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ARTICLE INFO ABSTRACT

Keywords: The combustion chemistry and geometry of a diffusion flame are dictated by the transport of a fuel and an
PY"OI_YSiS oxidizer towards a flame sheet. To enable the independent assessment of the impact of an oxidizer on a diffusion
Burning rate flame, the fuel injection rate must be controlled independently of the airflow. Through the independent control
Ei?::;ihty over the burning rate of the synthetic polymers polymethylmethacrylate (PMMA) and polyoxymethylene (POM),
Flame shape it is demonstrated that flame geometry can be systematically varied as a function of the oxygen environment.
PMMA Both polymers were studied in the Fire Propagation Apparatus using a constant mass loss rate (MLR) under
POM varying oxidative environments (177 L min?, 0 — 20.9 % vol Oy). This study draws upon frameworks developed
FPA for co-flow burners, allowing the characteristics of a diffusion flame to be established as a function of the

oxidative environment. Flames sustained under lower oxidative environments displayed decreased luminosity
and anchoring, with the heat flux from the POM flame decreasing by 14.7 kW m™2 as the oxygen concentration
decreased from 20.9 % to 9.25 %. By relating combustion emissions to the flame geometry, through the use of a
constant MLR, the processes controlling the emissions from the burning of solids have been studied in a novel

manner.

1. Introduction

Understanding the composition of fire effluent enables insights into
the solid and gas-phase processes of burning. For gaseous fuels, fire
effluent is typically studied using experimental arrangements where the
flows of both a fuel and an oxidizer can be independently controlled, e.
g., in a co-flow burner. However, when studying combustible solids, the
pyrolysis rate controls the gaseous fuel flow rate. The pyrolysis rate is
determined by the surface energy balance which includes external heat
fluxes and any heat feedback provided by the flame. The combination of
these effects results in a strong coupling between the fuel flow rate and
the oxidizer. To study the impact of the oxidizer to fuel ratio on the
burning of solid fuels, it is therefore necessary to be able to indepen-
dently control the pyrolysis rate.

1.1. Parameters controlling combustion chemistry in fires
In fires, combustible gases are generated when a condensed fuel

gasifies (pyrolyzes) due to heat transfer from the flames and the sur-
rounding environment. These combustible gases are transported by
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buoyancy effects and entrain air, supplying the oxygen necessary for
combustion. As the fire increases in size, the characteristic flow velocity
also increases, eventually transitioning to turbulence. It is the combi-
nation of these factors, the heat feedback, buoyancy and the turbulence,
that controls the transport of both the fuel and the oxidizer towards the
flame. These coupled phenomena ultimately establish the location of the
flame and the characteristics of the combustion chemistry.

Within the flame itself, combustion chemistry can range from stoi-
chiometric combustion, requiring conditions approaching the flame
sheet approximation (i.e., infinitely fast chemistry), to quenching. As the
flame approaches quenching, combustion chemistry is far from stoi-
chiometric and is highly incomplete [1]. The fundamental principles
describing the structure of diffusion flames have been studied for
laminar flames arising from gaseous fuels [2]. However, this has not
been translated to burning of solid fuels and turbulent flows which are
relevant to fires.

1.2. Diffusion flame geometry

Laminar diffusion or non-premixed flames appear at the interface
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between a stream of gaseous fuel and an oxidizer. The shape of these
flames is defined by the region in which the fuel and oxidizer are
consumed by the combustion reactions. The geometry of laminar
diffusion flames arising from a gaseous fuel and an oxidizer has been
described in detail by the Burke-Schumann development [3]. This
development proposed that beyond the thin flame envelope, fuel and
oxidizer cannot coexist, thus, combustion reactions are assumed to occur
instantaneously. Burke and Schumann suggested that diffusion between
the gaseous fuel and air within a coflow burner was the dominant
contributor to flame geometry; greater than any contribution from ve-
locity differences between the streams [4]. Following this work, flame
shapes have been predicted with a remarkable degree of accuracy uti-
lizing the Burke-Schumann development, aligning well with experi-
mental results [5]. The size and geometry of the resultant laminar
diffusion flame is therefore influenced primarily by the co-diffusion of
fuel and oxygen towards the flame, alongside the oxidizer to fuel ratio.

An overventilated Burke-Schumann flame has a closed flame enve-
lope generating primarily carbon dioxide (CO3) and water vapor (H20),
aligning with complete combustion. Under-ventilated conditions cause
the flame to fan-out towards the oxidizer stream, creating a tulip shape
that enables unburnt gases to escape through its center [6]. Despite
these advances, the assumption that the flame will exist when the fuel
and the oxidizer are delivered in stoichiometric proportions became a
condition for determining the flame shape. Later studies using coun-
terflow burners demonstrated that this is not always the case, with
variables such a scalar dissipation having a significant role on the
characteristics and location of the flame [7].

As the majority of fuels involved in fire scenarios begin in the
condensed phase, the injection rate of fuel (the generation of pyrolysis
gases) is controlled by the pyrolysis rate. This rate varies as a function of
the combustion environment incorporating the effects of any external
heating. As a result, the fuel injection rate becomes highly coupled to the
external environment, where simplified configurations, such as those
found in counter-flow burners, no longer enable interrogation of all the
relevant variables. Assuming a one-dimensional heat balance, the mass
loss rate (MLR) of the fuel can be approximated by the pyrolysis rate and
under conditions of complete combustion, when the flame tip is closed,
this is equal to the burning rate. Under-ventilated conditions will allow a
fraction of the pyrolyzed gases to escape through the flame, under these
conditions the MLR is not equal to the burning rate. As the MLR of a fuel
will vary as a function of the oxidative environment, the impact of ox-
ygen on flame geometry can only be assessed if the MLR remains fixed
under a range of oxidative conditions that alter the flame geometry and
the characteristics of the combustion chemistry.

1.3. Experimental configurations used to characterize the effluent from

fire flames

Most previous studies on the characterization of effluent from fire-
related flames have been conducted using the Cone Calorimeter (CC),
the Fire Propagation Apparatus (FPA), the Steady State Tube (Purser)
Furnace (SSTF) or the Micro Combustion Calorimeter (MCC) e.g., ref-
erences [8-10]. These studies have established the variable nature of
effluent composition but are all limited by the standard testing meth-
odology. In the case of the MCC, pyrolysis products are mixed with
oxidizer downstream of the solid sample resulting in the establishment
of premixed flame. For the SSTF, the movement of oxygen towards the
burning fuel results in a complex flow structure that is further influenced
by secondary air in the mixing chamber. As a result, the combustion
chemistry resembles an undefined combination of pre-mixed and
non-premixed combustion. Computational fluid dynamics studies have
shown that the characteristics of the flow remain in conditions where
dissipation rates are negligible [11,12]. Flame geometry and quenching
remain undefined and therefore the ratio between pyrolysis and com-
bustion products cannot be related to the burning conditions. For other
bench-scale studies, including CC and FPA studies, the burning rate is
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strongly coupled to the combustion environment, and it is not possible to
decouple the thermal and species environments.

For the common diffusion-controlled flame, it is the flow of oxidizer
in relation to the pyrolysis rate that dictates the overall flame geometry
and hence the composition of the effluent. The qualitative flame shape
enables an insight into the transport rate of oxidizer into the flame sheet.
As the oxygen diffusing towards the flame controls the combustion
processes, the oxidizer composition may be varied in order to screen a
range of flame geometries. However, changing the airflow induces
changes in the burning rate, altering the combustion processes.
Quenching may be determined based upon a disappearance of a visible
flame luminosity. To successfully observe the effects of varying the ox-
ygen reaching the flame, the MLR needs to be fixed, and independently
controlled, enabling the impact of the oxidizer flow on flame geometry
to be independently assessed.

For the flame geometry to be fixed, the geometry of the experimental
set-up and the velocity of the fuel and oxidizer need to be independently
controlled. To achieve this, a controllable external heat flux must be
implemented, that can deliver an appropriate time dependent heat flux
to the solid such that pyrolysis occurs at a constant rate. Once a constant
pyrolysis rate has been established, the air flow can be controlled and
the effects on the flame observed (e.g., geometry, luminosity). The
analysis of the chemical species being generated may be used to deter-
mine the extent of the pyrolysis and whether secondary oxidative pro-
cesses are occurring [13]. Furthermore, monitoring carbon monoxide
(CO) and CO2 enables the completeness of any combustion to be
assessed. Such an approach allows for the detailed exploration of the
evolution of the pyrolysis and combustion products whilst considering
the flame geometry as an intrinsic characteristic of all diffusion flames. It
is the combination of the flame geometry and the emissions data that is
used to characterize the burning. The link between these two parameters
enables the source of pyrolysis gases to be determined, whether that be
due to changes in the flame geometry or local/global extinction.

Whilst the FPA can control the heat flux and flow variables inde-
pendently, there are some limitations that mean direct comparison to
the Burke-Schumann framework is not possible. These primarily arise
due to the flow conditions around the pyrolyzing sample including the
effects of the bluff body, buoyancy and turbulence. Therefore, in this
work, we seek to apply the ideas of the theory rather than obtain direct
comparisons.

1.4. Polymer flammability

The MLR during combustion is governed by Equation (1). The MLR is
dependent on the net heat flux at the surface of a sample including

contributions from: the external heating (QE), the flame (QF), heat
losses from the surface (QL), and the heat of vaporization (pyrolysis)
(Ly) of the solid [14,15]. Usually, during fire testing a constant Q; is used
and Q;- and QZ will evolve depending on the material properties and the
flame dynamics. Changing Q; in time compensates for time dependent

behavior if QF and QL deliver a constant net heat flux to the surface;
resulting in a constant pyrolysis rate.

%+ -Q

v
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A true steady state combustion process involves control over the MLR
and has been demonstrated to be effective as a novel means of assessing
pyrolysis products [13,16]. A steady state MLR can be achieved by
measuring the real-time MLR and using a proportional integral deriva-
tive (PID) controller to vary the heat flux provided by the FPA heat

lamps (i.e., manipulating QE) Varying the oxygen concentration whilst

maintaining a fixed burning rate enables the transition from combustion
to pyrolysis to be probed in a more systematic manner, providing insight
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into the changing magnitude of Q/F

By making the MLR a fixed control variable, both the supply of
gaseous fuel (pyrolyzate) and the composition of the oxidizer stream can
be independently controlled. This control enables flame geometry to be
explored alongside the composition of the effluent and the identification
of flame quenching behavior as a function of the combustion
environment.

2. Methods and materials
2.1. Materials

Polyoxymethylene (POM) - type h (homopolymer) and poly-
methylmethacrylate (PMMA) were commercially sourced. These opa-
que, black samples were cut into spherical discs with a 70 mm diameter.
The influence of oxygen supply on the burning of these material using
the FPA has been previously examined in literature [17]. Due to the
greater ideal burning rate for PMMA compared to POM, thicker samples,
21 mm, were required to obtain a similar combustion duration to the
POM, 12 mm [18]. These samples weighed 100 g (PMMA) and 75 g
(POM) respectively. The rear faces of each polymer were wrapped in foil
to prevent molten material falling from the sample holder.

POM is a polyacetal thermoplastic, resulting in a structure with a
high percentage of oxygen by mass. This abundance of oxygen results in
POM burning with an essentially soot-free, non-luminous (blue) flame
[19]. Although oxygen is also present within the structure of PMMA, the
ratio of oxygen to hydrogen and carbon is significantly reduced, thus,
PMMA burns with luminous diffusion flame, resulting in increased
radiative energy losses from the system. When these polymers are
exposed to an external heat flux, pyrolysis will occur principally
generating their respective monomers; formaldehyde (CH20) and
methyl methacrylate (MMA, CsHgO5). Both POM and PMMA have been
reported to exceed >90 % monomer recovery during pyrolysis [20-23].

During flaming combustion, the pyrolysis products generated pass
through the flame envelope and are oxidized to produce a variety of
combustion products including CO, CO, and HO. In the event that
adequate ventilation is unavailable, incomplete oxidation of MMA and
formaldehyde will occur. Under such scenarios formaldehyde has been
shown to generate CO, as outlined by Equation (2) [23].

CH20 - CO + H3 (2)

Such an equation implies that CO generation from formaldehyde is
possible under completely inert conditions.

2.2. Methodology

2.2.1. The burning rate

Samples were required to burn, or pyrolyze, for an extended period,
1400 s, to generate a stabilized flame for effluent sampling. Given the
high flow rate of the oxidizer stream, 177 L min~}, a high burning rate
was selected for each polymer to ensure combustion species and pyrol-
ysis gases were being generated above the limits of detection. Burning
ratesof 5gs ' m2and 13 g s™! m~2 were selected for POM and PMMA
respectively, based on analysis in preliminary trials.

2.2.2. Steady state control

Samples of each polymer were placed onto a pedestal connected to a
load cell situated within the combustion chamber of the FPA. A quartz
tube (435 mm high, outer diameter 174 mm, inner diameter 164 mm)
was placed over the sample. A pilot flame (60 % air, 40 % ethylene) was
present during each trial, facilitating ignition. Once ignited, this pilot
flame was switched off.

The FPA lamps were controlled by a PID controller to achieve a
constant MLR using the method described in Reep et al., alongside the
addition of a pilot flame and a stationary camera with a fixed ISO [13].
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The PID controller worked on a feedback loop where the output voltage
being sent to the FPA lamps was dictated based upon the difference
between the real-time and the target MLR values. The proportional,
integral and derivative constants of the PID controller were set to K, = 2,
K; = 0.01, and Ky = 8, respectively.

After an initial ramp (0.02 kW m s ’1, 60 s) the PID controller was
initiated, controlling the voltage supplied to the lamps and therefore the
heat flux supplied to the specimen. Constant mass loss rates of 5 g s~! for
the POM and 13 g s~! for the PMMA were set over the 1400 s time
period.

Once ignited by the pilot, samples were allowed to stabilise in air for
200 s prior to the intended oxidative environment being introduced. The
oxidative environment was gradually adjusted over 500 s minimising
disturbance to the flame. Once the intended oxidative environment had
stabilized, 200 s, sampling commenced (t = 900 s), with emission
sampling occurring for 500 s from this point. The composition of the
oxidiser stream was set to each of the oxygen percentages outlined in
Table 1, with the balance being nitrogen.

Based upon preliminary trials, oxidative conditions were chosen to
encompass the region in which flaming combustion quenched and the
sample behavior transitioned to pyrolysis only; ~9.25 % and ~12.75 %
O, for POM and PMMA, respectively. Oxygen concentrations were
selected either side of these values to incorporate those which readily
sustained a flame and those in which only pyrolysis was expected to
occur.

In addition to the experiments at constant oxidative environments,
experiments were also conducted in which the oxidative environment
was changed from 20.9 % to 0 % oxygen. In these cases, after the PID
controller was initiated and ignition was achieved, the sample was
allowed to stabilise under 20.9 % oxygen until 400 s had elapsed.
Beyond this point, the oxygen concentration was decreased to each
value listed in Table 1 every 150 s.

2.2.3. Exhaust gas sampling

For every trial, effluent was sampled above the quartz tube (150 mm)
via a heated sampling line (453 K) passing into a Fourier-transform
infrared spectroscopy (FT-IR) cell (Gasmet, Vantaa, Finland), with a
reading occurring every 3 s. FT-IR analysis was conducted using a
Gasmet DX4000 portable gas analyser. Produced IR spectra were ana-
lysed using the supplied software (Calcmet V2005.100, Tetmet In-
struments Ltd., Vantaa Finland) alongside calibrated reference spectra
(20, 51, 700 and 1000 ppm for MMA and 24.9, 45.6, 78.3 and 136.9 ppm
for formaldehyde). Each spectrum was analysed across a spectral range
(595-4240 cm 1) with the resolution (4 cm ') achieved via a thermo-
electrically cooled MCT detector coupled with an antireflection (ZnSe)
beamsplitter. Gas samples were filtered (particulate, 2 pm) before
entering the sample cell (0.4 L, 453 K). The path length (250 cm) proved
adequate to maintain the sampling frequency.

The following absorption bands were used to identify the monomers

Table 1
The average (mean) and standard deviation (SD) of the smoothed mass loss rates
(MLRs) for POM and PMMA over several differing atmospheres Oz/ % +0.16.

POM PMMA
02/ % MLR/ gs 'm™2 SD/ 0y/ % MLR/ gs ' m? SD/
0 5.02 0.08 0 12.60 0.38
5 5.05 0.16 5 13.04 0.16
7 5.07 0.41 10 12.00 1.03
8.5 5.02 0.09 12.5 12.48 0.44
9 4.94 0.12 12.75 13.09 0.12
9.25 5.07 0.08 13 12.99 0.33
9.5 5.21 0.25 135 13.04 0.24
10 5.25 0.21 14 13.16 0.30
15 5.23 0.27 15 13.01 0.12
18 5.68 0.18 18 12.90 0.18
20.9 6.74 0.21 20.9 13.77 0.60
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MMA, 1150, 1355 and 1750 cm ™! and formaldehyde, 1500, 1750 and
2850 cm™!. Multiple bands were fitted in each of these ranges (+25
em 1) to positively identify and quantify the monomers.

3. Results

Fig. 1 displays the MLR values obtained for both the PMMA and the
POM. The highest MLR values for each polymer were achieved under an
ambient atmosphere (20.9 % O3). Under these ambient conditions
complete combustion readily occurred, increasing the heat feedback to
the surface of the polymer. The values across the other investigated
oxygen conditions were largely consistent, indicating that the MLR was
adequately controlled by the PID controller during flaming combustion.
Flames were quenched below 12.75 % and 9.25 % O, for PMMA and
POM respectively, at which point the MLR was equal to the pyrolysis
rate.

3.1. Qualitative flame geometries

Fig. 2 shows annotated still images of the flame shape obtained
during the burning of PMMA under different oxidizer streams. Similar
observations were made for POM. Images were selected from periods of
low incident heat flux, as the light from the FPA lamps prevented
visualization of the flame envelope during periods of higher incident
heat flux. Although qualitative, these images can be used to describe the
evolution of the flame shape across the investigated atmospheres.

Under the 20.9 % and 18.0 % O environments the flame envelope
appeared to completely close, indicating complete combustion, thus
largely preventing the emission of unoxidized species. The higher oxy-
gen concentrations resulted in the most luminous flame, as highlighted
in Fig. 2. As the oxidative conditions decreased, FT-IR data showed an
increased CO yield, indicating a lower combustion efficiency. Flame
luminosity, and therefore combustion efficiency, was observed to
decrease under lower oxidative environments.

As predicted by the Burke-Schumann development, flame heights
varied with the oxidative environment. At lower oxygen concentrations,
the reduced concentration gradient decreased the rate of oxygen diffu-
sion to the flame which in turn decreased the reaction rate and flame
temperature resulting in lower combustion efficiency. These lower flame
temperatures consequently reduced the rate of oxygen diffusion to the
flame front, resulting in an increase in the average flame height [24].
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Fig. 1. The smoothed (Gaussian filter, 60 periods) mass loss rates (MLR)
observed for PMMA and POM under each of the investigated oxygen environ-
ments. The MLR was successfully being controlled, regardless of the oxidative
conditions. The greatest deviations from the set MLR occurred at 20.9 % O for
the POM and at 10 % O, for the PMMA.
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Moving towards the lower oxidative environments displayed in
Figs. 2 and 12.75 % and 13 % O, the flame tips are shown to have
widened. It is plausible to suggest that species generated from the sur-
face of the polymer were emitted into the effluent without interacting
with the flame envelope. This is particularly evident at 12.75 % O
where the central ‘passage’ within the flame has opened up. The flame
appears to have many of the characteristics of the Burke-Schumann
flame structure albeit within a less well controlled environment.
Quantitative measurements to support these observations can be made,
and are discussed in the following sections.

3.2. Quantifying changes in flame geometry

A quantitative analysis of the average PMMA flame location (defined
by a threshold intensity of the red channel in the video during periods
where the FPA lamps did not result in image saturation) is presented in
Fig. 3 for each of the investigated oxygen environments. This figure
shows the flame location averaged over a 500 s window during the
steady burning period when the image intensity was not dominated by
the FPA lamps.

The asymmetric nature of the flame observed at 12.75 % O is likely
to have arisen as a result of cropping the video frames to block out the
FPA lamps. At low oxygen concentrations, 12.75 % O, the flame region
was on average located ~90 mm further away from the sample surface
than under ambient oxidative environments. As the concentration of
oxygen was increased, the flame anchored closer to the sample. This
anchoring reduced the average flame height from ~225 mm to ~45 mm.
The areas of red in Fig. 3, more prominent across a greater range of
heights under the decreased oxidative environments, highlight the
variability in the flame location, indicative of the flame structures
formed during under-ventilated combustion.

The flames at higher oxidizer concentrations in Fig. 3 appeared to
consist of two parts. The apparent upper part of the flame, observed at
18 % and 20.9 % Oy, is a reflection of the flame in the FPA quartz tube. A
combination of the reduced flame heights and greater luminosities
enhanced this reflective effect under these oxidative conditions. These
reflections could not be easily removed during the image analysis, only
becoming notable for short, luminous flames. Under higher oxygen en-
vironments the fuel flow rate became the limiting factor to determine
flame height, thus shorter flames were observed as the fuel was oxidized
closer to the surface of the polymer. Under reduced oxidative conditions,
this oxidation happened much further from the polymer surface,
resulting in increased flame lengths.

The heat flux delivered by the FPA lamps to maintain the constant
MLR for each material as a function of the oxidative environment is
presented in Fig. 4. A greater heat flux was required to sustain the same
MLR under lower oxidative environments for both POM and PMMA.
This trend was consistent between materials, with both polymers
exhibiting an independence from the oxygen environment for concen-
trations greater than 18 % O,. This heat flux trend indicated that less
energy was being returned to the surface of the polymer by the flame.

A small increase in the heat flux required to sustain the MLR of POM
was noted at lower oxidative conditions in the absence of flaming. This
finding suggested that the pyrolysis of POM had more of an oxygen
dependency than PMMA, however further investigation into these pro-
cesses would be required before any conclusions can be drawn.

By reference to Equation (1), if the energy loss, QL, is assumed to be a
constant for each material, 21.3 kJ g~! and 13.8 kJ g~ for PMMA and
POM respectively, then rearrangement of Equation (1) enables the heat
flux supplied by the flame to the sample’s surface, Q;, to be calculated
[14,25]. Assuming L, values of 1.62 kJ g~* and 2.43 kJ g~! for PMMA
and POM respectively, the heat flux supplied by the flame for the POM
and PMMA was calculated and is shown in Fig. 5.

Fig. 5 shows the heat feedback from the flame for the cases where
flaming combustion occurred. Values below 9.25 % O could not be
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Fig. 2. The turbulent PMMA flames observed between 20.90 % and 12.75 % O,. Individual video frames have been taken as the light from the FPA lamps prevented
time averaging. Note the images, taken between 300 s and 450 s during an oscillation where the FPA lamps started to dim, have been edited to remove the

background glare from the quartz tube.
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Fig. 3. The average flame location for the steady burning of PMMA taken over a 500 s window for each oxygen concentration. White/yellow indicates areas of high
flame occurrence and black the absence of flame. Note that the images have been taken from a slight offset and that reflections of the flame in the quartz tube could
not be removed from the analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

obtained due to the absence of a flame. The heat feedback supplied by
the flames for PMMA at 12.75 % O, and POM at 9.25 % O, were slightly
greater than their neighboring values. Visual observations for these
experiments confirmed the emission of pyrolysis gases through the
flame, indicating the presence of an instability and the onset of flame
quenching.

It is interesting to observe that despite the significant differences in
the flame luminosity and shape, the average values of Q; for the POM
and PMMA under a given oxygen environment are approximately equal.
Linear fuels containing oxygen, like POM and PMMA are known to have

similar Q; values [25]. The individual contributions to Q/F from the
flame temperature and the soot volume fraction could not be distin-
guished. It is likely that the PMMA flame had a lower flame temperature
but a higher contribution from radiative transfer when compared to the
soot-free POM flame. In this case, the combined impact of these differ-

ences resulted in very similar values of Q; being obtained. This is in

agreement with existing literature where Q; values for both PMMA and
POM are given as 38.5 kW m—2 [25]. The magnitude differs to the values

reported here, 25.4 + 2.2 kW m 2, likely due to differing methodolo-
gies. Nevertheless, the similarity between the polymers within each
study is noteworthy.

Between 9.25 % and 10 % O, POM sustained a weak flame. Visual
similarities between these flames mirrored the clustering of the calcu-

lated Q; values around 11 kW m~2. As with the PMMA, the slight rise in
heat flux supplied by the flame under the lowest oxidative conditions
that sustained flaming, suggested the presence of instabilities around the
flame quenching point. It therefore followed that the flaming combus-
tion of POM occurred in a similar manner under low oxidative condi-
tions, however, more intermediate oxygen percentages would enhance
confidence in the data and firm up the apparent trends.

3.3. Effluent composition

The changes in flame shape and flame heat feedback suggested that
the emissions would also vary as a function of the oxygen concentration
as predicted by the Burke-Schumann framework. When sampling of fire
effluent compromises must be made. Utilizing analytical techniques like
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Fig. 4. The average heat flux required to maintain the set MLR for PMMA (13 g
s ' m™2) and POM (5 g s ' m2) over a range of oxidative environments.

40 , :
—e—POM
PMMA
30+ 1
:~1~\ I I
= 20 T :
\> N/
N 1
10 & {i ]

0 ‘ ‘ : ‘
10 12 14 16 18 20

O2 Environment/ %

Fig. 5. The average heat feedback supplied by the flame for PMMA and POM
over a range of oxidative environments across the six or seven oxidative con-
ditions at which flaming combustion was sustained. These values have been
calculated using latent heat of vaporization (L,) and QZ, values from litera-
ture [25].

FT-IR result in gases being measured at thermal and chemical equilib-
rium, however the noninvasive nature of the technique alongside the
near real time readings have increased its prominence in the field. To
mitigate differences in the exhaust stream flow rate, product yields
(instead of concentrations) are presented.

After a 900 s stabilization period, sampling of CO,, CO and the
monomers (MMA and formaldehyde) commenced. Readings were made
every 3 s, resulting in 165 points for each investigated condition;
effectively 165 repeats. As such, an average value for the yields was
calculated with error bars showing twice the standard deviation of each
dataset. The magnitude of the error bars reflects both the error in the FT-
IR measurement and the occasional intermittent generation of pyrolysis
gases when the PID controller adjusted the MLR sample. The yields of
the products obtained during PMMA and POM combustion are sum-
marized in Figs. 6 and 7. The resolution of the FT-IR analysis, 4 cm’l, is
below the full width half maximum absorption transitions for formal-
dehyde, thus it is likely that a level of uncertainty was introduced when
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Fig. 6. The average yields of CO5, CO and the monomer MMA from PMMA
combustion across a range of oxidative conditions.

identifying this monomer, explaining the low yields. Under the condi-
tions tested, flaming combustion could not be sustained below 12.75 %
and 9.25 % O for the PMMA and POM respectively. This resulted in
pyrolysis and thus high monomer yields.

Fig. 6 shows that the yield of the monomer MMA at concentrations
below 12.75 % O, was approximately 1 g g~'; suggesting an absence of
oxidative processes. There was some evidence of a potential decrease in
the MMA yield as the oxygen concertation was increased, which may
have arisen due to different oxygen-dependent pyrolysis pathways
occurring, resulting in differing solid-phase decompositional processes.
Additionally, the gas-phase oxidation of MMA into intermediate gaseous
species may have been more favorable under higher oxidative condi-
tions. A change in effluent composition was observed around the oxygen
environments required to enable flaming combustion. Under these
conditions, the monomer yield was significantly reduced however, MMA
was still being generated alongside flaming combustion with a yield of
0.02 g g~ recorded at 12.75 % O. These findings mimic the response of
the “open” flame structure described in the Burke-Schumann frame-
work; in which the flame envelope opens under low oxygen conditions,
enabling pyrolysis gases to escape, albeit under conditions suspectable
to buoyancy-induced effects. To assess this effect further, the combus-
tion environment needed altering. Above 12.75 % O, the yield of
monomer decreased to approximately zero and the yield of CO and CO,
increased. The yield of CO, was approximately 1.7 g g~* and the yield of
CO varied between 0.7 and 0.5 g g~ ! (decreasing as the O, concentration
was increased).

The POM displayed similar trends in monomer production with the
yield of monomer dropping to zero as flaming combustion was estab-
lished (9.25 % Og). The key difference between the polymer emissions,
aside from the differing monomers, is found in the CO yields. For the
POM, CO production aligned with pyrolysis with yields in the region of
0.2 g g71; presumably generated by the process described by Equation
(2) [23]. The CO generated by Equation (2) gradually decreased as the
oxidative conditions rose from 9.25 % to 10 % O as the flame geometry
started to limit the emission of unoxidized species. At higher oxidative
environments, CO was fully oxidized, with CO, being detected as a
combustion product. When flaming was present, CO, was generated at a
constant yield of approximately 1.15 g g~'. The yield of CO, was at
approximately the stoichiometric limit suggesting effectively complete
combustion when the oxygen concentration was above 10 % Os.

The reverse observation was made when assessing the CO yield
generated by the PMMA. CO was not generated in the absence of a flame,
below 12.75 % O,. Once a flame was established, the open flame ge-
ometry between 12.75 % and 15 % O enabled partially oxidized spe-
cies, like CO, to enter the effluent. As these values are fairly large and
steady, it is plausible that some post combustion oxidation occurred
after the effluent exited the quartz tube. Beyond 18 % O, the closed
flame structure enabled a greater extent of oxidation causing the CO
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Fig. 7. The average yields of CO2, CO and the monomer formaldehyde from POM combustion across a range of oxidative conditions.

yield to decrease.
3.4. The combustion environment

As both the monomer and CO;, yields were shown to vary either side
of the flaming combustion transition, both were expected to be recorded
at intermediate levels across intermediate oxygen environments. How-
ever, as Fig. 8 shows, the transition between pyrolysis and flaming
combustion resulted in a relatively sudden yield transition.

Sweeping the oxygen concentration over the quenching region,
demonstrated that the ratio between pyrolysis and combustion products
changed abruptly over a range of approximately 0.2 % Oy between
12.41 % and 12.57 % O,. Once the flame had begun to open up, and
monomer yields rose slightly, the flame was rapidly quenched; resulting
in effluent dominated by pyrolysis species.
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Fig. 8. The obtained yield of MMA and CO, during the combustion of PMMA
between 11.5 % and 13.5 % O..

4. Conclusions

Through the independent control over the MLR of synthetic poly-
mers, it is demonstrated that the flame geometry can be systematically
varied. By fixing the MLR for POM and PMMA over a range of oxidative
conditions, the impact of ventilation on diffusion flames can be decou-
pled from the burning rate, enabling the impact of oxidizer flow on
flame geometry to be independently assessed. This work focused on
coupling the solid phase processes (pyrolysis) with the gas phase pro-
cesses (combustion), enhancing our understanding of the impact of
flame geometry on effluent composition for condensed-phase fuels.

Visual observations, calculation of the flame heat feedback and
measurement of the effluent, indicated behavior similar to that observed
in the Burke-Schumann framework. The objective, to obtain flame ge-
ometries under differing oxidizer streams, could be further quantified
through a greater resolution of the airflows within the FPA however, the
intent was never to predict Burke-Schumann structures using the FPA. At
oxygen concentrations greater than those required to sustain flaming
combustion, flames were observed to be closed and effluent contained
products of complete combustion. As the oxygen environment was
decreased, flames widened and decreased in luminosity, enabling the

emission of unoxidized pyrolysis species. Q; values dropped from 25.4
kW m 2 to 9.4 kW m 2 for POM and from 23.8 kW m 2 to 13.0 kW m 2
for PMMA, while CO, yields fell, relative to flaming combustion under
ambient conditions, reflecting the decreased combustion efficiency of
the flames.

This methodology can be used to evaluate the combustion effluent
generated under varying oxygen conditions in diffusion flames.
Extending the method to other materials will allow source terms to be
generated for use with numerical tools to predict the rates of generation
of combustion species.
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