet air (160{/min) and the exit diameter of the cone deone =

0.076m. The Prandt number of the flow in the stack is defined by Equation 2.4.12 [74].
Pr= (2.4.12)

The bead of the thermocouple is considered to be a sphere. The ratio between the surface

and the volume of the sphere is defined by Equation 2.4.13.
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V;fc B %’/T(%)?’ B dtc

(2.4.13)

As a result, the gas temperature equation is then deduced as such:

dopep dTye  dik 4 1
T'=Tic+ 6]\Cfu.k dt - GNZ./-{:(TtC - F(tc—duct)'Tduct'Educt) (2'4'14)

For the calculations, the following assumptions are taken:
1. The media is supposed to eb transparent

2. The thermocouples are considered to be made only of Alumel. The properties of Alumel

are: p = 8610kg/m> |, ¢p = 523J/kg.K and k = 29W/mK.
3. The effect of pyrolysis and combustion gas are neglected.
4. The inner wall of the chimney is considered to be black because of soot: €g,.+ = 0.95.

5. The view factor is assumed to be the one from a sphere of radius r to a coaxial cylinder

of height 2H and radius R and is defined by Equation 2.4.15 [75].

1
Ftc—duct D (2'4'15)

)

The difference between the temperature given by a thermocouple and the temperature of the
gas given by Equation 2.4.14 is shown in Figure 2.7. The thermocouple tends to underesti-
mate the temperature of the gas in high-temperature environments. The difference between

the thermocouple measurement and the calculated gas temperature can go as high as 7.2%.

2.5 In-sample temperature profile measurements

Five thermocouples, TC-S1, TC-S2, TC-S3, TC-S4, and TC-S5, have been placed within

the specimen as shown in Figure 2.8 and Figure 2.9 and are connected to a central data
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Figure 2.7: Difference between the thermocouple temperature and the gas temperature

acquisition system.
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Figure 2.8: Front and side view of the disposition of the in-sample thermocouples.

The primary objective of this test procedure is to measure the in-depth heating and temper-

ature profile within the sample. The metal frame was fitted with Imm holes drilled into the

side face to support and guide the thermocouples. Following the same approach, the speci-

mens were also fitted with five thermocouples inserted into 1mm holes, also drilled from the

side face. Sensors are arranged on 2 axes and in a staggered line so as to not interfere with the
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Figure 2.9: Top view of the disposition of the in-sample thermocouples

measurements. The thermocouples are positioned through the sample, perpendicular to the
radiant heat flux, and aligned with the direction of the isotherm. The thermocouple closest
to the surface, TC-S1, is located at a depth of 5mm from the sample surface. Subsequent
thermocouples are positioned at 5mm intervals. All thermocouples embedded in the sample
are sheathed in Type K, Class A material with a diameter of 0.5mm. The sampling period
is 1s and the representation of the data is stopped as soon as the thermocouple temperature
reaches 550K . The in-sample temperatures are used to calculate the heating rate § inside
the sample (Equation 3.2.9). The in-sample data were subject to only one test for every

condition.
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=

(2.5.1)

2.6 Total surface heat flux

Additional experiments were carried out to evaluate the total heat flux (from the cone,
the flame...) received by the PMMA at material its surface. A hole was drilled in the
center of the PMMA sample and the silicate plate. A wide view angle (180°C), water-cooled
Schmidt-Boelter heat flux transducer with a 12mm diameter was used to measure the total
heat fluxes as shown inFigure 2.10. The cooling water has an assumed temperature of 20°C
and a flow rate of 0.67L/min. The transducer was initially aligned with the surface of
the sample and remained in a constant position throughout the test. Despite the changing
surface conditions of the sample due to decomposition, the position of the heat flux remained
unchanged. It can therefore be concluded that the transducer is not accurately located at the
surface of the material during the test. Defining the errors introduced by this misalignment
proves challenging. During those tests, the sample was not covered with a metal frame but
rather rested on the top of a hollowed silicate plate and metallic table. It is covered in
aluminum foil on all sides. A stainless steel cylinder is placed in the cylindrical hole between
the material and the fluxmeter to protect the latter.

The energy equation at the surface of the gauge of the fluxmeter can be written as follows:

qé/ot = egauge(qglnc - UT;auge> + he(T' — Tyauge) (2.6.1)

Where qg’ot is the heat flux at the gauge, €gquge the gauge emissivity, q'gw the incident
radiative heat flux, o the Stefan-Boltzmann constant, Tyquge the gauge temperature, he the
convective heat transfer coefficient, and T' the gas temperature in the vicinity of the gauge.
The first part of the equation corresponds to the net radiative component and the second

one is the convective component.
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Figure 2.10: Surface heat flux measurement setup

2.7 Test conditions and experimental protocol

The specimen is placed on top of a silicate plate. The sample is covered with an aluminum
sheet on three of its sides and on its bottom. One side is left uncovered to observe the time
evolution of the surface during the tests. The aluminum foil limits the gas diffusion on the
sample’s sides and controls the exposed surface. The sample is covered with a metal frame.
The exposed surface of the specimen is then 88.36mm?2. During the test, the exhaust flow
rate of the hood is set at 24 + 21/s. The tests are performed under a constant inlet air
flow rate of 160//min. A high inlet rate would cause perturbations inside the enclosure,
altering the decomposition of the PMMA. Conversely, a lower rate could induce vitiation
and compromise the effective diffusion of the inlet mixture [45].The connection between the
radiant cone and the metallic enclosure is water-cooled to limit the heating of the walls.
The initial time ¥ corresponds to the moment the sample is exposed to the radiant cone.

The acquisition period is fixed at 1s, it is performed during the entire combustion and is
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stopped a few minutes after flame extinction. The tests are performed at constant oxygen
concentrations ranging from 10 to 21%wol. Five main test campaigns were carried out. The
first one consisted of testing the sample without any modification. Those tests allowed the
data acquisition of the heat release rate, mass loss rate, and gas temperatures. They were
repeated twice or thrice. The results presented in this study are the average data of all
the tests done for each condition. The second testing campaign involved the placement of
the thermocouples inside the sample. Those tests were carried out once. Finally, the third
campaign was about the in-sample fluxmeter aimed to study the total heat flux at the surface
of the sample. Two other test campaigns were carried out to determine the critical heat flux
of ignition of the PMMA and its limiting oxygen concentration.

All the tests were done following the experimental protocol described below:

1. Calibration of the various devices such as the gas analyzers, the exhaust hood ventila-

tor, and the radiant cone at the desired heat flux.

2. Door closed, calibration of the oxygen concentration and the airflow rate of the carrier
gas within the enclosure until obtaining its stability at the desired values. In parallel,

the preparation of the sample and positioning in the sample holder.

3. Opening the chamber door, position the sample inside on the rod of the precision scale,

and closing the door.

4. Position the spark plug above the sample and expose the material to the radiant cone.

Recording of the measurements.

5. End of test.

2.8 Determination of the ignition and extinction times

This section aims to explain the procedures used in order to determine the parameters at
ignition and extinction. Indeed, ignition and extinction times are crucial parameters of

fire behavior. For a test under normal air, the ignition time presents no confusion. It
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is represented by the appearance of the flame and the rapid growth of the HRR curve.
However, this study focuses on different oxygen concentrations ranging from Xpo = 0.10
to Xpo = 0.21 . Lower oxygen concentrations can then result in chaotic and unpredictable
behavior and oftentimes, interrupted and unsustained combustion, especially in its early
phases. Figure 2.11 shows the heat release rate plots during the combustion at X = 0.21
(blue plot) and X9 = 0.11 (orange plot). The blue plot has a clear ignition time where
sustained combustion starts and the HRR peaks. The orange plot shows chaotic behavior
until stabilization at approximately 2250s. It is then necessary to distinguish two types
of ignition times: an unsustained combustion time starting at approximately 500s and a
sustainable ignition time starting at approximately 2250s. To determine the ignition time,
the HRR is differentiated with respect to time and plotted around the time it peaks. The
resulting plot is shown in Figure 2.12. The highest peak observed at 43s is the ignition time.
The extinction time is determined by the same method as the ignition one. The HRR plot
is differentiated with respect to time and plotted around the time it goes down to its initial
value. The highest peak observed at 1790s is the extinction time. In cases where two ignition
times are recorded, the unsustained ignition time is determined using the same method as

before but with respect to the mass loss rate.

2.9 Mean calculation

Throughout this study, the time and space average values of the parameters are studied and
compared. The time average is denoted by =, and the space average is denoted by < ... >.
The time averages of parameters are calculated based on the ignition time and extinction
time referred to in the previous section. A time of 200s is added to t; and substracted from

te forming the mean calculation time range, following Equation 2.9.1.

e 1 tf—200
X = / X (t)dt 2.9.1
(ty —200) — (t; +200) Jt,+200 ) (29.1)

The spatial averaged is calculated by

o3



Q7 (kW /m?)

Sustained
ignition time

/

AN U

\

i(s)
Unsustained Sustained
ignition time ignition time

Figure 2.11: Sustained and unsustained ignition time

0 |
1720 1740 1760 1780 1800 1820 1840 1860
Time(s)

Figure 2.12: First derivative of the HRR

ZJ/10=b
20— (2.9.2)

X =
N
Where [a, ] is the range of the distance where the spatial average is calculated, and N is
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the number of data being summed.
Most of the tests were repeated several times, in that case, the parameters used are the

average of all the repetitions.

Zz\i—l ‘<i
X === 2.9.3

Where N is the number of repetitions.

2.10 Data representation

Sometimes, a measurement of a parameter can yield a signal that is extremely noisy. The
Savitsky-Golay filter can be used to smooth the signal for the purpose of clarity. Better
representation of the kinetics is possible with this filter without causing distortion. This
is accomplished using the convolution technique, which involves using linear least squares
to fit successive subsets of nearby data points with a low-degree polynomial. An analytical
solution to the least-squares equations can be discovered when the data points are evenly
spaced. This analytical solution takes the form of a single set of ”convolution coefficients”

that can be applied to all data sub-sets to provide estimates of the smoothed signal.

2.11 Conlusion

The chapter 2 has permitted to present the controlled atmosphere cone calorimeter modified
and used in the present study as well as the expérimental protocol developed. A specific
instrumentation has been implemented in order to characterize the flammability and com-
bustibility parameters (as mass loss, mass loss rate, delay of ignition, HRR...), the temper-
ature distributions in both the condensed and gas phases, and the heat transfers between
those two phases. Finally, the formulas used for the determination of specific parameters
are presented. In the two following chapter the results obtained from these experimental

investigations are presented.
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CHAPTER 3
THERMAL BEHAVIOR OF PMMA UNDER AIR
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This chapter serves as a platform to present the results of the parameters studied in the
air environment (Xpo = 0.21). Its main goal is to provide a basis for the analysis of
subsequent results obtained in atmospheres with lower oxygen concentrations. The study at
an oxygen concentration of X9 = 0.21 is performed under three different external heat flux
conditions for ¢/: 35kW/m?2, 20kW/m?, and 12kW/m?. The following sections describe
various parameters including the transfer of mass and heat inside the specimen through
mass loss, in-sample temperature, and heating rate of the specimen. The analysis also
focuses on the burning characteristics in the gas phase such as heat release, gas temperature
field distribution, and total heat received by the specimen during the test. The first section
focuses on the ignition parameters and the critical heat flux. The second section deals with
the behavior of the PMMA in the solid phase and analyses parameters such as mass fraction,
mass loss rate and in-sample temperature. Finally the third section focuses on the behavior
of PMMA in the gas phase through parameters such as heat release, gas temperature and

heat flux.
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3.1 Ignition Parameters and critical heat flux under ambient air

conditions

This section focuses on the ignition parameters of the PMMA under air exposed to various
levels of external heat flux. It deals with the determination of the ignition parameters of
the PMMA such as critical heat flux, the minimal ignition temperature, and the thermal
response parameter defined by Janssens [20]. Tests were conducted to determine the ignition
times for various conditions. If no ignition was observed within one hour during the test, the
conditions were considered non-flammable. The averaged ignition times and their standard

deviation observed for different external heat fluxes are detailed in Table 3.1.

Trradiance level ¢ (kW/m?) ‘ Ignition time #;,(s) ‘

35 65 +4
20 274 + 46
15 688

12 1603 £ 313
11 No ignition
10 No ignition
9 No ignition
8 No ignition

Table 3.1: Averaged ignition times of PMMA at X9 = 0.21 for several heat fluxes

The ignition time increased from an average value of 65s at ¢” = 35kW/m? to as high as
1603s for ¢ = 12kW/ m?. The repeatability between the values in each condition increased
significantly, from a few seconds for ¢/ = 35kW/ m? to as much as 313s for ql = 12kW/ m2.
The repeatability is highlighted in Figure 3.1a. The ignition time seems to evolve in a hy-
perbolic function and tends to become almost instantaneous for higher heat fluxes. Another
representation is to plot the evolution of the ignition time as 1/ \/% instead as shown in
Figure 3.1b. This representation facilitates the calculation of various parameters, such as
the critical heat flux ¢/. following Janssen’s method [63] used later in the calculation of the
thermal response parameter (TRP). Conventionally, the ¢”. is assumed to be sufficient to

heat the surface temperature of the sample to its minimal inflammation temperature with
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an infinite exposure time. Tests were conducted to determine the critical heat flux ¢/ below
which no ignition would occur under air for the PMMA under piloted ignition. The results
showed a critical heat flux of 11.5kW/m? which is coherent with the values in the literature

which fall between 9 and 13kW/m? [5, 6, 11, 16, 76].

]
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Figure 3.1: a) The ignition time of the PMMA sample under air for different heat fluxes. b)
1/,/tig under air for different heat fluxes.

The minimum ignition temperature T, is the lowest temperature at which a substance can

ignite and sustain combustion. It is possible to determine T;, using Equation 3.1.1 [77].

T-—£&+Tﬂi (3.1.1)
Yo Y og o0 o

Where Tj, is the minimal ignition temperature in (K), ¢, is the critical heat flux for ignition
in (kW/m?), o is the Stefan-Boltzmann constant in (W/m?K?%), and Ts is the ambient
temperature in (/). At the end of the calculations, the determined ignition temperature T;,
is 574K . This value is inferior to the one reported by [77] which is 639K. However, a crucial
factor influencing this disparity becomes apparent when examining Table 3.2 showing that
the critical heat flux in reference [77] is 18kW/m?2. This difference in heat flux explains the
observed discrepancies in ignition temperatures between the two studies.

The thermal response parameter (TRP) is a parameter defined by Janssens to characterize

the heating rate inside the material. According to the authors, it can be expressed by
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Equation 3.1.2.

| Parameter | Current study | Parot et al. [T7] |
g (kW/m?) 11.5 18
Ambient temperature Too (K) 300 300
T;,(K) with Equation 3.1.1 574 639

Table 3.2: Comparison of the parameters and results of Equation 3.1.1 for the current study

and the reference [77].

TRP = (Tj; — Txo)Vb

Where T'RP is the thermal response parameter, and b is the thermal effusivity in (W/Km

given by Equation 3.1.3.

b=/ a.0.73.4h;. !

(3.1.2)

230.5)

(3.1.3)

Where a is the slope of the plot of 1/, /¢4 as function of q” (see Figure 3.1b), and h;g is the

convective term introduced by Mikkola and Witchman [78] to linearise the radiative losses

and given by Equation 3.1.4

h”lg = hcv + €0

Where hey is given by Equation 3.1.5 for ¢ < 50kW/m? [63].

hew = 0.01198 4 3.74.10 4

T —TL

S

Ts — T

(3.1.4)

(3.1.5)

Based on the previous equations, the value of the TRP is 243k W 0-2 /mz. This value is

close to the one obtained by Tsai [6] for PMMA. In a horizontal configuration, the authors

obtained a TRP of 250.8kW Y2 /m? .
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3.2 Behavior of PMMA solid phase under ambient air conditions

This section focuses on the solid-phase behavior of PMMA under ambient air conditions,
specifically examining its responses at three distinct external heat flux: ¢/: 35kW/m2,
20kW/m?, and 12kW/m?2. In the following section, a dimensionless time ¢* is introduced
as the product of the Fourier number Fo and the radiative Biot number Bi,. It is obtained
by Equation 3.2.1. This representation compare the results on the same time scale. It puts
into evidence the difference in kinetics observed by eliminating the time delays due to the

different external heat fluxes.

tT = Fo.Bi, (3.2.1)

Where Fo is the Fourier number given by Equation 3.2.2, and Bi, is the radiative Biot
number given by Equation 3.2.4.

at

Fo=—; (3.2.2)

Where « is the thermal diffusivity, #(s) the time, and Z the average thickness based on
the mass fraction and the initial thickness given by Equation 3.2.3. It is assumed that the
average thickness is uniform across the entire surface of the sample, ensuring homogeneity.
In addition, any potential side effects due to thermal losses are deliberately neglected in this

analysis.

z=v.L" (3.2.3)

Where L is the initial thickness of the sample (which is 30mm in the current study).

The radiative Biot number is then calculated using Equation 3.2.4.

eaTg’Z

B?:fr - k

(3.2.4)

Where € is the emissivity, o is the Stefan-Boltzmann constant, Ts(K) is the surface temper-
ature that is assumed to be Tj, and k the thermal conductivity in (W/(mK).
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The previous equation leads to a simplified expression of ¢* given by Equation 3.2.5

o+ t.eaTS?’
N zZpcy

(3.2.5)

Where p is the density in (kg/m3) and ¢, the specific heat in (J/(kgK).

In this chapter, the ignition times differences are important due to varying external heat
fluxes, ranging from higher ¢/ to lower values. For a better representation, the ignition time
tig will be subtracted from the time ¢. The resulting dimensionless time AtT calculated is

defined by Equation 3.2.6.

(t — tig).eaTs?’

AtT =
zpCh

(3.2.6)

Where ;4 is the ignition time.

3.2.1 Mass transfer within the sample

This subsection focuses on the mass transfers for the PMMA under air for the three irradi-
ance levels studied. The thermal decomposition is described through two parameters: the
mass fraction Y and the specific mass loss rate /. The calculation of Y is detailed in

Equation 3.2.7.

m(t)
mo

Y = (3.2.7)

Where m(t) is the mass in g at a time t and my is the initial mass in g of the sample.
The mass loss rate m, is determined from the time derivative of the mass by the application
of Equation 3.2.8. In the interest of facilitating a more meaningful comparison with existing
literature, this study emphasizes the specific mass loss rate, denoted as " which is the mass
loss rate per unit area. This parameter was smoothed using the Savitsky-Golay filter during
the whole duration of the test.

1 dm(t)
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Where A is the exposed area of the sample in (m?).
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Figure 3.2: a) Mass Fraction Y with respect to time under air for several external heat fluxes.
b) Mass Fraction Y with respect to t* under air for several external heat fluxes. ¢) Specific
mass loss rate ’" with respect to time under air for several external heat fluxes. d) Specific
mass loss rate '’ with respect to t* under air for several external heat fluxes.

The mass fraction Y is shown both in Figure 3.2a with respect to time and in Figure 3.2b with
respect to t1. Similarly, the specific mass loss rate is shown in Figure 3.2c with respect to
time and in Figure 3.2d with respect to t*. The curves shown in Figure 3.2 are the averaged

curves of all the tests done for the same condition. The course of the decomposition process
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shows a strong correlation with the external heat flux. In particular, a significantly slower
decomposition is observed at lower ¢//. For example, at ¢/ = 35kW/ m?, the test duration
is about 1800s. In contrast, this duration almost doubles to about 3000s when the external
heat flux is reduced to ¢/ = 12kW/m?. It is worth noting that at the end of each test,
the value of Y approaches zero, indicating that all the material has decomposed and no
residue is left. Consequently, the ending of the decomposition process is due to the absence
of material.

The PMMA decomposition is classically described in four steps marked in Figure 3.2b and
Figure 3.2d.

e Step 1: The PMMA sample is heated by cone radiation and reaches a critical point,
initiating its thermal decomposition. The decomposition products, with lower de-
composition temperature than the sample, are heated. This marks the start of the
nucleation process, during which bubbles form and travel through the viscosity gra-
dient toward the path of least resistance - the sample surface. At the surface, these
bubbles burst, creating voids within the sample, increasing its exposed surface area.

This step is represented as a constant slab in Figure 3.2 visible for lower values of ¢/ .

e Step 2: In the initial phase, when the surface temperature reaches the critical value
and sufficient oxygen is available, the PMMA sample ignites. This ignition is indicated
by a sudden increase in the 7/ and the appearance of an inflection point in the Y. For
higher values of ¢, the ignition time is almost instantaneous, making in comparison
Step 1 less noticeable in comparison. It is worth noting that Step 2 intervenes at the

same ¢ moment for all three heat fluxes in Figure 3.2b and Figure 3.2d.

e Step 3: The following stationary phase corresponds to the thermal decomposition of
thermally thick samples. This phase is characterized by a stable, almost constant value

of the 7/ and a linear line with no change in slope observed in the Y.

e Step 4: The thermal feedback phase is initiated by the presence of an insulating silicate

plate placed under the sample and corresponds to the decomposition of a thermally
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thin sample. This phase is characterized by a pronounced spike in the 72/ and the
appearance of another inflection point in the Y curve. The intensity of the spike in 72”
varies, being more pronounced at higher values of ¢/ and more muted at lower values

of ¢”. However, it happens at the same ¢ time for the three different heat fluxes.

e Step 5: The final phase is characterized by the extinction of the fire. During this stage,
the Y approaches zero, indicating a significant reduction in the material. At the same
time, the 1/ decreases significantly due to the lack of the material. The reduction

in the mass loss rate is a direct consequence of the reduction in material available for

combustion.
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Figure 3.3: Averaged values of the specific mass loss rate for the current study, Mulholland
et al. [41] and Luche et al. [16].

The external heat fluxes have a clear effect on the 7" curves. They show a pronounced
decrease at lower values of ¢”. The average specific mass loss rate m/ calculated over
the stationary phase shows a decrease from 22.9¢/ s.m?2 for ql = 351{:W/m2 to a value of
9.4g/s.m? for ¢! = 12kW/m?. The values obtained in this current study are compared with
values from the literature from Mulholland et al. [41] for clear PMMA and Luche et al. [16]
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for black PMMA (Figure 3.3). The values from the current study are in agreement with the
values from the literature.

This section shows that the thermal decomposition of the PMMA can be explained in 5
steps. Those five steps happen at different times due to the difference in heat flux. For a
better representation, it is possible to get around those delays by plotting the specific mass
loss rate against a dimensionless time. The averaged values of the specific mass loss rate
have been calculated and represented with values from the literature. The results of this
current study are in agreement with those of the literature. For a deeper understanding of
the decomposition process happening inside the PMMA sample, the in-sample temperature

and heating rates are detailed in the following section.

3.2.2  In-sample temperature and heating rate

Experiments were carried out to determine the temperatures within the sample throughout
the decomposition process, and to observe the thermal response of the sample in an air
environment under different external heat flux conditions. Five thermocouples were placed,
at different heights from Z/LY = 1/6 to Z/L" = 5/6, to monitor the temperature evolution
within the sample. The temperatures are represented until they reach a surface temperature
of Ts = 550K. The results are shown in Figure 3.4. Upon ignition, the in-sample tem-
peratures show a rapid rise, with the rate increasing as the thermocouple approaches the
surface.

The evolution of the in-sample temperature with respect to time can be used to determine
the heating rate S(K/s) using Equation 3.2.9, providing an insight into the heat propagation

inside the sample. The results are shown in orange in Figure 3.4.

_dT

b=

(3.2.9)

Upon ignition of the sample, a rapid rise in the heating rate is observed, followed by a
stabilization phase as the temperature of the thermocouple rises. In particular, as the ther-

mocouple approaches the surface of the sample, there is a marked acceleration in the heating
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rate. While the peak is less pronounced at lower external heat fluxes, it remains a noticeable

phenomenon across varying heat flux conditions.
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Figure 3.4: In-sample temperatures and their respective heating rate for a)” = 35kW/m?,
b)g! = 20kW/m? and ¢) ¢! = 12kW/m?.

3.3 Behavior of PMMA gas phase under ambient air conditions

This section focuses on the gas phase behavior of PMMA at ambient air conditions, with
particular emphasis on its response to various external heat fluxes. The investigation covers

several parameters including heat release, gas temperature distribution, and total heat flux.

66



3.3.1 Heat release rate

The heat release rate is represented in Figure 3.5a with respect to time and Figure 3.5b with
respect to t1. The total heat release () is represented in Figure 3.5¢ with respect to time.
In Figure 3.5d, a dimensionless total heat release parameter Q1 is plotted with respect to
tT. It is calculated using Equation 3.3.1.

c 8)

QT = 0 AHLY (3.3.1)
Where mg.AH iy represents the theoretical total heat release attainable.

The progression through the five steps described previously is apparent in Figure 4.2.

e Step 1: The PMMA sample starts its decomposition when exposed to the radiating

cone. The duration of this phase is more prolonged for lower values of ¢ .

e Step 2: Ignition occurs, illustrated by a sudden increase in Q’ " and an inflection point

in the Q curve.

e Step 3: This phase is characterized by a stable, almost constant value of Q" and a

linear Q curve with no change in slope.

e Step 4: A pronounced spike in Q" and another inflection point in the @ curve charac-
terize this stage. Similar to 7/, the abruptness of the spike in Q" varies, being more

pronounced at higher ¢/ values and more muted at lower values.

e Step 5: This final stage involves a decrease in Q" due to the decrease in 1" and the

depletion of material. The @ curve reaches its final value during this phase.

Figure 4.2 shows a clear correlation between the heating rate and the irradiance levels applied.
All the values recorded are in line with the reference value presented in [16] for black PMMA.
The total heat release rate (THR), assessed under ambient air shows a clear correlation with
the irradiance levels applied. The final value is attained faster for higher ¢//. The resulting
THR ranges from 800 to 1000M.J/m?. Variation in initial sample mass contributes to the

observed disrepancies in THR. The initial mass of the sample exhibits variability ranging
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from 320¢ to 357¢, which affects the overall THR. As shown in Figure 3.5d, the final Q7 is

between 0.8 and 1 for all the higher external heat fluxes, meaning that almost theoretical

combustion energy has been attained.
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Figure 3.5: a) Heat release rate Q" with respect to time under air for several external heat
fluxes. b) Heat release rate Q" with respect to tT under air for several external heat fluxes.
c) Total heat release () with respect to time under air for several external heat fluxes. d)

Dimensionless total heat release Q1 with respect to ¢ under air for several external heat
fluxes.
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’ q ‘ Current study ‘ Luche et al [16] ‘

35 513 +50.2 499 + 238
20 367 +83.4 349 £ 138.5
12 287+ 14.4 —

11 — 274 £ 116

Table 3.3: Average HRR in /{VV/m2 for the current study and comparison of with the
literature.

3.3.2  Effective heat of combustion

The effective heat of combustion AH,, p 8 defined as the ratio between the averaged heat
release rate " and the specific mass loss rate i/ as described in Equation 3.3.2. This
subsection focuses on presenting the AH,, i values under ambient air conditions for three
different irradiance levels, as detailed in Table 3.4. The values obtained range from 22.4 to

30.5kJ/g and show good agreement with those reported in the literature [9, 16, 79].

@
AHCeff = — (3.3.2)
] AHceff(kJ/g) ‘ Reference ‘

24.7+9.1 [16]
23.7 £ 6.7 [16]

25.0 [16]
24.0 2.3 [16]

21.8 [9]

23.2 [79]
26 £4.12 Current study

Table 3.4: Average AH,, i for the current study and comparison of with the literature.

3.3.8 Gas Temperature field distribution

The gas temperature data is shown in Figure 3.6 for ¢/ = 35kW/m2, Figure 3.7 for ¢/ =
20kW/m?, and Figure 3.8 for ¢/ = 12kW/m?. Tt closely mirror the trends observed for the
Q" and the /. The distinctive five-phase characteristics are clearly evident at the three
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irradiance levels studied ¢/. The first peak in the gas temperatures corresponding to the
ignition phase exceeds the second peak corresponding to the decomposition of a thermally
thin sample. This pattern holds for all three cases. The second peak is less marked for lower

values of ¢/, similar to the trends observed for both ¢’ and /.
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Figure 3.6: a) Gas temperatures T' with respect to time under air. b) Gas temperatures T’
with respect to tT.
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Figure 3.7: a) Gas temperatures 7' with respect to time under air. b) Gas temperatures T’
with respect to tT under air.

It’s worth noting that in all three cases the lowest thermocouple, located at a Z/Ly = 31/6
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and closest to the sample, does not record the highest temperatures, but comparatively lower
values. This observation suggests the possibility that the lowest thermocouple is located
below the reactive diffusion zone of the flame, where temperatures are significantly lower. The
other thermocouples show a consistent decreasing temperature trend, starting from Z/Ly =
17/2 and continuing toward the end of the stack. The gradual decrease in temperature along
this trajectory provides insight into the vertical distribution of gas temperatures within the
chimney. This temperature trend is a good indicator of the overall flame behavior. Lower
temperatures in this context indicate a more intermittent flame, whereas higher temperatures

indicate a more sustained and persistent flame, particularly in the vicinity of the sample.
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Figure 3.8: a) Gas temperatures 7' with respect to time under air. b) Gas temperatures 7'
with respect to tT.

For a better representation, the time-averaged gas temperature, designated as T is presented
in Figure 3.9a. A considerable difference between the highest and lowest irradiance levels is
recorded. The highest time-averaged gas temperature detected was 1043K which is close to
the values reported by Alibert et al.[36] (1087 +20) K, Kacem et al. [35] 1100K and Beaulieu
and Dembsey (1184 + 100)K [30] for PMMA flames. In this section, a dimensionless gas

temperature parameter 7" is introduced and is given by Equation 3.3.3.

= TOO
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Figure 3.9: a) Averaged gas temperature T at several heights in the chimney. b) Averaged
dimensionless gas temperature T at several heights in the chimney

Where T is the ambient temperature in K.

The dimensionless gas temperature is represented in Figure 3.9b. This representation allows
the comparison with ambient temperature. For example, the highest temperature recorded
at ¢ = 35kW/ m? is 1043K which is 2.8 times the ambient temperature. For the lowest heat
flux, the gas temperature high in the chimney recorded low values that were slightly higher,
1.2 than the ambient temperature. At the same positions, the temperatures go as high as

1.7 times the ambient temperature.

3.3.4 Irradiance level at the surface of the specimen

In this section, the heat flux at the surface of the sample is studied. A fluxmeter was inserted
in the center of a hollowed PMMA sample to assess the irradiance level received at the surface
of the sample. Similar to the trends observed in the heat release rate, specific mass loss rate,
and gas temperatures, the evolution of the heat flux over time follows a consistent pattern
at all three irradiance levels studied as shown in Figure 3.10. The evolution of the heat flux

shows five distinct phases.

e Step 1: This phase is characterized by a slab only evident for the lowest /. The initial

value of the total heat flux ¢}, in this stage equals ¢ .
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Figure 3.10: Total heat flux at the gauge for different external heat fluxes

e Step 2: There is a rapid peak in the heat flux. This spike reflects an intensified heat

transfer, associated with ignition.

e Step 3: This phase is characterized by a stationary heat flux, where qg)t remains

relatively constant. This phase suggests a period of thermal equilibrium.

e Step 4: A peak is visible, aligning with the decomposition of a thermally thin sample.

This peak represents a notable increase in heat release.

e Step 5: The final phase marks the extinction of the experiment, where qg)t returns to

its initial value.

It’s worth noting that the presence of a hole, in which the fluxmeter is inserted, can affect

the duration, ignition, and extinction times of the tests in three significant ways:

e Reduced exposed surface area: The drilling of the hole involves the removal of material,
thus reducing the total exposed surface area. This change in surface geometry can affect
the dynamics of heat transfer, potentially affecting the overall thermal response of the

sample.
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e Delayed ignition: The hole is positioned in the center of the sample, exactly where the
spark plug would be. This is why, the spark plug needs to be positioned further back,
and not at the center of the sample This positioning can result in variations in ignition

times.

e Thermal leak: The gauge of the fluxmeter is water-cooled at 20°C'. This constitutes a

cold thermal leak for the PMMA sample around it, biasing the results.

The recorded values of q'Z)t are detailed in Table 3.5. The ratio of qg’ot to the fixed ¢/ are
represented in Figure 3.11. For cases where ¢/ is set to 35kW/ m? and 20kW/ m?, the heat
flux absorbed by the gauge is twice the intensity imposed on the heating cone. A slight
increase in this ratio is observed for ¢ = 12kW/m?2. The ratio of dps o ¢ can be expressed

by a linear equation shown in Equation 3.3.4

1!
Ttot '
ol — —0.0267¢) + 2.82 (3:3.4)
e
5 —
4 -
e 3T
< |8
S B B -0
1 L
) | | | | |
15 20 25 30 %
ge (kW /m?)

Figure 3.11: Ratio of the heat flux at the gauge Q'{f/ot and the fixed heat flux at the cone ¢/
for different heat fluxes

It can be considered that the difference between qg’ot and ¢/, denoted by A¢” represents the

heat flux contributed by the flame. The heat flux generated by the flame equals the value
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initially imposed on the CACC. This observation highlights the important role played by the

flame in enhancing the overall heat transfer dynamics within the experimental setup. The

heat flux emphasizes the additional thermal energy introduced by the flame. However, it is

noticeable that the flame heat flux is almost constant with a decreasing external heat flux.

L ql (kW/m?) | g, (kW/m?) | A¢"(kW/m?) |

35 63 £ 0.86 28
20 42+ 0.6 22
12 34+£0.7 21

Table 3.5: Values of ¢/, ¢, and A¢” under air for different heat fluxes

Reference Dimensions (mm) | Orientation | Flame heat flux (kWW/m?)
1570 x 410 x 45 : 20
Orloff et al. [32] 2560 x 914 X 64 vertical o7
Quintiere et al. [37] 280 x 280 vertical 19.6 — 24
Rhodes and Quintiere [28] 100 x 100 (black) horizontal 37
1000 x 100 23.58
. 1000 x 300 : 23.95
Tsai and Wan [38] 1000 x 500 vertical 20.04
1000 x 700 30.21
Leventon and Stoliarov [39] 50 x 150 vertical 35 and 40
diameter = 100 20
. diameter = 178 . 31
Beaulieu and Dembsey [30] diameter — 610 horizontal A7
diameter = 1220 60
. height = 25 : 23.4
Pizzo et al. [34] height — 200 vertical 20.9
200 x 200 : 40.9
Kacem et al. [35] 400 x 400 horizontal 50.5
100 x 100 24
Alibert [36] 200 x 200 horizontal 36.5
400 x 400 63
Current study 100 x 100 horizontal 21 — 28

Table 3.6: Flame heat flux comparison between the current study and the literature.

The flame heat flux values obtained in the current study are compared with values from the

75




literature in Table 3.6. The values of the current study are very close to the one from the

literature.

3.4 Conclusion

This first chapter addresses the experimental results obtained under air conditions and, for
three external heat fluxes. The parameters studied are both characteristics of the solid
phase and the gas phase, like the mass loss, the in-sample heating, the heat release, and
the heat flux received at the surface of the PMMA sample. The ignition times increased in
a hyperbolic trend with the decrease of the heat flux. The critical heat flux to ignition is
determined to be 11.5kW/m?. A dimensionless time was introduced that allowed the results
under different heat fluxes to be compared at the same scale. The parameters studied in
both solid and gas phase showed a consistent decrease with the heat flux. The five steps
of the thermal decomposition of the PMMA were visible in the kinetics of the heat release
rate, the total heat release, the mass fraction, the mass loss rate, the gas temperatures and
the total heat flux. The values obtained are in good agreement with the results from the
literature. This chapter will serve as a comparative basis for the following chapter, where

the same parameters are studied under several reduced oxygen concentrations.
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CHAPTER 4
THERMAL BEHAVIOR OF PMMA IN
UNDER-OXYGENATED ATMOSPHERES
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This chapter focuses on the effect of vitiation and external heat flux on the thermal de-
composition and the combustion of the PMMA. The solid phase section involves a study of
mass transfer and temperature evolution within the PMMA sample. The gas phase analysis
focuses on the heat release, the spatial distribution of gas temperatures and the heat flux
received at the sample surface. This chapter is divided into two main sections. The first one
examines the influence of the oxygen concentration and the next one examines the combined

effects of both vitiation and external heat flux.
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4.1 Behavior of the PMMA in under-oxygenated atmospheres

This section focuses on the behavior of PMMA in under-oxygenated atmospheres, under
several oxygen concentrations ranging from X9 = 0.10 to X9 = 0.21 at one external heat

flux g/ = 35kW/m?.

4.1.1 Behavior in the gas phase

The investigation includes an analysis of:

e The flame characteristics which sheds light on the combustion processes within the gas

phase.
e The spatial distribution of gas temperatures.

e The heat release rate.

Flame observations

During the tests, a camera was positioned in front of the glass window of the CCAC in order
to compare the flames colors and structures conducted at different oxygen concentrations.
The images, presented in Figure 4.1, show a progression where the oxygen concentration
decreases from the top to the bottom of the image. The images are cut exactly at the
surface of the sample. Under ambient air conditions in Figure 4.1 a), the flame is luminous,
characterized by a bright yellow color. This full flame starts at the surface of the sample and
extends upwards through the chimney. This bright yellow color is caused by the oxidization
of soot that causes them to radiate. At a slight decrease in oxygen concentration to an
X2 = 0.15 in Figure 4.1 b), the width of the flame decreases slightly. However, the bright
yellow light and luminosity are still dominant, with the flame still emanating from the surface
of the sample. A further reduction in the oxygen concentration to Xp9 = 0.13 in Figure 4.1
c) shows a less full and bright flame. At this concentration, the oxygen is insufficient to
oxidize the soot, reducing radiation. The flame is narrower. Its luminosity decreases and

shows more intermittent behavior. At an even lower X9 = 0.12, Figure 4.1 d), the flame is
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weaker, with a reduced luminosity. It is starting to detach from the surface of the sample.
At X9 = 0.11, Figure 4.1 e), the flame is detached from the surface of the PMMA and is
now anchored to the spark plug. The flame lost all of its luminosity and is barely visible.

Finally, at Xpo = 0.10, no flame was observed.

Figure 4.1: Images of the flame at different oxygen concentrations: a) Xp9 = 0.21, b) X9 =
0.15, ¢) Xp9 = 0.13, d), Xp9 = 0.12, ¢) Xpo = 0.11 and f) Xpo = 0.10
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Gas temperature field distribution

The gas temperature field distribution is examined by inserting thermocouples at different
heights in the chimney of the CACC, starting from Z/L% = 31/6 until Z/L° = 131/6. The

gas temperature field distribution inside the chimney is shown in Figure 4.2a.
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Figure 4.2: a) Gas temperature evolution 7" through the stack. b) Dimensionless temperature
evolution 7" field distribution through the stack.

The results are consistent with those presented in the previous chapter under air, partic-
ularly for oxygen concentrations above Xpo = 0.12. In particular, the thermocouple at
the lowest level, positioned at Z/ L0 =31 /6 and the closest to the sample, registers lower
temperatures than expected, corresponding to 1 to 2 of the ambient temperature. This
observation suggests that this particular thermocouple may be located below the reactive
diffusion zone of the flame, where temperatures tend to be significantly lower. In contrast,
the remaining thermocouples show a consistent and gradual decrease in temperature, starting
from Z/L = 17/2 and extending towards the end of the stack. The average temperatures
show a decreasing trend from higher to lower oxygen concentrations, peaking at 1043K (3
times the ambient temperature), at Xpo = 0.21 and decreasing to 819K (around 2 times
the ambient temperature) at Xp9 = 0.12. This temperature decrease is consistent with
the observations of Figure 4.1, where a brighter, wider yellow flame corresponds to higher

temperatures, gradually giving way to decreasing temperatures as soot radiation decreases
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and the flame weakens. Changes in the distribution of the gas temperature field occur as
the oxygen concentration approaches the lower limit. At Xp9 = 0.11, the temperature, at
its maximum does not exceed 570K, corresponding to less than 1 the ambient temperature
at the base, and slightly exceeding 1 at the outlet of the chimney. This suggests that there
might be a slight re-inflammation of the gases as they approach the outlet of the chimney
and ambient air. At Xp9 = 0.10, where no flame is observed, the temperatures are some-
what constant throughout the stack suggesting that this is the default temperature inside
it, when no ignition happens. For better clarity, the standard deviations were not presented

in the images. Details about all the values can be found in Table 4.1.

Heat release rate

The following subsection deals with heat release and examines both the heat release rate as
well as the total heat release. The evolution of the heat release rate is observed over time as
shown in Figure 4.3a and in terms of dimensionless time, denoted as ¢+ in Figure 4.3b.
The heat release rate shows an increase at higher oxygen concentrations, due to an increase
in the thermal decomposition of the solid phase. This leads to the presence of a more
substantial flame, establishing a cycle.

In the context of the representation in Figure 4.1, the presence of radiating soot, manifesting
by a bright yellow flame, contributes to a higher heat flux at the surface of the material,
which subsequently increases the overall thermal decomposition rate. The heat release rate
profiles show a characteristic shape when the oxygen concentration exceeds Xp9 = 0.12.
However, there is a significant deviation as the oxygen concentration decreases, leading to
the absence of the five-step heat release curve at a concentration of X9 = 0.10. The heat

release rate curve observed Figure 4.3b is explained in five steps:

e Step 1: This step is very fast for this heat flux (¢ = 35kW/m?). The PMMA under-
goes thermal decomposition. If the oxygen concentration is lower, at X9 = 0.10, Step
1 is prolonged. No ignition is observed during this phase, with decomposition being

the only process.
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Xoo | 2/L9 T(K)
31/6 | 810+5.7
17/2 | 1043 £55.6
091 |_7L/6 | 888+£60.3
' 91/6 | 776 +£44.9
37/2 | 745+ 44.3
131/6 | 735 £ 34
31/6 | 660 +40.8
17/2 | 997 £13.7
015 | 7L/6 [ 90174
' 91/6 | 805+ 12.3
37/2 | 791£0.2
131/6 | 7713 £ 1.4
31/6 | 560 + 15
17/2 | 872£38
019 | 7L/6 | 866+£59
' 91/6 | 768 +8.6
37/2 | 776 £ 12
131/6 | 770 £ 3.4
31/6 | 456 + 15.9
17/2 [ 478 £17.3
011 | 7L/6 [511£294
‘ 91/6 | 528 + 34
37/2 | 565 +46.8
131/6 | 570 = 45.8
31/6 | 446 £ 1.1
17/2 [ 442+0.1
010 |_7L/6 [ 459 £5
‘ 91/6 | 471+£15.8
37/2 | 487 +36.3
131/6 | 479 £28.5

Table 4.1: Averaged gas temperature inside the stack for several oxygen concentrations.
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Figure 4.3: a)Heat release rate for different oxygen concentrations against t. b) Heat release
rate for different oxygen concentrations against ¢.

e Step 2: The ignition is marked by a sudden increase in Q" observable when the

oxygen concentrations exceeds Xp9 = 0.12. The ignition time happens at the same
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dimensionless time ¢ for those concentrations but shows a decreasing delayed time
along with the decreasing oxygen concentration. For an oxygen concentration of X9 =
0.11, two distinct ignition times can be identified, an unsustained ignition time where
the flame is intermittent and anchored to the spark plug and a sustained ignition time

where the flame propagates within the stack.

e Step 3: This step represents a stationary phase characterized by an almost constant Q"
for oxygen concentrations above X9 = 0.12. However, the duration of this step varies
considerably, ranging from about 1800s for Xpo = 0.21 to about 2500s for Xpo =
0.12. This step exhibits a considerable variation in Q" for an oxygen concentration of

Xpy = 0.11.

e Step 4: During this step , an experimental artifact happens at all oxygen concentrations
which is the thermal feedback peak due to the insualtion of the sample holder used

occurring at the same dimensionless time tT.

e Step 5: Finally, extinction happens at different times, with lower oxygen concentrations

experiencing delayed extinction events.

The transition observed in Q”, shows a good agreement with the flame images presented in
Figure 4.1. There is a clear and visible five-step characteristic curve, corresponding to the
bright yellow flame observed under higher oxygen conditions. Conversely, the faint flame
corresponds to the Q" at X9 = 0.11.

The test at X9 = 0.11 needs a closer look. While only one test at this oxygen concentration
is shown in Figure 4.3 for clarity, this test was repeated several times. Looking at the
different responses in Figure 4.4, it is clear that the three tests conducted at Xpo = 0.11
yield three different results. In particular, one of these tests shows a significantly weakened
combustion response. The non-repeatability of the results highlights the critical nature of
this concentration, close to the limiting oxygen concentration. The observed behavior in
this particular scenario is characterized by chaos and unpredictability. This complexity of
responses highlights the challenges associated with accurately predicting and understanding

combustion dynamics under conditions close to the limiting oxygen concentration.
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The total heat release plots in Figure 4.5a shows a clear correlation with the oxygen concen-
trations. In particular, the ) peaks faster and has a steeper slope as the oxygen concentration
increases. The final values of () are between 800 and 10000 .J / m? for oxygen concentrations
above X9 = 0.12. However, there is a significant decrease in the value of Q at Xp9 =0.11,
where ) drops to 445MJ/m2, and further to 116]\4J/m2 at Xpo = 0.10, where no flame is
observed. The dimensionless representation of total heat release, @1, shown in Figure 4.5b
and plotted against the dimensionless time ¢+, reveals the five decomposition steps of PMMA
combustion, which are mainly observed for oxygen concentrations above Xpo = 0.12. Ad-
ditionally, this graph shows the transition happening in the flame, going from a full bright
flame to a non-existent one, and highlights the combustion regime happening as the oxygen
concentration drops. The Q+ reaches almost 1 under air conditions, indicating that the the-
oretical energy release has been attained. However, a slight decrease to about 0.9 is observed
for oxygen concentrations of 0.18, 0.15, and 0.12. The dimensionless total heat release expe-
riences a significant decrease, dropping to 0.23 at X9 = 0.11 and reaching a minimum value
of 0.1 at X9 = 0.10. The previous subsection shows that, as stated by Tewarson et al. [1],
a significant reduction in oxygen levels has a significant effect on flame temperatures. This

leads to reduced radiative feedback reaching the PMMA surface, resulting in a reduction in
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the mass loss rate.
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Figure 4.5: a)Total heat release Q for different oxygen concentrations with respect to ¢t. b)
Dimensionless total heat release QT for different oxygen concentrations with respect to ¢™.



4.1.2  Behavior in the solid phase

The investigation includes an analysis of the mass transfer within the sample and the in-

sample temperatures and heating rates

Mass transfer within the sample

The thermal decomposition is described through two parameters: the mass fraction Y and

the specific mass loss rate .

Stepl Step3 Step4d Step 5

> <4 < —p

1 7~ 1 —
—— X2 =0.21 $ VN
0.8 ——Xp2 =0.18 0.8F
X =0.15
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0.4 Xp =0.10 04"
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0 - — 0
0 1000 2000 3000 4000
t(s)
(a) (b)

Figure 4.6: a) Mass fraction Y with respect to time ¢. b) Mass fraction Y with respect to
t+.

The time evolution of the mass fraction Y and the specific mass loss rate ('), as shown in
Figure 4.6a and Figure 4.7a with respect to time, as well as in Figure 4.6b and Figure 4.7b
with respect to t+. The plots show a clear correlation with the oxygen concentration parame-
ter Xp9. The five steps explained prior are also observable here. The thermal decomposition
of the PMMA starts when the sample is exposed to the radiant heating cone. The nucleation
process starts and bubbles form and migrate to the sample surface. When the oxygen con-
centration exceeds X9 = 0.11, ignition occurs, marking the start of thermal decomposition
of a thermally thick sample. This phase is characterized by a line with no discernible change

in slope in the mass fraction Y and a stationary phase in the specific mass loss rate .
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Figure 4.7: a) Specific mass loss rate 7 with respect to time ¢. b) Specific mass loss rate
/" with respect to t+.

The specific mass loss rate m” is particularly affected by the gas temperatures 7" and the
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heat flux from the flame, both of which have higher values at elevated oxygen concentra-
tions. This explains the observed decrease in the specific mass loss rate 7/ at lower oxygen
concentrations. It is important to note that the plot of the specific mass loss rate m/ for
oxygen concentrations of Xp9 = 0.11 and X9 = 0.10 is similar, despite the presence of a
flame at Xpo = 0.11. This suggests that at an oxygen concentration of X9 = 0.11, the

flame has minimal influence on the decomposition process.
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Figure 4.8: a) Specific mass loss rate 1’ with respect to time ¢. b)Heat release rate for
different oxygen concentrations against t.

It is interesting to compare the specific mass loss rate Figure 4.8a to the heat release rate
Figure 4.8b for different oxygen concentrations. The specific mass loss rate and the heat
release rate show a similar curve for high oxygen concentration. At Xpo = 0.11, there is
a clear shift in the behavior of the heat release rate which is not visible in the plot of the
specific mass loss rate. The heat release rate and the specific mass loss rate then cannot be
correlated. This behavior is consistent with the flame images in Figure 4.1. When the flame
is weak and becomes detached from the sample at X9 = 0.11 it does not generate a similar
heat release rate plot. However the sample still undergoes thermal decomposition due to the

external heat flux of the radiant cone.
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In-sample parameters
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Figure 4.9: a) In-sample temperature evolution against the time ¢ at Z/LY = 5 /6. b) In-
sample temperature evolution against the dimensionless time t+ at Z/L = 5/6.

Experiments were carried out using thermocouples placed within the material to assess the
dynamics of heat transfer in a contaminated atmosphere. These thermocouples were placed
at various depths, beginning at 5mm with an initial position of Z/L% = 1/6. In this section,
the focus is on presenting the temperature kinetics and heating rate kinetics exclusively for
the thermocouple located at the greatest depths Z/ L0 = 5/6. This thermocouple shows
the heating behavior the sample throughout the depth of the sample. The temperature rise
is initially gradual and then accelerates as the thermocouples approach both the pyrolysis
front and the sample surface. In particular, the temperatures show a slower rise at lower
oxygen concentrations, due to the material thermally decomposing at a slower rate, resulting
in a slower regression of the sample surface. By eliminating the lag associated with lower
oxygen concentrations, the representation in terms of dimensionless time ¢ in Figure 4.9b
shows that the temperature rise within the material follows a consistent pattern regardless
of oxygen concentration. Although there is a slight shift in values with decreasing oxygen
concentration, the overall behavior remains similar.

The heating rates derived from the temperature measurements within the sample are plot-
ted against both time ¢ in Figure 4.10a and dimensionless time ¢ in Figure 4.10b. As
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the thermocouple approaches the surface of the sample, there is a marked acceleration in
the heating rate. Looking at the heating rate plotted against the dimensionless time tT, a
uniform behavior across different oxygen concentrations becomes apparent. Although the
peak is somewhat less pronounced at lower oxygen concentrations, it remains a discernible
phenomenon that manifests itself consistently across different oxygen concentrations. This
suggests that, despite slight variations, the acceleration of the heating rate as the thermo-
couple approaches the sample surface remains a consistent feature across different oxygen
concentrations. In particular, the dimensionless time plot highlights the general trends and

characteristics that persist across the different conditions studied.
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Figure 4.10: a)In-sample heating-rate evolution against the time ¢ at Z/L° = 5/6. b) In-
sample heating-rate evolution against the dimensionless time t+ at Z/L% = 5/6.

This section emphasized the effect of the oxygen concentration X9 on different parameters
in the solid and gas phases such as the in-sample heating rate, the mass transfer, the heat
release rate, and the gas temperatures. It focuses on the kinetics of these parameters and
their involvement with time through the tests under different oxygen conditions and one
constant external heat flux ¢” = 35kW/m?. In the following section, the same parameters
are studied under different external heat flux, to assess the combined effect of the oxygen

concentration and heat flux on the thermal behavior of the PMMA.
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4.2 Combined effect of the oxygen concentration and heat flux

on the thermal behavior of the PMMA

The heat and mass transfers will be presented for several oxygen concentrations and three

heat fluxes ¢/ = 35, 20, and 12W /m?.

4.2.1  Limiting oxygen concentration and critical heat flux to ignition

The oxygen concentrations used in this investigation were chosen after determining the oxy-
gen limit for each specific heat flux condition, with a one-hour test limit specified as the
criterion. When no inflammation was observed within this duration, the conditions were
judged non-flammable. This study used varied heat flux levels to define a thorough flamma-
bility profile, and the results are summarized in Figure 4.11.

Establishing a clear boundary between flammable and non-flammable zones is difficult. Dur-
ing the test conducted, there was a degree of unpredictability when approaching critical
conditions. For example, a test conducted at ¢/ = 35kW/ m? and Xpy = 0.11 could show
combustion or no combustion, as shown in Figure 4.4. The presence or absence of combus-
tion under such conditions is unpredictable. It was necessary then, to establish a critical
zone, where results don’t show repeatability. The limiting oxygen concentration LOC' at
which no ignition happened fell in the range of 0.11 to 0.12 for ¢/ value of 20kW/m2. The
LOC was somewhat higher for the lower ¢/ of 12k;W/m2, ranging between 0.12 and 0.13,
reflecting a 0.2 increase. This growing LOC with decreasing ¢/ pattern continues until no
inflammation is seen even at an oxygen concentration of 0.21. The minimal heat flux is set to
be 11.5kW/ m?. The limiting oxygen concentrations happen at different levels for the three
irradiance levels studied. The values are presented in Table 4.2.

The limiting oxygen concentrations LOC' follows a hyperbolic trend. A fitted model was
made to describe the evolution of the LOC' in the function of the external heat flux ¢/. This
model is detailed in Table 4.2.

9.5—g
LOC =0.105(1 + exp 15 ) (4.2.1)
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Table 4.2: Limiting oxygen concentration for different external heat fluxes

Where is LOC' is the limiting oxygen concentration, 0.105 is a fitted parameter and corre-
sponds to the limiting oxygen concentration X, for ¢ = 35kW/ m?, 9.5 is a fitted parameter,
¢! (kW/m?) is the heat flux fixed at the heating cone, and 1.5 is a fitted parameter.
Zhubanov and Gibov [52] studied the oxygen index for the PMMA for different external heat
fluxes ¢//. Although the values are not comparable due to the difference in experimental
benches, the researchers found a similar hyperbolic trend.

This section focused on the limiting oxygen concentration LOC' at different external heat
fluxes. The LOC showed a decreasing pattern with higher heat fluxes. In the following

section, the ignition and extinction times for different conditions will be discussed.
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4.2.2  Ignition and extinction times

Ignition is correlated to environmental conditions, such as oxygen concentration and external
heat flux. Extinction, on the other hand, marks the end of combustion and indicates in the
present conditions for the PMMA that all the material has been consumed. Given the
wide range of oxygen concentration and external heat flux here studied, the representation

of ignition and extinction times becomes challenging. To address this, these times were

expressed as \/1tTg and \/tle? (with ;4 the time of inflammation and t¢,¢ the one of extinction).

1
Lig

These expressions allow for a more manageable representation, where higher values of

and \/% indicate shorter ignition and extinction times, respectively. Conversely, lower
exr

values of these parameters indicate longer ignition and extinction times. In cases where no
ignition was observed, both ignition and extinction times were set to an arbitrary fixed value
of 100000, defining infinity. Within the critical zone, the reported times correspond to tests

where ignition occurred.
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Figure 4.12: a) 1t in relation to the oxygen concentration X9 for several external heat
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fluxes ¢/ b) \/tlej n relation to the oxygen concentration X9 for several external heat fluxes

1
de

The \/% and \/% are represented as a function of the oxygen concentration X9 for several
ig ex

heat fluxes in Figure 4.12a and Figure 4.12b respectively. A discernible trend can be seen in

the behavior of both \/179 and \/tle?’ showing a consistent decrease with decreasing oxygen
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concentrations. As the oxygen concentration approaches lower levels, these values become
negligible, implying an infinite ignition and extinction time. In practical terms, this suggests

that ignition does not occur under such conditions.
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Figure 4.13: a)\/% to the oxygen concentration and the external heat flux, b) \/tl*t to the
19 ex

oxygen concentration and the external heat flux.

Furthermore, ignition time (Figure 4.13a) and extinction time (Figure 4.13b) can be ex-
pressed as functions of both oxygen concentration X9 and external heat flux 7. In this
context, both ﬁ and \/% show a decrease with increasing heat flux at constant oxygen
concentration. This trend is particularly pronounced as external heat flux reaches its mini-
mum value. In this critical zone, the low heat flux at the surface of the sample not only is
insufficient to sustain ignition, but also hinders the thermal decomposition of the material,
making it harder to attain the lower flammability limit. Moreover, the low oxygen does not
facilitate the mixing. This observed trend is in line with expectations and demonstrates
the interaction of oxygen concentration and external heat flux in influencing ignition and
extinction times in PMMA combustion.

However, there is a substantial lack of models describing the ignition time with the func-
tion of the oxygen concentration, which is the objective of this work. To try to get rid of
the differences due to the external heat flux inducing a different limiting oxygen concen-

tration, a dimensionless oxygen concentration parameter, denoted XgQ, is introduced by
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Equation 4.2.2.
. XO2 - Xcr

Xt =202 ca
oz Xair - XC?“

(4.2.2)

This parameter serves as a standardized measure, allowing a more comparative analysis of
oxygen concentrations in different experimental conditions. When X 52 = (, it means that
the oxygen concentration is exactly at the critical level whereas a value of X 52 = 1 indicates
that the test is carried out under ambient air conditions. Negative values of X 52 indicate
tests performed at oxygen concentrations below the critical threshold. This dimensionless
parameter provides a consistent framework for categorizing and comparing test scenarios

based on their oxygen concentrations.
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Figure 4.14: Ratio ?Q’ﬂ as a function of the dimensionless oxygen concentration X 52

zg,azr

In this context, the ratio i is introduced. The selected ratio enables a more understand-

able display as opposed to the traditional normalization method, which normally presents
data under an oxygen concentration relative to those under air. This alternate method

works well given the broad range of oxygen concentrations and external heat fluxes in this
zg air
zg,OQ
concentration X02 in Figure 4.14. The data shows a noticeable decreasing trend as the

investigation. The values of are plotted as a function of the dimensionless oxygen

dimensionless oxygen concentration decreases.
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To model this trend an exponential model is derived and presented in Equation 4.2.3. The
model provides a good representation of the overall trend observed in the ratio %. Fur-
thermore, the model shows a satisfactory fit for X 52 > 0.2, demonstrating its reliability
within this range. However, as X52 approaches and falls below 0.2, the data becomes
sparser, indicating a degree of unpredictability. This behavior is logical considering that the
data is approaching the limiting oxygen concentration where it becomes difficult to accurately
predict combustion conditions.
ligair _ 4 502 +C (4.2.3)
lig,02
Where A, B and C' are fitted parameters respectively equal to —0.58, 0.166, and 1.02.

4.2.3 Mass transfer

This subsection focuses on the effect of both the oxygen concentration and the external heat
flux on the specific mass loss rate of the PMMA. The calculation of the averaged specific
mass loss rate is challenging, especially at lower heat fluxes. Figure 4.15 shows the evolution
of the mass loss rate over time for two different oxygen concentrations, Xpo = 0.21 and
Xpo = 0.14, under ¢/ = 12kW/m?. The plot shows a delayed peak in the mass loss
rate, occurring at least 1000s for Xpo = 0.21 and 2000s for X9 = 0.14. During this pre-
ignition phase, the sample undergoes thermal decomposition from the cone heat flux without
combustion. To account for this, the method described previously referred to as ’Method
1’, may lead to an inaccurate representation of the full decomposition in this test. This
error becomes negligible at higher heat fluxes where the ignition time and peak MLR are
almost instantaneous. An alternative approach, referred to as "Method 2’, involves averaging
the SMLR over the entire test duration, taking into account the pre-peak decomposition.
Figure 4.16 illustrates the difference in averaged mass loss rate values for various oxygen
concentrations at an external heat flux of 12kWW/m?2, using both Method 1 and Method 2.
The averaged mass loss rate values are lower with Method 2 than with Method 1 because

the second one includes decomposition before the peak of the SMLR. The difference is more
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significant at higher oxygen concentrations, where the SMLR increases significantly after
the peak. The difference is less pronounced in the absence of combustion. Consequently

the following mass loss rate values will be calculated using method 2 for a more accurate

representation.
027
——X0p = 0.21
—— X0y = 0.14
0.15|
Q)
= 01
B
0.05
0

0 1000 2000 3000 4000 5000 6000
Time(s)

Figure 4.15: Mass loss rate for Xpg = 0.21 and X9 = 0.14 under ¢/ = 12kW/m?.
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Figure 4.16: Averaged specific mass loss rate for several oxygen concentrations, under ¢ =
12kW/m? for the two methods.

The averaged specific mass loss rate values, shown in Figure 4.17, show a linear relationship
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with oxygen concentrations over different external heat fluxes.
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Figure 4.17: Averaged specific mass loss rate for several oxygen concentrations and external
heat fluxes.

The three lines corresponding to different external heat fluxes appear parallel with a consis-
tent slope of 100. The equations representing each line are detailed in Equation 4.2.4. This
parallel behavior implies a uniform response irrespective of the external heat flux applied,
with variations in values due solely to differences in heat flux at the sample surface. In par-
ticular, the standard deviation is more pronounced for intermediate values of X9 at lower
heat fluxes. This observation suggests a less stable and more unpredictable system under
these conditions. In contrast, the system shows better stability at higher heat fluxes, e.g.
for values under air and intermediate values of X9 at higher heat fluxes. The variations
in stability suggest that the response of the system is influenced by a complex interplay
of oxygen concentration and external heat flux, with different levels of predictability under

different conditions.

m” =100.X0g + 2.9 for ¢ = 35kW/m?
/" =100.X09 — 7 for ¢ = 20kW/m? (4.2.4)
m

= 100.X )9 — 12 for ¢ = 12kW/m?
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X | 11" (g/s.m%)
021 [ 22.9£2.9
0.18 | 195£31
0.15 | 17.5£27
0.12 | 144£31
011 [ 131£31
0.10 12.4
021 [ 146£35
0.15 | 9.7£33
g/ =20kW/m? [ 0.12 | 44£6.38
0.11 [ 38£5.1
0.10 3.2
021 [ 94£5.1
0.15 | 44£64
¢/ =12kW/m? | 014 | 33+6.4
0.13 | 24£54
0.12 0.3

q' = 35kW/m?

Table 4.3: Average values of the specific mass loss rate m/ for different external heat fluxes
and oxygen concentrations.

The values of the 1/ are detailed in Table 4.3.

In the existing literature, a common method of presenting specific mass loss rates is to express
v/ -
the ratio =92 where m’éQ is the specific mass loss rate at a given oxygen concentration and

air

"’ is the specific mass loss rate at ambient air conditions undr a same external heat flux.

m'’.
awr
As shown in Figure 4.18, this ratio has a linear and decreasing trend, reflecting the evolution
of the averaged specific mass loss rate. For an external heat flux of 35kW/ m2, mg2 is halved
at the point where no combustion occurs, and for ¢/ = 12kW/ m?, it approaches 0 for the

same condition. Three different lines in Figure 4.18 represent three different models, as

detailed in Equation 4.2.5.
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Figure 4.18: Ratio T.nm for several oxygen concentrations and external heat fluxes.

i
—92 — 412 X9 + 0.13 for ¢! = 35kW/m?

mair

m//

02 — 7.48. X — 0.54 for ¢ = 20kW/m” (4.2.5)
My

m
02 — 10.3.X0g — 1.13 for ¢! = 12kW/m?

Peantross and Beyler [54] formulated a model based on Tewarson’s experimental results [80],
/

defining the ratio % in terms of oxygen concentration as expressed in Equation 4.2.6.

air

Moy _ = 10Xy — 1.1 (4.2.6)

2
mazr

Subsequently, Alibert [36] validated the Peatross and Beyler model with experimental data.
Comparisons with literature values from various studies including Mulholland et al.[41],
Tewarson et al. [1], Santo and Tamanini [40], Peatross and Beyler [54] and Alibert [36],
are presented in Figure 4.20. The current study deviates from the model in Equation 4.2.6
and the values in [36] at high heat fluxes, but is closer to Mulholland et al.[41] under these

conditions.
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The coefficients recorded in Equation 4.2.5 for ¢/ = 12kW/ m? are very similar to those found
by Peatross and Beyler [54], supporting Chatenet’s explanation [42] that external heat flux is
a key factor in the deviation of mass loss rate ratios. The observed differences demonstrate
how sensitive certain mass loss rates and related factors are to changes in experimental
design. It highlights how important it is to take these things into account when analyzing

and contrasting the findings of various studies.
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Figure 4.19: Ratio @ for different external heat flux with respect to X 52 and comparison
m

with the literature Mulholland et al. [41], Tewarson et al. [1], Santo and Tamanini [40],
Peatross and Beyler [54] and Alibert [36].

To address these discrepancies, another representation is to express the ratio of specific mass
loss rates with respect to X 52, as shown in Figure 4.19. This graph takes into account the
critical oxygen concentration for each experimental condition and shows a good agreement
between the values observed. As the critical oxygen concentrations are approached, the

behavior of the specific mass loss rate ratio becomes complicated. The data is more scattered,
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with a significant standard deviation, indicating a state of unpredictability and complexity.
The observed threshold is situated around X 52 = 0.28. This threshold is consistent with
previous observations, such as the behavior observed for ¢ = 35kW/ m? in the profiles of ¢’
and flame characteristics discussed in the previous sections. However, before reaching this
threshold, it is possible to extend the model proposed by Peatross and Beyler to include
X 5”2. After calculations, the modified model is detailed in Equation 4.2.7. This modified
model provides a better description of the relationship between oxygen concentration, and
specific mass loss rates regardless of the presence of an external heat flux.

m//
=92 — AT X}, + BT (4.2.7)

ml/

air

Where AT = 0.4 and BT = 0.6 are the fitted coefficients for the modified model of Peatross
and Beyler.

A dimensionless specific mass loss rate parameter is introduced and denoted by m//* and

detailed in Equation 4.2.8.

My — M
m”+ - OQ_i (428)

Where /], is the averaged specific mass loss rate at the critical oxygen concentration.
By representation the specific mass loss rate in terms of the dimensionless parameter, the
results fit all on one line as shown in Figure 4.21. The found model is described in Equa-

tion 4.2.9 and shows good agreement with the results from the literature.

m’t = X1, (4.2.9)

4.2.4 In-sample heating rate

This subsection focuses on the effect of both the oxygen concentration and the external
heat flux on the in-sample heating rate at 5 different depths inside the PMMA sample. The
heating rates < 3 > for different depths within the sample have been averaged and expressed

in units of K/s. The results are presented in Figure 4.22a. The averaged heating rate is also
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Figure 4.20: Ratio 7’?’7/,?2 for different external heat flux and from the current study and the

literature: Mulholland et al. [41], Tewarson et al. [1], Santo and Tamanini [40], Peatross
and Beyler [54] and Alibert [36].

plotted against the dimensionless oxygen concentration X 52 in Figure 4.22b.

Both plots exhibit similar trends. The < 8 > values show a discernible linear correlation with
the oxygen concentration in all three heat flux conditions studied. Under ambient conditions,
the maximum < § > value observed is 0.47K /s for ¢ = 35kW/m?. This value decreases
significantly to 0.18 K'/s at an oxygen concentration of X9 = 0.10, where no inflammation

occurs. Furthermore, the < § > values at Xy = 0.10 and Xy = 0.11 are close, suggesting
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Figure 4.21: The dimensionless specific mass loss rate m/”/* for different external heat flux
with respect to X(—;Q and comparison with the literature Mulholland et al. [41], Tewarson et
al. [1], Santo and Tamanini [40], Peatross and Beyler [54] and Alibert [36].

that flames at these concentrations have a minimal effect on the decomposition rate of the
material. For a heat flux of ¢/ = 20kW/m?, the < f > values show a similar trend,
decreasing from 0.30K/s in the air to 0.090K/s at the critical oxygen concentration of
Xoo = 0.11. The lowest heat flux condition, ¢/ = 12kW/ m?2, also experiences a decrease
from 0.15K /s under ambient air to 0.044K /s at the critical concentration of X9 = 0.12.
Although this decrease is less marked compared to the higher heat flux conditions, it still
illustrates the effect of oxygen concentration on the heating rate and highlights the sensitivity
of the thermal decomposition of the material to varying environmental conditions.

The expected linear decrease in heating rate can be fully understood by examining the

105



@ = 35kW/m? e ® | = 35kW/m? e
@ (' =20kW/m? P @ (' =20kW/m? T
04 © ¢ =12kW/m’ T 0.4l @ @ =12%kW/m? =
= » ‘/*/ o o e - o
:03 ° - - ® :03 ° - e ®
A e ° T A T . T
[Rat -6 - Y @ T
024~ ® 2 024~ ® —2
o @ T °
01f @ ® 0.1 °
@
0 ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0 0.2 0.4 0.6 0.8 1
Xo2(vol) X o (vol)
(a) (b)

Figure 4.22: a)Space-averaged in-sample heating rate < 3 > for several oxygen concen-
trations and heat fluxes. b) Space-averaged in-sample heating rate < [ > against the
dimensionless oxygen concentration.

relationship shown in Figure 4.23. The parameter < [ > shows a consistent and linear
decrease with 1/ as shown in the equation in Equation 4.2.10. The linearity between these
two parameters suggests a similar behavior with the oxygen concentration. Since i/ shows a
linear evolution with respect to oxygen concentration, it can be expected that < § > follows

a similar linear variation.

< B >=0.02.1m" (4.2.10)

<Bo2>
<5aifr>
Figure 4.24a. Across the spectrum of oxygen concentrations, this ratio experiences a gradual

Similar to the mass loss rate, the investigation extends to the ratio , presented in
decrease in the three heat fluxes studied. To improve the representation of this behavior, the
ratio is plotted against the dimensionless oxygen concentration X g2 in Figure 4.24b. The
plotted ratios exhibit a uniform linear trend line for all three heat flux conditions. The linear
trend is expressed by Equation 4.2.11. Despite a slight scatter of data points away from the
line when X9 < 0.28, the overall adherence to the linear trend is good. It is noteworthy
that for oxygen concentrations above 0.28, the data points closely follow the fitted linear

relationship,
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Figure 4.23: Averaged heating rate plotted against the specific mass loss rate.
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Figure 4.24: a)Ratio B against Xp9. b)Ratio B against X,

A dimensionless heating rate parameter, denoted < ﬁ_+ >, has been introduced and is defined
by Figure 4.25. This parameter characterizes the heating rate to the oxygen concentration

and provides a normalized measure for comparison. At the critical value of X9, < ﬁ_+ >
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reaches a minimum value of 0. Under ambient air conditions < S+ > reaches its maximum

value of 1.

— < > — < Bop >

£o2 o (4.2.12)
< Bair > — < Ber >

Where < 3 > is the averaged heating rate at the cirictal value of X9, and < By > is
the averaged heating rate under air.
The results are presented in Figure 4.25, showing a clear and linear progression with X 52.

The evolution of this dimensionless parameter can be described by Equation 4.2.13.

| @ ¢ =35kW/m? °
17 @ ¢ =206W/m? A
® (' =12kW/m? 7
0.8
“w e
~ 0.6 [ ‘/'/V
A ’ e
+ e
¥
‘3 0.4
e o
0.2}
/'/“
00 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
X p(vol)

Figure 4.25: Dimensionless space-averaged in-sample heating rate < B+ > for several oxygen
concentrations X 52 and heat fluxes

With this representation, it is sufficient to know the critical values < B >, and the pa-
rameter at ambient air conditions, < [,;- > to be able to calculate the corresponding
dimensionless heating rate, < Sp9 >, at any given oxygen concentration. The values of

< Ber > and < B4, > for each conditions are presented in Table 4.4.

< Bt >=XJ, (4.2.13)
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L4e (kW/m?) | < Buir > (K[s) | < Ber > (K/s) |

35 0.47 0.18
20 0.30 0.090
12 0.15 0.044

Table 4.4: < i, > and < e > for several external heat fluxes
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Figure 4.26: a) Total heat flux at the surface of the sample ¢}, for different oxygen con-
centrations and external heat fluxes. b)Total heat flux at the surface of the sample q;gt for
different dimensionless oxygen concentrations and external heat fluxes

4.2.5 Heat flux at the surface of the sample

This subsection focuses on the heat flux received at the surface of the sample and the
combined effect of the oxygen concentration and the external heat flux on this parameter.
As shown in Figure 4.26, tests were carried out to assess the heat flux at the surface of the
sample over a range of oxygen concentrations (Figure 4.26a) and the dimensionless oxygen
concentration (Figure 4.27). The results showed a clear and consistent pattern between the
total heat flux at the surface of the PMMA sample and oxygen concentration, across all
three heat flux conditions studied. As oxygen concentrations decrease, the total heat flux
linearly decreases to becomes equal to the external heat flux (the value under air is double
the initial external heat flux). This highlights the importance of the flame heat flux in the

total heat flux received at the surface of the sample.

!
ot

The ratio of q'z't to ¢/ is plotted in Figure 4.27. The results show that the ratio qg)t to ¢/
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decrease with the decreasing oxygen concentration. The total heat flux is of the same order
of magnitude as the external heat flux for higher oxygen concentrations. It some cases, the
total heat flux goes up to almost 3 times the external heat flux. When approaching lower
oxygen concentrations that are close to the limiting concentration, the ratio become closer
to 1. This suggests that the flame has a negligible influence on the overall heat balance at
the sample surface.

The difference between the total heat flux qg’ot measured and the external heat flux ¢

is assumed to be the flame heat flux A¢”. The flame heat flux values are presented in

Figure 4.28.

3,
& | = 35kW/m? ]
& G = 20kW/m? %
250 & ¢ =12kW/m?
5 ]
. ¢ i -
Ry ¢ I
=157 e & o
.\67 e
1 = 8 9 :
0.5
0

0.1 0.12 0.14 0.16 0.18 0.2
X02

Figure 4.27: Ratio of ¢}/, to ¢/ for different oxygen concentrations and external heat fluxes

The flame heat flux shows a decrease in a linear pattern (Equation 4.2.14), starting with a
value of 28kW/ m? for qY = 35kW/ m? and going down to 0 for lower oxygen concentrations.
The linear pattern becomes more apparent by plotting the flame heat flux A¢” against the
dimensionless oxygen concentration X 52 in Figure 4.29.

This linear evolution is described by Equation 4.2.14. It suggests that for a single dimen-
sionless oxygen concentration, the flame heat flux is the same regardless of the external heat
flux. The detailed values of the total heat flux ¢}/, and the flame heat flux [36] are detailed
in Table 4.5.
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Figure 4.28: Flame heat flux A¢” given by qg)t — ¢ and comparison with values from
reference [36].
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Figure 4.29: Flame heat flux A¢” given by ¢}/, — ¢¢ for several dimensionless oxygen con-
centrations X 52.

The comparison with Alibert’s values for clear PMMA [36] in in Figure 4.28, having dimen-

sions of 200 x 200mm?2 and 400 x 400mm?, shows a difference due to the larger exposed
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Xo2 | oy (kW/m?) | [36]
021 [ 63+0.86 | 28
0.18 | 58+033 | 23
¢! =35kW/m2 [ 015 | 50+0.64 | 15
012 43+099 | 8
0.11 | 36+ 1.02 1
0.10 | 35+1.1 0
021 | 43406 23
G =20kW/m? [ 018 | 39+ 1.7 19
0.15 | 33+14 13
013 | 29+13 9
012 | 25+03 5
011 19+1.7 0
021 | 34407 | 22
G =12kW/m? [ 018 | 31+£25 19
015 | 23+12 11
0.14 | 17%06 5
0.13 | 13£08 1
012 | 12pml.7 | 0

Table 4.5: Total heat flux and flame heat flux for several oxygen concentrations and externall
heat fluxes.
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Figure 4.30: Specific mass loss rate to the total heat flux for several oxygen concentrations

surface in Alibert’s samples. However, the trend observed is in line with the oxygen concen-
tration. Indeed, Alibert observed a linear regression of the flame heat flux for both PMMA
samples, confirming the similar trend observed in the current study.

The specific mass loss rate W is plotted in Equation 4.2.15 against the total heat flux
receiced at the surface of the sample qtot The relationship between these two variables

shows a linear regression, as shown in Equation 4.2.15.
m’ =0.41.4,, — 3.5 (4.2.15)

When the specific mass loss rate increases, it has a direct effect on both @, and the flame
heat flux. Consequently, this increase in heat release and flame heat flux leads to an increase
in the total heat flux received at the sample surface, forming a cycle. An initial increase in
m/ subsequently increases @ and flame heat flux, resulting in increased heat flux at the
sample surface. This increased heat flux in turn further increases the specific mass loss rate.
It is possible to determine the value of the heat of gasification. The slope of the line of the
plot of m/ against qg’ot is the inverse of the heat of gasification L. From Equation 4.2.15,
i = 0.41 and L = 2.43kJ/g. This value is in line with the ones from the literature for

the PMMA which range from 1.42 to 2.77k.J/kg [5, 19, 30, 81, 82, 83, 84, 85, 86, 87, 88].
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Figure 4.31: Averaged heating rate < B > with the total heat flux for several oxygen
concentrations.

The relationship between the averaged heating rate and the total heat flux detected at the
surface of the sample is represented in Figure 4.31, showing a clear linear progression as
defined by Equation 4.2.16. This relationship can be anticipated by looking at the plot of
the specific mass loss arte and the total heat flux. In fact, the in-sample heataing rate and

the specific mass loss rate are closely related and exhibit similar behaviors.

< >=0.0083¢;,; — 0.0840 (4.2.16)

4.2.6 Heat release rate

This susbection deals with the heat release rate and its behavior under several oxygen concen-
trations and heat fluxes. The relationship between heat release rate and oxygen concentration
is shown in Figure 4.32 for various external heat fluxes.

The plots consistently show a decrease in heat release rate with decreasing oxygen concentra-
tion, as expected. This behavior mirrors the trend observed in the mass loss rate. Specifically,
the heat release rate closely follows the mass loss rate, as more heat is generated by burning

more material. Consequently, the higher heat release rate contributes to the overall mass
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Figure 4.32: Averaged heat release rate a for several oxygen concentrations and external
heat fluxes.

loss rate. The highest standard deviation happens at the oxygen concentration where the
transition happens, highlighting a chaotic and unpredictable behavior. The detailed values
are presented in Table 4.6.

Using a similar approach to the specific mass loss rate, the heat release rate is plotted as
against X9 in Figure 4.33a. A consistent decrease in the heat release rate with increasing

oxygen concentration is observed. For the same oxygen concentration, the ratio is higher for

7
higher heat fluxes. The ratios are plotted against X 52 in Figure 4.33b. The ratio % follows

oY/

a linear trend for all heat flux conditions examined until a critical threshold is raezgched at

X 52 = 0.28. At this point the ratio % reaches a value of 0.63, consistent with the specific
mass loss rate results. Beyond this t}%gshold, the ratio drops significantly, reaching about
0.3 at XSQ = 0.1, and becoming negligible after. Above X?)—Q = 0.28, the flame is emitting
a vibrant yellow color and providing a substantial heat flux to the sample surface, thereby
accelerating its decomposition. Below this critical threshold, the heat flux contributed by the
flame diminishes significantly, coinciding with the observed fading of the flame. This correla-
tion underlines the influence of the oxygen concentration on the heat release rate and hence

the combustion characteristics of the flame.The important standard deviation, at X 52 =0.1
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Xog | Q"(kW/m?)
0.21 | 513+50.2
0.18 | 447+ 28.2
0.15 | 390 4+ 44.0
0.12 | 3324419
0.11 | 220+ 176.2
0.10 | 33+13
0.21 | 367834
0.15 | 2714 54.0
¢! = 20kW/m? | 0.12 | 70£110.9
0.11 | 124493
010 | 2+1.6
0.21 | 287+ 14.4
0.15 | 148+ 10.5
¢ =12kW/m? | 0.14 | 112+£145
0.13 | 37+11.3
0.12 0

G = 35kW/m?

Table 4.6: Averaged values of the heat release for several oxygen concentrations and external
heat fluxes.

suggests a state of increased variability and instability. This variability is indicative of an
unstable flame and chaotic combustion behavior. As the oxygen concentration increases
beyond X 52 = 0.1 there is a noticeable and significant decrease in the standard deviation.
This decrease is consistent with a phase where combustion is sustained. The decreasing
standard deviation underlines a more stabilized and predictable system, suggesting that the
combustion behavior becomes less chaotic and more controlled as the oxygen concentration
exceeds the critical value.

The total heat release (THR) calculated for each condition is plotted in Figure 4.34a over a
range of oxygen concentrations. The plot shows an almost constant THR for higher oxygen
concentrations, ranging from 8 x 10° to 1 x 106M/.J / m?2. This value decreases significantly
as the oxygen concentration decreases and becomes negligible as the oxygen concentration
approaches its limit. To further illustrate the trends associated with the THR, it is plotted
against the dimensionless oxygen concentration X 52 in Figure 4.34b. This plot provides an
overview of the overall heat release behavior throughout the experimental variations. The

plot shows a consistent and coherent progression of the total heat release, with discernible
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different external heat flux against X 52.

fluctuations corresponding to the previously discussed mass variations. In particular, beyond
the critical oxygen concentration threshold X 52 = (.28, there is a striking and sharp decrease
in total heat release. This sharp decrease continues until it reaches zero at the critical oxygen
concentration. This observed result is in line with expectations, given the simultaneous
trend observed in the heat release rate, which also approaches zero at the critical oxygen

concentration.

4.2.7 Gas temperature evolution

This section looks at the analysis of gas temperatures, as shown in Figure 4.35. We observe
a consistent decrease of the temperatures with the decline of the oxygen concentrations.
There is also a downward trend in gas temperatures with decreasing external heat flux.
Thus, the recorded gas temperatures range from 833K under normal air conditions and an
external heat flux of 35kW/m? to 689K under air conditions with an external heat flux of
12EW/ m?. The temperatures at lower oxygen concentrations drop to as low as 370K . They
show a linear decrease until a certain point where the temperatures drop. The values of the

averaged gas temperatures are detailed in Table 4.7.
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Figure 4.34: Total heat release Q for different external heat flux with respect to X 02- b)Total
heat release () for different external heat flux with respect to X 52.
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Figure 4.35: Average gaz temperatures for several oxygen concentrations and under several
external heat fluxes.

2
Tair

perature at a given oxygen concentration relative to the gas temperature at ambient air

S

The gas temperatures can be presented as the ratio

, which represents the average tem-

conditions. The results are visualized in Figure 4.36. The ratios show a similar trend as the
gas temperature. At low oxygen concentrations, the temperature are almost half the ones

obtained under air.
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Figure 4.36: Averaged gas temperatures for several oxygen concentrations and heat fluxes.

Xo2 | <T > (K)
0.21 832,7
0.15 821,1
g = 35kW/m? | 0.12 761,9
0.11 517,9
0.10 463,8
0.21 730,3
0.18 694,4
o 5 | 0.15 661,2
Ge = 20kW/m* =57 646,83
0.12 585,1
0.11 4277
0.21 688,6
0.18 641,1
it =120/ |
0.13 4812
0.12 373,2

Table 4.7: Averaged gas temperatures for different external heat fluxes and oxygen concen-
trations

In Figure 4.38 the gas temperature is plotted against the specific mass loss rate. The plot

shows a linear evolution of gas temperature with the specific mass loss rate, consistently
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represented by a single trend line detailed in Equation 4.2.17.
< T >=7.16m" + 387 (4.2.17)

This observation holds under varying external heat flux conditions, suggesting a robust
and consistent relationship between gas temperature and specific mass loss rate. This linear
correlation persists regardless of the external heat flux conditions, as indicated by the smooth
trend line. As conditions become more prone to combustion, with higher /" values, there
is a corresponding increase in heat release, leading to elevated gas temperatures. The direct
correlation between gas temperature and specific mass loss rate emphasizes the dependence

of temperature dynamics on combustion conditions.
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Figure 4.37: Average gaz temperatures in relation to the specific mass loss rate for several
oxygen concentrations and external heat fluxes.

The relationship between gas temperatures and total heat flux qg)t is shown in Figure 4.39.
The average gas temperature shows a linear relationship with the total heat flux at the
sample surface, as shown in Equation 4.2.18. This linear relationship is expected as the
flame heat flux at the sample surface contributes significantly to the total heat flux. The

flame heat flux is closely related to the flame temperature, i.e. an increase in the flame heat
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Figure 4.38: Average gas temperatures in relation to the specific mass loss rate for several
oxygen concentrations and external heat fluxes.
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Figure 4.39: Average gas temperatures plotted against the total heat flux at the surface of

the sample qggt

flux corresponds to a higher gas temperature.

<T >=17.4/; + 441 (4.2.18)
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4.3 Conclusion

This chapter is divided into two main sections. The first one deals with the effect on vitiation
on the different combustion parameters, and the next one deals with the combined effect of
vitiation and heat flux on the combustion parameters. The first section shows that the flame
characteristics tend to change with less oxygen, becoming less bright and more detached from
the sample surface. Parameters such as the heat release rate, the gas temperatures, the total
heat release and the mass loss rate all show decrease with the oxygen concentration. For
the in-sample temperature, the thermocouples reach a surface temperature of 550K faster
for higher oxygen concentration. The second section allows the establishment of a model
predicting the limiting oxygen concentration for each external heat flux. A dimensionless
oxygen concentration XgQ is established. This parameter is used to find a model that
predicts the ignition times. Additional models are fitted to predict the behavior of the

several combustion parameters studied.
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CONCLUSION AND PERSPECTIVES

This current work is dedicated to the study of the thermal behavior of PMMA as a function
of the ambient conditions: the oxygen concentrations as well as the external heat fluxes. The
study has been conducted using the controlled atmosphere cone calorimeter on horizontal
thick sample of clear PMMA.

A state of the art review is done in the first chapter, showing the different parameters
studied in the literature on the PMMA under air and in under-oxygenated atmopsheres.
The literature review demonstrates that the oxygen content and the external heat flux have
an impact on the combustion parameters. When oxygen levels fall, the PMMA’s surface
layer becomes more viscous, which affects mass transfer in the solid phase. The mass loss
rate material is dependent on the oxygen concentration and decreases with decreasing oxygen
levels. Heat release rate, flame form, and flame heat flux are among the gas phase features
that are influenced by the oxygen content of the surrounding air. In addition, the external
heat flux may have an effect on the limiting oxygen concentration. Is also highlighted
the need to additional studies on the thermal behavior of the PMMA in under-oxygenated
atmospheres. The experimental bench-scale used is described, as well as the instrumentation
and the protocol used in Chapter 2. Some modifications have been made to the bench-scale
and the sample to allow the measurements of specific parameters like the net heat flux at
the surface of the sample, the temperatures into the sample and the gas temperatures in the
chimney. The measurements and calculations performed are then presented.

The chapter 3 focuses on the results concerning the thermal decomposition and the combus-
tion under air, for three different external heat fluxes. The main findings are summarised
below:

Tests are conducted to find the critical heat flux, and the ignition times. The ignition time
is dependant on the external heat flux, and it shows a hyperbolic trend. It increases with
the decreasing of the external heat flux. The experimental critical heat flux is found to
be 11.5kW/m? in accordance with the literature. Using the critical heat flux, additional
ignition parameters have been calculated.

Observing the mass loss shows that there are five processes that can be used to describe the
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PMMA thermal decomposition. A dimensionless time is introduced to overcome the delays
caused by the difference in external heat flux. The values of the mass loss rate have been
compared with the literature and a good agreement has been found.

Observing the mass loss shows that the thermal decomposition of PMMA takes place in
five main steps. A dimensionless time is introduced to overcome the delays caused by the
difference in external heat flux. The values of the mass loss rate have been compared with
the literature and a good agreement is found.

The evolution of the in-sample temperatures and heating rates show a continuous growth
with a marked increase as they approach the surface of the sample.

The heat release rate shows a decrease with the decreasing heat flux while the total heat
release varies between 800 and 1000M.J/m?2.

The gas temperature evolutions are presented for different heights in the chimney. The 5
decomposition steps can also be seen on the plot of the gas temperatures. Concerning the
averaged gas temperatures, the lowest thermocouple has a lower temperature than expected.
The second thermocouple has the highest temperature, which continue to decrease while
going up inside the stack.

The net heat flux received at the surface of the sample shows that the flame heat flux is
considerable in comparison to the external heat flux emitted by the radiant cone. The ratio
q‘é’ot to ¢ is expressed as a linear equation.

If chapter 3 provides insight into the behavior of the PMMA under air conditions for different
external heat flux, it also provides a basis for comparison with the results obtained for
different oxygen concentrations, presented in the following chapter. The chapter 4 is divided
into 2 main sections. The first one focuses on the thermal behavior of the PMMA in under-
oxygenated atmospheres under one external heat flux. The second focuses on the combined
effect of both vitiation and irradiance levels. The main findings are detailed below:

The flame shows a bright yellow flame and is spread across the whole surface sample under
air. As the oxygen drops, the flame becomes less luminous and bright. Getting closer to the
critical oxygen concentrations, the flame detaches from the sample and becomes anchored

at the spark plug. Finally, at the critical oxygen concentration, no flame are observed.
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Tests are conducted to find the limiting oxygen concentration for several external heat flux.
Establishing a clear cut between ignition and no ignition is complicated. In fact, for con-
ditions that are close to the limit of the ignition, the results are not repeatable and their
dispersion is important. Which is why, it is important to establish a zone where no repeat-
able results are observed. The limiting oxygen concentration is modelled in function of the
external heat flux. Results show that the limiting oxygen concentration is dependent of the
external heat flux. The value tend toward the higher value of oxygen when the external heat

flux decrease.

The ignition a and extinction times are discussed in terms of \/1ti_g and \/tlej for a better
representation. The ignition times and extinction times are longer for lower oxygen concen-
trations and external heat flux. A dimensionless oxygen concentration X 52 is introduced
to take into account the different limiting oxygen concentrations that are result of different
external heat flux.. The ratio % is expressed in terms of X 52 and a model describing
this ratio is proposed.

The evolution of the averaged specific mass loss rate is found to be linear with the oxygen

concentration, following one line with ever external heat flux. They are plotted as a ratio

m//

=922 and compared to the results observed in the literature. The results show that for
Mir
1
no or low external heat flux, the ratio 77_1/(,)2 follows the correlation of Peatross and Beyler.
m

air

However, for a more significant external heat flux, the ratio deviates from the correlation. In

/)

Mo2

v/
air

the dimensionless oxygen concentration X 52. A new linear model is found and shows a good

an attempt to find one correlation that fits all the results, the ratio is plotted against
fit for all the values.

The in-sample heating rates show a linear evolution with the dimensionless oxygen con-
centration. A dimensionless heating rate parameters is introduced and plotted against the
dimensionless oxygen concentration. It is found that the dimensionless heating rate is equal
to dimensionless oxygen concentration. To get the value of a heating rate at a given oxy-
gen concentration, it is then sufficient to know the dimensionless oxygen concentration, the
critical heating rate and the heating rate under air.

The net heat flux received at the surface of the sample shows a linear evolution with the
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oxygen concentration. The flame heat flux, which is considered as the difference between
the total heat flux received at the surface of the sample and the external heat flux emitted
by the radiant heater, shows a linear evolution with the dimensionless oxygen concentration.
The averaged specific mass loss rate and the averaged heating rate both show a linearity

with the total heat flux. Two models are thus proposed.

oY/

The heat release rate (HRR) shows a decrease with the oxygen concentration. The ratio @

is plotted against the dimensionless oxygen concentration. It evolves linearly until a break
in slope which happens at XSQ = 0.28. For X5_2 < 0.28, the ratio # drops suddenly. A
similar behavior is observed for the total heat release. “

Finally, the averaged gas temperature shows a decrease with the oxygen concentration. The
gas temperatures decrease linearly with the specific mass loss rate as well as the external
heat flux.

This chapter 4 allows the establishment of linear models that are able to describe the be-
havior of combustion parameters under different ambient conditions. This work constitutes
a thorough experimental investigation of the combustion parameters in under-oxygenated
atmospheres and different oxygen concentration. However, more work are required in order
to fully understand the thermal behavior of the PMMA in those conditions:

The tests done to assess the heat flux at the surface of the sample required the insertion
of a fluxmeter inside the sample, which can possibly change the outcome of the fluxmeter
as mentioned earlier by constituting a thermal leak. In fact, the fluxmeter is supplied with
water at ambient temperature to allow it to cool during the test. This cold gauge inside the
sample constitutes a thermal leak that can disturb the energy balance of the sample. This
effect on the overall thermal balance is unknown and hard to assess. Additional tests would
be needed to be able to assess this error and eventually correct the measured heat flux.
The fluxmeter is positioned in the middle of the sample. However, the heat flux at other
positions in the sample are different and the impact of the oxygen concentration on them is
unknown. Further tests are needed.

In this work, the tests done are all under one air flow of 1601/min. The effect of the inlet

air flow in conditions with low oxygen concentrations is not enough investigated. It would
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necessitate more tests to assess this lack.

It can be also very interesting to complete the experiments with a detailed gas analysis of
the gaseous compound emitted as a function of the oxygen concentration in order to have a
better description of the chemical aspects.

During the present work, the PMMA in a bench-scale cone calorimeter is the main focus of
the current effort. Thus it will be necessary to realize some tests at larger scales in order
to check and to validate the results here obtained. Moreover, additional research is required
using other materials.

Finally, new models should be developed from this experimental characaterization and the
behavior of the polymer in under-oxygenated atmospheres must be taken into consideration

in the numerical CFD models.
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Modélisation de la réaction au feu des matériaux en milieux sous

ventilés. Application au PMMA.

Résumé

Dans le domaine de la sécurité incendie, l'inflammation et la combustion des matériaux
polymeres sont étroitement liées aux conditions ambiantes, notamment a la concentration en
oxygene. Dans les premiers instant, I'incendie présente des caractéristiques similaires a une
situation bien ventilée, mais au fur et a mesure que le feu se développe et que les matériaux
combustibles se consument, la disponibilité d’oxygene peut diminuer. Le feu passe alors a
un état de sous-oxygénation caractérisé par un comportement complexe et instable de la
phase gazeuse. La diminution de 'oxygene influence également le transfert de chaleur et de
masse a 'intérieur du matériau étudié, affectant sa décomposition thermique et sa combus-
tion, ainsi que la cinétique et la nature des produits gazeux émis. Les études expérimentales
ayant pour enjeu de caractériser 'influence de la sous oxygénation sur la réaction au feu des
matériaux solides restent tres limitées, et de maniere corrélée, les modeles numériques sont
souvent non validés pour des telles atmospheres. Dans ce contexte, le présent travail vise a
caractériser la décomposition thermique et la combustion des matériaux polymeres dans des
environnements viciés, en se focalisant sur le poly(méthyl)méthacrylate (PMMA). Un cone
calorimetre a atmosphere controlée (CACC) a alors été instrumenté de sorte a caractériser
I'influence de la concentration d’oxygene sur les processus de décomposition thermique et de
combustion : perte de masse, champs de températures, flux de chaleur, composition gazeuse.
Au cours de ’étude expérimentale des concentrations d’oxygene allant de 10% a 21% ont été
étudiées, pour 3 flux de chaleur. Les résultats expérimentaux soulignent 'influence significa-
tive de la concentration d’oxygene et du flux thermique externe sur le transfert de chaleur et
de masse ainsi que sur la combustion du PMMA. La perte de masse, le taux de dégagement
de chaleur et les températures représentent des progressions linéaires avec la concentration
d’oxygene jusqu’a une certaine concentration pour laquelle le comportement devient chao-
tique et imprévisible. Un parametre adimensionné représentant la concentration d’oxygene a

été introduit, permettant de trouver des corrélations adaptées pour les différents parametres
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étudiés.

Mots clés: Air confiné, Combustion, Essais de comportement au feu, Incendies—Prévention,
Polyméthacrylate de méthyle-Inflammabilité, Pyrolyse, Transfert de chaleur, Transfert de

masse

Modeling of the reaction to fire of materials in under-ventilated

spaces. Application on the PMMA.

Abstract

In the field of fire safety, the ignition and combustion of polymeric materials are closely linked
to the ambient conditions, particularly the oxygen concentration. In the initial stages, the
fire displays characteristics similar to a well-ventilated situation, but as the fire develops
and the combustible materials burn, the availability of oxygen decreases. The fire moves
into a state of under-oxygenation characterised by complex and unstable behaviour of the
gaseous phase. Oxygen depletion also affects heat and mass transfer within the material
under study, affecting its thermal decomposition and combustion, as well as the kinetics and
nature of the gaseous products. Experimental studies aimed at characterising the influence
of the under-oxygenation on the reaction to fire of solid materials are still very limited in the
literature, and numerical models are often not validated for such atmospheres. In this con-
text, the present work aims to characterise the thermal decomposition and the combustion of
polymeric materials in contaminated environments, focusing on poly(methyl)methacrylate
(PMMA). A controlled atmosphere calorimeter cone (CACC) was instrumented to char-
acterise the influence of oxygen concentration on thermal decomposition and combustion
processes: mass loss, temperature fields, heat flux, gas composition. During the experimen-
tal study, oxygen concentrations ranging from 10% to 21% were studied, for 3 different heat
flows. The experimental results highlight the significant influence of oxygen concentration
and external heat flux on heat and mass transfer as well as on PMMA combustion. Mass

loss, heat release rate and temperatures show linear progression with oxygen concentration

i



up to a certain value where the behaviour becomes chaotic and unpredictable. A dimen-
sionless parameter representing the oxygen concentration was introduced, allowing suitable

correlations to be found for the various parameters studied.

Keywords: Calorimeters, Combustion, Fire testing, Fire prevention, Polymethylmethacrylate—

Flammability, Pyrolysis, Heat-Transmission, Mass transfer
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