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Abstract

Experimental work with different setups was carried out to study the flammability behaviour
of polydimethylsiloxane (PDMS) membranes. The flammability was evaluated through
thermal degradation analysis, ignition, flame growth, flame spread rates and extinction limits
(near-limit phenomena). The experimental results were then compared with microgravity
results from the Saffire Il experiments that NASA carried out on board the Cygnus
spacecraft. The environmental parameters used for the current study were forced flow, flow
direction with respect to flame spread (opposed or concurrent), oxygen concentration,

ambient pressure, normoxic condition (constant oxygen partial pressure).

The pyrolysis behaviour was evaluated by means of a thermogravimetric analysis in a
standard TGA (ASTM E1131). A standard Cone calorimeter (ASTM E 1354) was used to
assess the ignition behaviour under stagnant flow conditions where incident heat fluxes were
required to derive fundamental properties. Then, for ignition, flame spread and near-limit
behaviour under forced flows (concurrent and opposed) coupled with other environmental
conditions (oxygen concentration, ambient pressure), three ad-hoc rigs were employed. The
first rig was a customised flow tunnel where opposed and concurrent flame spread and near-
limit phenomena were studied. The second rig was a modification of the FPA apparatus
(ASTM E2058), where an inner flow reducer was custom-designed to improve and straighten
the laminar forced flow. In both rigs, forced flows up to 150-200 cm/s could be attained. The
third rig was a pressurised chamber, the TOPOFLAME (ZARM, Bremen), which was used to
evaluate the effect of oxygen concentration and ambient pressure on the opposed flame
spread, near-limit and the ignition behaviour. Lastly, it was also equally important to use a
Scanning Electron Microscope (SEM) to quantify silica ash deposition (a PDMS by-product
of pyrolysis and combustion) on post-burnt samples.

A complete theoretical evaluation of the flammability behaviour of PDMS was challenging as
the literature does not offer reliable information or readily available fundamental properties.
It was also found that the deposition of silica ash during any measurement pollutes any
reading (such as a mass loss rate). Therefore, some fundamental properties were empirically
determined and compared against literature values whenever possible. All the PDMS samples
have a critical heat flux of about 30 kW/m?, with small noticeable differences between
sample thicknesses. The PDMS used in the current investigation behaves in a complex

manner since silica is also formed via solid-phase. The TGA study and mass loss rate



measurements showed that the formation of silica in the solid-phase depends on the heating

rate.

Under the effect of the forced flow and flow direction, the forced flow virtually affects the
ignition delay times through cooling (pyrolysis) and mixing (increased flow time). The effect
of flow direction, concerning the ignition location, affects the ignition delay times as a
boundary layer is formed. Thus, the ignition coil for opposed flow (at the top of the sample)
experiences a reduced flow, whereas the ignition coils face the forced flow in the concurrent
case. The limiting flow condition for piloted ignition was found to be between 50 and 70
cm/s for opposed and concurrent forced flows, respectively. The linear dependency of
ignition delay time on oxygen concentration and ambient pressure is via chemistry. For
normoxic conditions, the ignition delay time behaves non-monotonically, and the regime
change occurs at around 30% oxygen concentration and 0.7 bar ambient pressure. The
mechanisms behind such change in behaviour are not well understood, but it is believed to be

due silica-ash formation in the gas-phase and silica formation via the solid-phase.

The flame spread behaviour largely depends on the transport and deposition of silica-ash
(SiO2) and on the formation of silica in the solid-phase. Under opposed forced flows, if the
chemistry is not changed (air under atmospheric pressure), the flame spread rate is
independent of the forced flow, and silica-ash formation seems unimportant. Kinetics
dominate extinction for high opposed forced flows, and the formation of silica in the solid-
phase dominates near-limit as the sample increases in thickness. In the case of flame spread
and near-limit, the SiO> ash deposition can be the dominant mechanism as it affects heat and
mass transport significantly for the concurrent case. For high concurrent forced flows, enough
silica ash is dispersed ahead of the flame front, and flame spread can reach a steady
condition. There is a boundary condition at which concurrent traverses from extinction to

steady flame spread.

As expected, flame spread rates were found to depend linearly on the oxygen concentration
via chemistry. Flame lengths exhibited almost exponential dependency due to soot oxidation
and increased fuel supply. For conditions where pressure was varied, it was found that two
mechanisms control opposed flame spread. For relatively higher pressure, the flame spread
was dominated by heat and mass diffusivity, whereas for lower pressures, radiative losses
through the solid-phase dominated the flame until extinction occurred. Extinction at low
pressure is believed to be due to heat losses and kinetics.
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For normoxic conditions, the oxygen concentration dominated the flame spread more than the
change in pressure. The change of regimes for flame lengths as a function of ambient
pressure was found to occur near the normoxic limit coincidentally. That is, the largest flame
length occurs at the normoxic limit. The flame spread rates were found to depend linearly on
the gas-phase characteristic length (flame length) up to a limiting length (at around 20 mm);
after that, flame spread rates were independent. Characteristic solid-phase lengths (pre-heat
and pyrolysis) results were not conclusive, as the IR picked up the silica ash particles before
the solid-phase.

Using a simplified extended theory (for opposed flame spread), the gas-phase kinetic
parameters were empirically derived to evaluate the near-limit phenomena. The opposed
flame spread was found to reach a kinetic regime for high forced flows where the effect of
silica ash deposition was drastically reduced. Nonetheless, for low opposed forced flows,
including in microgravity conditions, the silica formation through the solid-phase and silica-
ash through the gas-phase dominated the heat and mass transfer. Pressure modelling for
PDMS does not seem to reproduce the same behaviour as the one observed in microgravity,
especially for near-limit conditions. In microgravity, for the sample thicknesses tested under
20 cm/s, it seems that the silica ash deposition is the dominant mechanism for flame
extinction, but there should be a limiting case where under high forced flow, a steady flame
spread might be viable.

A series of properties could be extrapolated from all the experimental results on the PDMS
membranes and are presented in the following table. The results for the LOI vary according
to the sample thickness, which agrees with the literature, due to the nature of the PDMS
related to the thermal decomposition and formation of silica via solid-phase. Also, the pre-
exponential factor found for the gas-phase varies on the sample thickness and should not be

the case, but it is also a consequence of the thermal decomposition of this particular siloxane.

Method Property Value Units
Thermocouple Flame temperature 1180 °C
measurements

Cone Calorimeter Critical heat flux 30 kW /m?
TGA (ASTM Activation energy (solid-phase) 148 kJ/mol
E1641-16) Pre-exponential factor (solid-phase) 3.4-107 min~t
e=0.125mm 19.3
Improved FPA LOI e =0.25 mm 20 %
e =0.36 mm 20.8
MLOC (empirical  Activation energy e =0.125 mm 224 kJ/mol
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method) (gas-phase) e =0.25 mm

e =0.36 mm
Pre-exponential e =0.125 mm 2.59 101 3
factor (gas-phase) e =0.25 mm 2.19-10 m>/kg-s
e =0.36 mm 1.34-10°

A positive aspect shown by the PDMS membranes is their lower flammability results as they
have higher LOI and higher critical heat flux. They’re less likely to ignite compared to other
thermopolymers (such as PMMA, PP and others). The formation of silica via solid-phase and
silica-ash via gas-phase, along with the transport and deposition on the unburnt fuel, can
hinder self-sustained burning. Thus, such distinctive behaviour is desirable for a range of
thermoplastic and polymers. Siloxanes, as coatings or silica as fillers on other materials,
might help in reducing their flammability. However, it was observed that opposed flame
extinction (kinetic regime) requires very high forced flows. The depressurisation strategy on
spacecraft (fire-fighting) might not be ideal for an established diffusion flame over a PDMS

or similar silicone material.

Overall, the current study found that the flammability criteria might fail to address the
flammability behaviour of PDMS fundamentally. Such methods do not gather the effect of
other environmental parameters, mainly affecting the silica ash deposition. Therefore, it is
recommended that any future flammability assessment method for material selection should
not be based solely on a criterion or a fundamental limit that depends on a limited
environmental scenario. Instead, the flammability assessment of solid materials should be
rated based on a robust array of methods based on normal gravity and microgravity along

with fundamental properties inherent to the material that is being studied.

It is recommended to continue working on investigating the flammability behaviour of PDMS
and other silicone-based membranes. The formation of silica or silica-ash via solid- and gas-
phase, and the transport and deposition of the silica-ash need further understanding. Another
important aspect is the effect of normoxic conditions on all aspects of flammability, and it is
especially relevant on spacecraft. Experiments in microgravity should are encouraged to
further expand the data, and thus a better understanding of microgravity can be attained.
Given the PDMS's lower flammability, siloxanes and silica fillers or coatings should be
explored and studied to evaluate reducing the fire risk of materials intended for spacecraft

applications.
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Lay Summary

Spacecraft fire safety is an important operational aspect of spacecraft, but also a fundamental
aspect of how materials burnt in microgravity conditions. On spacecraft, the main fire safety
strategy relies on selecting materials that are less flammable. There are methods and
standards put in place that rate materials based on their performance to a prescribed energy.
However, those methods are based in normal gravity environments and do not reflect how
materials burnt in microgravity conditions. Therefore, there is a need to improve the current

understanding of the fire behaviour of solid materials for spacecraft applications.

Polydimethylsiloxanes (PDMS) are silicone-based products used for many applications
across several industries, including on spacecraft. A recent experiment in microgravity
showed that PDMS membranes did not burn in microgravity. A series of experiments in
normal-gravity conditions were conducted to elucidate the fire behaviour of PDMS in

microgravity conditions.

It was found that the fire behaviour of PDMS is far more complex than anticipated. As the
membranes are burning, silica-ash, a combustion by-product is generated. Silica-ash is
transported and can deposit on the sample surface inhibiting further burning. In addition, as
the PDMS burns, silica is left behind, and the amount of silica residue left depends on the
intensity of the heat from the flame. All of these processes are affected in different ways by
the environmental conditions found on spacecraft (oxygen concentration, forced flow and

ambient pressure).

The PDMS was found to be less flammable than other common thermoplastics used in daily
life (such as acrylic). The formation of silica-ash during the combustion process also helps to
reduce flammability. Thus, PDMS and other silicone or siloxane materials could be safer in
environmental conditions. Siloxanes, as coatings or fillers, could help in improving the
thermal response and flammability behaviour on other materials intended for spacecraft
applications.
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1. Introduction

The development of human-crewed spacecraft missions requires ensuring astronauts’
safety in various operational aspects. One clear integral operational aspect is fire
safety on spacecraft [1]. As fire behaves differently on Earth than in microgravity,
fire safety approaches on spacecraft differ from the measures and strategies used on
Earth. One critical aspect is that evacuation is generally not an option on a manned
spacecraft. Thus, the fire safety strategy for human-crewed spacecraft requires
critical thinking and a fundamental understanding of combustion phenomena in
microgravity to combat any fire developments. Such a programmatic need has
spurred or pushed to conduct research on the combustion of solid matter in
microgravity [2]. In addition, fire safety is important as an operational aspect for
human space activities and exploration and as fundamental combustion research [1].
Therefore, a coupling of these aspects is required to study combustion research in
microgravity. Furthermore, the new plans to travel beyond the Low Earth Orbit, to
the Moon and Mars, have created a programmatic need to improve the understanding
of the flammability behaviour of solid materials in microgravity, as well as in other
gravity levels (Martian and Lunar). Thus, the current screening methods would
benefit from being improved to provide a more scientific-based description of

relevant materials [1].

Microgravity environments offer a unique opportunity to conduct fundamental
research as the buoyancy effect is absent. This is of importance, as buoyancy can
mask fundamental phenomena, and in the absence of gravity (or buoyancy), new
phenomena arise. A clear example is shown in Figure 1, which shows a candle in
normal gravity (left) and a photo of candle flame experiments conducted as part of
the Space Shuttle Program aboard the MIR station (right) [3]. The candle in normal
gravity is elongated (due to buoyancy), while the microgravity flame has a
hemispherical shape. One can thus infer that the candle flame's heat and mass
transfer mechanism are distinctively different between the normal-gravity and the
microgravity environments. For the microgravity flame, the heat transfer from the
flame can be thought to be larger as is it closer to the candle base. The mass transfer

of fuel and oxidizer are also expected to be affected by the lack of buoyancy, as the



candle flame in microgravity was tested in a quiescent environment. Thus, the mass
transfer can be expected to be dominated by diffusion. Finally, the blue colour of the
microgravity candle flame indicates that soot formation is very weak, which in turn
makes the heat transfer quantitatively different from the microgravity flame. As such,
fire, as represented by a flame, can be very different in microgravity, and it is vital to
fundamentally understand combustion in microgravity to avoid or minimize any fire

risk on Spacecrafts or other space infrastructure.

Figure 1 — Candle flame under Earth conditions (left) and under microgravity on a
spacecraft (right). The picture of the candle flame in microgravity was captured
during the Space Shuttle Program in the STS-50 (USML-1) mission in 1992. The
pictures were taken from the NASA database [4].

Unfortunately, spacecraft have not been exempt from fire incidents in the past, see
Table 1. The first fire incidents with casualties occurred in mock-up tests on Earth
where the environmental conditions, pure or very high oxygen concentration, led to
an extremely fast fire growth and development [5,6]. Subsequent spacecraft designs
have reduced the amount of oxidiser in the spacecraft environment, such as those
from the MIR and the ISS (21% oxygen concentration and sea-level atmospheric
pressure). During operations of spacecraft in space, various near-fire incidents have
been reported due to mostly electrical component overheating and electric short
circuits (see Table 1). Perhaps, the most notorious fire incident occurred on the MIR
space station [7]. Even with many precautions in place, there is always a risk of fire

occurring on spacecraft.



Table 1 — Near-fire and fire incidents that have occurred on manned space missions

or during preparations in normal gravity mock-up activities.

Gravity | Spacecraft Date Description Fatalities | Ref.
Fire in altitude chamber, fire
Soviet Air March | initiated by an alcohol- 1 [8]
T Force 1961 soaked cloth dropped on an
% electric hotplate.
z January Fire during spacecraft test, an
Apollo 1 1067 electrical fire lead to a rapid 3 [5,6]
fire in a 100% oxygen cabin.
STS- April Fusing of overheated wires
. None
6 1983 near a space-process unit.
=2 Electric short-circuit due to a
2 | 2 8;88 ) Allggégst cable strain and insulation | None
3 @ failure [2]
2 g | STS- December | Failure of an overheated None
3] »n| 35 1990 resistor
= STS- July 1992 Blowq electrical capacitor in None
50 a medical apparatus.
February | Lithium perchlorate Canister
MIR 1997 ’ on fire. i None 7]

Complete elimination of the risk of fires on spacecraft is not feasible as it
compromises spacecraft operability [2]. For example, paper sheets (cellulosic fuel)
are flammable but are required for astronauts’ daily tasks. Thus, there is a
compromise between a minimum accepted risk (damage to components, but not to
human life) and spacecraft operability [2,9]. Fire safety strategies on spacecraft rely
on four aspects: namely prevention, detection, fighting and post-recovery [1].
Prevention involves the control of oxidiser levels, ignition and fuel. For the first, the
oxygen concentration can be reduced, as happened in the first spacecraft designs, but
it cannot be completely reduced, as a minimum concentration is required for life-
support systems. Ignition and fuel control are done by designing standards and

flammability tests for material selection. The active fire safety strategies are then



based on operational emergency, quality control and suppression strategies [1].
NASA'’s fire safety strategy relies principally on fire prevention (material selection)
[1,2,9].

One of the methods for screening materials is the NASA standard test 1 [10], the
upwards ignition and flame growth. Materials are selected based on the response to
pass/fail criterion (prescribed ignition energy and upwards flame travelling more
than 15 cm). Upward flame spread is considered the most critical scenario. However,
such an empirical procedure in normal-gravity entails serious concerns when its
results are applied directly to microgravity environments. What is critical on Earth
might not necessarily be in microgravity environments. Other methods have been
proposed in the past to improve material selection [11,12]. Nonetheless, it is still

unclear how their results directly translate to microgravity scenarios.

A significant amount of research on solid fuel combustion in microgravity has been
carried out since the pioneering study led by Kimzey in 1966 [13-15], where the
flammability behaviour of solid materials in parabolic flights and on the Skylab
spacecraft was investigated for the first time. Subsequent studies have been
conducted across various Earth-based microgravity platforms and spacecraft (Shuttle
Programme and MIR) and on the International Space Station (ISS). These studies
indicate that it is easier to ignite a solid in microgravity than in normal gravity, that
radiation is very important in the flame spread of flames under very slow forced
flows, the flammability of materials is extended in microgravity, and other surprising
behaviour that has not been observed in normal gravity [9,16]. These results

qualitatively showed the contrasting behaviour of solid flammability in microgravity.

Some of the experimental studies in microgravity have identified the flammability
boundary limits as a function of environmental parameters, most commonly under
oxygen concentration and forced flow [17-22]. Within this boundary map, self-
sustained flame spread can take place and vice versa outside the boundary limit. It
has been shown that there is a minimum oxygen concentration and forced flow,
identified as a fundamental limit [23,24]. Such a fundamental limit has been shown
to occur at lower oxygen concentrations in microgravity. Thus, identifying such a

limit for any material can provide an improved screening method. Therefore, there is



an ongoing effort to predict the fundamental limit and its discrepancy with normal

gravity [12].

NASA along with an international topical team from other space agencies established
the Saffire programme to address gaps not looked at before [25]. The main goal was
to conduct large scale experiments in microgravity, as such experiments had not been
done previously. Thus, the fire behaviour could be evaluated in a more realistic

scenario.

As Polydimethylsiloxane (PDMS), a silicone-based product, has interesting
properties that make it ideal for many applications on spacecraft, four PDMS
membranes of various thicknesses were tested during the Saffire Il flight [26]. The
flame spread could not be self-sustained; such an outcome was not expected. It is
unknown whether it was inherently an ignition of flame spread problem and its
causes. It is suspected that this could relate to silica-ash (SiO2) production, which
occurs when a silicone, PDMS, burns, as its deposition on the sample is known to
affect the heat and mass transfer process. However, it is not known how the transport
and deposition of silica-ash affect the flammability behaviour of silicones on
spacecraft. Given that none of the PDMS samples burnt during Saffire I, it is
interesting to find out if this can imply that these materials can be deemed safe on
spacecraft. In addition, the question arises whether or not the other proposed
flammability assessment methods can effectively judge the fundamental behaviour of

silicone materials.

In the current investigation, the key aspects, fundamental and technological, of the
flammability behaviour of solid materials in microgravity have been reviewed in
order to provide a holistic overview of the previous research conducted. This review
of previous literature can help identify the critical aspects of flammability of solid
materials needed to reduce the fire risks on spacecraft. In addition to that substantial
review, PDMS was studied experimentally in normal-gravity conditions to
understand its flammability behaviour (pilot ignition, flame spread and near-limit
phenomena) in microgravity conditions. The silica-ash transport and deposition were
evaluated as it affects heat and mass transfer. Two methods were used to evaluate the

flame spread and near-limit behaviour of the PDMS. The first was a method based on



the Limiting Oxygen Index approach [27,28], while the second method was pressure
modelling. Finally, the experimental results were then compared to microgravity

experiments as far as possible.

Figure 2 summarises the current investigation and provides an overview of each
chapter. In Chapter 2, various topics defining the flammability of solid materials in
microgravity are highlighted. These are ignition, smouldering, flame spread, and
near-limit. The same chapter presents an overview of the experimental methodology
to conduct microgravity experiments and the methodology to assess flammability.
Also, this chapter provides more in-depth details and the burning behaviour of
silicones. The chapter finishes with brief arguments and conjecture on the outcome
of Saffire 1l tests (executed on the 10th of June 2017) with PDMS samples, which
serves as motivation for the current study. Chapter 3 then presents the hypothesis and
the objectives of the current study. Chapter 4 outlines the experimental procedures
used to carry out the experimental study. In Chapter 5, the normal-gravity results are
presented and discussed in connection with the microgravity results from Saffire II.
This chapter is subdivided into sections dealing with silica-ash transport, ignitions,
flame spread, and near-limit behaviour. Finally, Chapter 6 summarises the current

investigation and provides conclusive comments.
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2. Literature review

2.1. Fundamental aspects

The flammability behaviour of solid materials can be defined by ignition and
flame spread, as well as by near-limit and smouldering phenomena. In addition,
soot and species production characterise all these phenomena, and other
parameters can be used to quantify the phenomena (e.g. burning rate, HHR or
other properties), as shown in Figure 3.

e 2
FLAMING COMBUSTION

Growth/spread || Near-limit ‘

IGNITION H
Piloted

Transition [

Transition

Transition

Spontaneous SMOULDERING ]
- /

f

Burning

HRR
rate

Species Soot

Figure 3 — Diagram showing the phenomena and concepts that define
flammability.

Further sub-classification can be made within each main phenomenon depending
on the environmental conditions. Ignition is often categorised as piloted or
spontaneous. There are multiple ways to classify flame spread, but it is generally
accepted that it is most appropriate to classify them according to the forced flow
direction. If a flame travels against a parallel forced flow, it is considered
opposed, and if the flame travels along with the forced flow, then this is
considered concurrent flame spread. Flame spread occurring in a quiescent
environment can inherently be considered as opposed [18]. There are other
scenarios that do not fall within opposed/concurrent classification. One example
is one-dimensional flames developing on a surface or a cylindrical sample. These
are known as point-diffusion stagnant flames. Smouldering propagation can also

be classified following the opposed-concurrent definition. Within these



aforementioned categories, further classification can be established, but these are

external parameters to the fundamental problem.

2.1.1. Ignition

The ease with which solid materials attain ignition has also been explored in
microgravity conditions. In 1968, Neusting and co-workers [29] were the first
to study ignition in microgravity, and they found that the time to ignition was
affected by the gravity level. During drop tower tests, Kashiwagi and co-
workers [30] observed that a low-speed forced flow did not have a significant
effect on the time to ignition for a paper heated by radiation. However, in
opposed flows, Roslon and co-workers [31] reported that the time to ignition
(piloted) was reduced as the forced flow decreased for PMMA and

polypropylene/glass fibre composite samples tested during parabolic flights.

In particular, Roslon and co-workers studied the effect of microgravity on the
ignition delay time of two thermally thick fuels in parabolic flights [31]. They
found that the ignition delay time in microgravity is strongly dependent on
the convective heat transfer. Similar findings have been reported where
ignition delay times are reduced in microgravity due to lower heating losses
at the fuel surface and in an increase in mixing time [32-35]. However,
ignition behaviour in microgravity is more complex, and the opposite

behaviour has also been reported [36].

2.1.2. Flame spread

The spread of diffusion flames is a complex phenomenon that has been
widely studied, and there are various fundamental (theoretical) and numerical
models for which this flame phenomenon was studied under various
scenarios in normal gravity environments [37-56]. In microgravity
environments, this flame spread phenomenon has also been explored
theoretically and numerically [57-73]. It is well known that laminar flame
spread in opposed flow is dominated by the leading edge, while the geometry
and characteristics of the flame (i.e. flame length, temperature, thickness and
attachment to the solid surface, and soot level) are the key parameters in

concurrent flow.



For thermally thin fuels, three regimes that are functions of forced flow and
oxygen level define the flame spread and flame stability in opposed flows
[16,74]. In the thermal regime, the residence time is higher than the chemical
time, T,es > Tenem- IN this regime, the forced flow has little effect on the
flame spread is considered to be constant and only affected by the sample
thickness [75]. Thus, in this regime, the stability of the flame is dominated by
the conduction from the gas-phase to the solid phase. However, if the forced
flow is increased significantly, the residence time decreases and becomes
significantly smaller than the chemical time, 7,05 < Tcnem, COrresponding to
the kinetic regime, where finite rate kinetics play a significant role [76].
These two regimes can be found in both normal and microgravity
environments.

If the forced flow is reduced and becomes too low (< 0.2m/s), the residence
time becomes much greater than the chemical time (7,5 > Tehem)- Thus, the
radiative regime is approached, and the thermal losses through gas-phase
radiation and solid-phase radiation greatly influence the flame spread. This
regime can mostly be found in microgravity, where buoyant flows are absent.
In normal gravity, the radiative regime has also been reported in one-
dimensional flames (stagnation-point diffusion flame) [23]. As the forced
flow is reduced, the radiative losses become greater until the flame
extinguishes (quenching boundary limit). These regimes can be visualised in

the microgravity experimental data in Figure 4.
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Figure 4 — Opposed flame spread rates as a function of the forced flows. The

microgravity data points correspond to SIBAL fabric [77-79] and PMMA
[80,81].

Analysis of flame spread in concurrent flow is more complicated than in
opposed flow, because there are two length scales to consider (flame length
and pyrolysis length). In general, less experimental work has been carried out
with concurrent forced flows, because of the time limitations of the
microgravity research platforms and the longer combustion time scales

needed for the concurrent flame spread.

Flame spread results from various materials and environmental conditions are
plotted as a function of a combined parameter in Figure 5. In normal gravity,
upwards (or concurrent) flame spread tends to be acceleratory. On the
contrary, in microgravity, the flame spread can be steady. Concurrent flame
spread is dominated by the flame length, where convective heat transfer is
dominant. The length scale is thus dependent on the forced flow [82]. As
seen, the concurrent flame spread rate is linearly dependent on the forced

flow.
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The microgravity data are from various sources [83-88].

2.1.3. Near-limit phenomena

Two extinction boundary limits are defined in the kinetic and the radiative
regimes of opposed flows as a function of the oxygen concentration and
forced flow, namely the blow-off and the quenching (or radiative) limit. The
blow-off extinction limit over thermally thin and thermally thick solid fuels in
opposed flows was studied theoretically and experimentally in normal gravity
by Fernandez-Pello and co-workers [18,45,51]. The Damkdohler number (ratio
of residence time and chemical time) was used to explain the blow-off
branch. The quenching branch boundary was first found experimentally by
Olson [17,18], and other researchers have also studied it [57,67,89-93]. Both
branches shape the characteristic “U” shape flammability extinction
boundaries, as shown in Figure 6. Also, the “U” shape has been found
through stretch rate analysis of flame spread over cylindrical rods (PMMA)
[82,94].

Extinction in the concurrent flame spread is more complex as the flame
length is the dominant length scale. The mechanism leading to extinction in a
concurrent flame is a combination of convective and radiative heat transfer
from the leading edge to the trailing edge [95]. Also, the limiting condition of
flame length is determinant as this can be affected by soot oxidation [20]. To
find critical conditions leading to extinction, Torero has suggested estimating

the Da and mass transfer number, B, along the flame length. However, there
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is still a knowledge gap related to microgravity's limiting length, and its
prediction remains unresolved. Despite that, a few studies have shown that
the flammability boundary limits for concurrent flame spread have a similar

‘U’ shape, shown in Figure 6.
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Figure 6 — Flammability boundary limits found experimentally and

numerically for a cellulosic fuels as a function of the oxygen concentration
and forced flow. The left pane represents the opposed case [17,18,96-99],

whereas the concurrent case is plotted in the right pane [95,99].

In Figure 6, the extinction boundary (as a function of the forced flow and the
oxygen concentration) shows a critical point (lowest condition to sustain
flame spread). This point corresponds to a minimum oxygen concentration
and critical forced flow that allows sustained flame spread. T’ien and his
group [64,73,100,101]. Below the fundamental limit, there is no self-
sustained flame spread. Thus, such a concept becomes interesting as it could
be used as a threshold for flammability assessment as Fujita [12] (will be
discussed in Chapter 2.4.3), but it depends on the environmental conditions
and the characteristic behaviour specific materials.

2.2. External aspects that influence flammability in microgravity
2.2.1. Ambient pressure
The SSCE experiments over thin solids in a quiescent microgravity
environment revealed that the flame spread rate increases with increasing
pressure in microgravity. The characteristic optical depth of the flame
explains the effect of pressure [90,91]. The optical depth is larger at lower
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pressures, where flames become cool and slower, while the optical depth
decreases at high pressures. Consequently, high temperatures are achieved
and thus faster flame spread. The pressure effect was also evaluated in the
SSCE for flame spread over thick fuels, but no substantial difference was
observed when the pressure was increased [57]. In parabolic flight
experiments and numerical modelling, the pressure effect on flame behaviour
as a function of the local acceleration resulted in two behaviours: Non-
monotonic (U boundary shape) and linear behaviours were observed in the
downwards and upwards configurations, respectively [101,102]. Olson and
co-workers found that microgravity flame spread in concurrent and opposed
flows over cellulosic fuels exhibited a dependency on the pressure but not on
a polymeric fuel [103,104].

In work conducted in a FIST in normal gravity, the ignition delay time was
found to suffer a decay with lower pressures due to a reduction in convective
heat losses from the solid and critical mass flux [105,106]. Moreover, a “U”
shape dependency of ignition delay time on the pressure in normal gravity
was also found. The left branch (low pressure) was found to be controlled by
gas-phase chemical Kinetics, whereas the right branch was controlled by
changes in convection heat losses and critical mass flux (high pressure) [107].
Osorio conducted experiments with fabrics in the FIST apparatus; he found
that the reduced pressure effect on flame spreads over fabrics resulted in a
lower flame spread rate. This behaviour is due to a decrease of heat flux from
the flame to the solid surface since there is an increase in boundary layer

thickness and an increase in flame standoff distance [108].

2.2.2. Normoxic

Decreasing the ambient pressure and simultaneously increasing the oxygen
concentration (normoxic) for Exploration Vehicular Activities (EVA)
resulted in increased flame spread opposed flows, and Olson thus pointed out
the potential hazard of normoxic atmospheres [104,109]. In normal gravity,
Osorio also suggested that flammability can be further extended in normoxic

as the piloted ignition delay time was reduced [108,110]. However, results
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from microgravity experiments showed that the ignition delay time was not

dependent on the partial pressure of oxygen [111].

2.2.3. Sample size

In normal gravity, the sample width affects upwards flame spread due to
lateral oxygen entrainment and buoyancy; there are detailed analytical models
to study the width effect [112,113]. It was predicted that for concurrent flows
in microgravity, lateral air entrainment would be cancelled by gas expansion.
Thus, sample width should not affect the flame behaviour [112]. This
postulate proved wrong since recent large-scale experiments in microgravity
(Saffire) have shown that the flame spread rate for the large samples [26,78]

is lower than for the narrower samples tested during BASS-I1 [114,115].

Fujita suggests that the radiative effect of CO, soot and water affecting the
heat balance at the fuel preheat zone can increase because more soot is
produced in microgravity [12], especially for larger samples. However, this
hypothesis cannot explain the results achieved in the large-scale Saffire tests
[26,78,79], where the corresponding flame spread was much lower than for
the larger samples with the same fabric fuel in the BASS experimental
program. The fastest flame spread rates were achieved by an intermediate
sample width (2.2 cm) under concurrent forced flows during BASS
programme (competing mechanisms between side oxygen diffusion and

cooling effect).

In addition, concerning the narrow samples, during BASS, the narrower
samples further extended the flammability limits [114,115]. Similarly, in
partial gravity experiments, the sample width affected the flame spread rate in
upwards conditions [101]. The same behaviour has been reported through
three-dimensional numerical modelling for thermally thin fuels
[102,116,117], although Shih and T’ien [59] found a reverse behaviour in the
numerical results. They reported that for the low flows close to quenching,
oxygen side diffusion becomes dominant and narrower samples exhibit faster
flame spread. Contrarily, for forced flows away from the quenching regime,

wider samples presented faster flame spread. This reversal in behaviour can
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imply that the 3D model does not reproduce all the phenomena due to the

simplifications made (gas-phase radiation and radiation from soot).

In opposed flows, microgravity experimental work conducted by
Bhattacharjee et al. [118,119] showed that the sample width has little effect
on flame spread over thermally thin fuels for a range of diluents (CO2, N,
and Ar). However, only with Helium was there an evident influence on the
sample width due to lateral conductive heat loss. In the air, microgravity
results in opposed flows, show the same flame spread rates for narrow and
larger width samples over cotton/ fibreglass fabric [26,78]. These results also
suggest that the sheer size of the sample fuel does not affect the flame spread
for thermally thin fuels; it would only be distinctive if Helium is used as a
diluent. However, contradictory behaviour was reported for thermally thick
fuel in opposed flow [81,120].

As seen in the various experimental studies, the flame behaviour and
flammability are also affected by the size of the sample (width). These results
show the existence of critical sample width, and the current focus on an
arbitrary dimension for sample selection testing might not lead to the worst-

case scenario.

2.2.1. Confined spaces: Tunnel effect

As was observed during the space shuttle experiments, the tunnel rig can
affect the flame spread results significantly [7]. The tunnel used was quite
narrow, and the sample size was relatively small as the aim was to achieve a
steady flame spread. Wang and co-workers [121] confirmed numerically and
experimentally that the tunnel height has a significant impact on the flame
spread in low-opposed flow due to acceleration in the thermal expansion of
the gas-phase. A numerical study showed that flames over thermally thin
fuels accelerated in confined spaces for low imposed flows compared to the
unconfined case [116]. Shih and T’ien also conducted a numerical study
where the narrow tunnel height was found to influence concurrent flame
spread over thermally thin fuel by thermal expansion, flow channelling effect
and radiative interaction [61].
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In a three-dimensional numerical study, Shish and T’ien showed similar
results, although the model did not take into account gas-phase radiation, and
the kinetics were simplified [59]. They also studied the lateral heat loss and
oxygen-side diffusion mechanisms from a three-dimensional flame to the
adjacent tunnel wall. The influence of narrow tunnels or ducts on the solid
material’s flammability can translate into an increase in flammability, as
demonstrated by the few experimental studies. Such an influence has a
special significance in spacecraft since many materials are piled up such as in

narrow ducts like the avionics bay.

2.2.2. Partial gravity

Only a few studies have been conducted addressing the effect of gravity level
on the flame spread, including Lunar and Martian levels. Flame spread results
with cellulosic fuels from two studies in parabolic flights [98,101,122] and in
a centrifuge [123] for various oxygen concentrations and gravity levels can be
seen in Panel A in Figure 7. The flame spread shows a non-monotonic
behaviour for 21 and 18% oxygen concentrations at 101.3 KPa [98] and for
21% at 27 kPa [101,122] with maxima at an intermediate gravity level. For
the high values of gravity level, the induced flow due to gravity level reduces
the residence gas time at the expense of the chemical time (lower Da), which
corresponds to the thermal and kinetic regimes. On the contrary, for the lower
gravity level, surface radiation losses and oxygen transport contribute to
reducing the flame temperature and hence the flame spread. This monotonic
behaviour has also been found in microgravity results for opposed forced
flows (BASS) [98,101,124-126]. At significantly reduced oxygen
concentrations, less than 16%, the flame spread rate decreases nearly
monotonically, where the oxygen transport seems to dominate over the

radiative and Kinetic regimes.
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Figure 7 — Flame spread rate as a function of the gravity level (Pane A), and
flame spread rate as a function of a combined gravity-pressure parameter
(Pane B).

The results corresponding to the upwards flame  spreads
[101,102,122,127,128] are presented as a function of the combined effect of
p" * g, see Panels B and C in Figure 7. Based on pressure scaling/ Kleinhenz
and co-workers found that a 1.8 pressure exponent resulted in a better fit of
the data [127]. As predicted experimentally and with models, the flame
length-scale increases with gravity or also with the forced flow, resulting in
the dependency of flame spread on the gravity level [101]. Moreover, results
and models for concurrent forced flow in microgravity show a similar
behaviour [129,130].

The flammability boundary of cellulosic fuels as a function of the oxygen
concentration and the gravity level in the downwards spread can be seen in
Panel A in Figure 8. T’ien and co-workers reported the limits of a cellulosic
fuel obtained experimentally through parabolic flights [131]; the minimum

lower oxygen concentration seems to occur at around 0.08g, which
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corresponds to 7-8 cm/s buoyant flow. Sacksteder and T’ien [98] also
reported experimental flammability boundary limits with Kimwipes, although
only for the kinetic part. Both experimental boundaries are in contrast with
the numerical flammability boundary found by Chen and Cheng [125], which
has a much lower fundamental oxygen concentration. The treatment of the
finite-rate kinetics and radiation through gas-phase and solid-phase seem to
be behind the underestimation of the flammability limit [98].

Feier and co-workers [101] reported the flammability boundaries of cellulosic
fuel in upwards, and downwards flame spread as a function of the pressure
and gravity acceleration, see panel B in Figure 8. The downwards
flammability exhibits a “U” shape similar to the boundary in forced flow,
where the left and right branches correspond to radiative and kinetic effects,
respectively. On the contrary, the upwards flammability shows lower
flammability in line with results observed in concurrent flows. It is not clear
whether the limit breaks down or continues for higher gravity levels due to a

lack of experimental data.
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Figure 8 — Flammability limit boundaries as a function of the local
acceleration level for thermally thin cellulosic fuel. Panel A depicts results in
downwards buoyant flow. Panel B renders flammability limits with ambient

pressure as a vertical axis [101].

2.2.3. Flow dynamics: flow boundary layer
Various rigorous analytical models (solved numerically) can predict the flame

spread behaviour over thermally thin and thermally thick fuels, mostly in
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normal gravity [37,38,49,50]. The assumptions and simplification made in the
analytical models to find a reasonable mathematical solution can limit the
overall performance of such models or their application to a broad range of
scenarios. One clear example is the justification of using a specific velocity
profile (Oseen approximation) encountered by the leading edge of an opposed
flame spread, as was done in the thermal-diffusive transfer model developed
by De Ris [52], Frey and T’ien [53], and others [49,54]. In microgravity, the
plug-flow has been used in theoretical models to study the opposed flame
spread [67], thermally induced flows during ignition [132] and flame
instabilities [133].

Numerical results have shown the importance of the flow boundary
conditions for opposed flame spread in microgravity [134]. Wichman
attempted to improve the plug-flow assumption and introduced a linear
velocity profile in the heat transfer model, and this resulted in enhanced
theoretical results for opposed flame spread [39,55,56]. Other authors used
different models, such as boundary layer combustion models with fast
kinetics, to characterise the velocity profile [44-47]. In microgravity
environments, theoretical models also sought to improve the Oseen

approximation [57,58].

The better characterisation of the velocity profile permitted to identify of the
dependence of the entrance length (distance from the flame edge to the
sample’s upstream edge or identified as X.) as reported by Fernandez-Pello
[45]. Bhattacharjee and co-workers [43,68,69,135] also criticized the Oseen
approximation, and they proposed an effective velocity profile inside the
boundary layer in an improved thermal model (using a scaling approach).
Their investigations predicted the effect of the velocity boundary layer (for
that matter, also the entrance length) well quantitatively, and this was

demonstrated through microgravity results in the kinetic regime [70,136,137].

The Oseen approximation was also used in theoretical models to describe
flame spread under concurrent forced flows in normal gravity [40,41,49]. In

order to study truly steady flame spread conditions, the effect of the entrance
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length in concurrent forced flow can be purposely eliminated [42]. A similar
approach can be found for opposed flame spread [66]. Recent thermal models
have improved the velocity profile substantially in microgravity, proving a
more precise description of the flow field for flame spread investigations by
T’ien and his group [59-62,71-73].

The effect of the entrance length (as a parameter) on the flame spread was
investigated numerically for opposed and concurrent forced flows [63,64].
The worst-case scenario was found to occur with shorter entrance lengths as
this influences the effective flow velocity encountered by the flame front. In
the recent Saffire experiments, it was found that the effective flow (velocity
boundary layer) influenced the concurrent flame spread over a Sibal fabric
[36]. During burning, the fabric left an unburnt inert material that causes an
entrance length to increase over time, and thus the effective flow profile. A
three-dimensional numerical model confirmed the Saffire tests results and the
effect of the boundary layer [79].

2.2.4. Instabilities

The fingering flamelet phenomenon is defined as a thermal-diffusion
instability, and it was studied experimentally using a thin paper under
opposed forced flow in normal gravity by Zik and Moses [138]. Olson [139]
also defines the flamelets as instability near the quenching extinction
boundary due to changes in oxygen diffusion and convective flow patterns.
That is, an established two-dimensional flame breaks up into various three-
dimensional flames. Olson and co-workers [96,140] studied the fingering
flamelets over a thermally thin paper in the Narrow Channel Apparatus
(NCA).

In microgravity, flamelets were observed over thin paper by Olson et al. [96],
who established flammability maps drawing extinction and flamelet limits. It
was found that the material flammability could be extended by the flamelet
regime (lower forced flow and oxygen concentrations). In smouldering,
finger-like phenomenon can also occur, and it was experimentally studied in

microgravity [133,141-143]. Physical explanations point to the oxygen mass
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transport via gas-phase convection/diffusion [133]. However, Ronney [144]
provides further physical explanations based on the estimation of the Lewis
number. In a recent experiment with a thermally thick sample under opposed
forced flow in microgravity [145], fingering flamelets were observed to
transition from a two-dimensional established diffusion flame (in the

radiative regime).

2.2.5. Surface features

Eigenbrod and co-workers conducted experiments in microgravity and found
out that flame spread can be enhanced due to structures in the solid surface of
a cylindrical sample [88]. An empirical model was presented to predict the
flame behaviour, but the model requires further refinement. Over structured
flat samples, the flame spread was reported to be faster along the groves than
in the flat sections of the sample [26,77,146]. A recent experimental and
numerical study with cardboard found a similar behaviour [147]. These
results suggest that flame spread and flammability might be enhanced over

structured surfaces, especially along the grooves, which merits further study.

2.3. Methodology to study flammability of solid materials in microgravity

Conducting solid combustion experiments in microgravity environments on
Spacecraft is severely limited (financial, space and logistic constraints), but there
are platforms on Earth where microgravity can be achieved. Each research
platform has its constraints and capabilities. Consequently, choosing a platform
depends on the flammability problem to be studied (ignition, flame spread,
smouldering, soot, etc.), the environmental conditions and the diagnostics used

for measurements.

All these aspects will be discussed in the following sections. First, the up-to-date
available research platforms used for solid combustion research in microgravity
are introduced and discussed according to their available time, microgravity
levels and flexibility. The second section presents the spatial capacities of the
combustion chambers used in various research platforms. The third section then

provides an overview of the flammability phenomena that have been studied
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according to the microgravity research platform and type of material. Finally, the

diagnostic systems used in the research platforms are reviewed in the last section.

2.3.1. Research platforms

To achieve true microgravity (g/g. = 107°), one must be placed at a
distance of 17 times the distance from the Moon to Earth (6545 km in total).
Spacecraft and satellites are orbiting around Earth experience “apparent”
microgravity, resulting from the Earth's gravity force and centrifugal force. It
Is in the same order as true microgravity [16]. Apparent microgravity can
also be obtained in free fall. Reduced gravity levels such as those obtained in

Spacecraft are not readily achievable on-ground facilities on Earth.

Apparent microgravity can be obtained in several ground-based platforms and
Spacecraft, such as drop towers, parabolic flights, sounding rockets and
spacecraft orbiting Earth, and microgravity combustion research has taken
place in all of these. Various gravity levels can be achieved in the different
platforms that have or are being used, see Figure 9. However, it must be
noted that the gravity levels offered by the research platforms can vary and
are not consistently reproducing the same levels as in spacecraft. A reduction
in gravity or buoyancy translates into a reduction of convective heat losses

from the gas-phase to the environment.
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As shown in Figure 9, the most frequently used platforms for microgravity
combustion research are drop towers and parabolic flights. This is primarily
due to their relative ease of operation and the relative low-budget associated
with operations compared with other platforms. The number of publications
with experiment studies taking place on spacecraft platforms is relatively
moderate. Despite the logistic difficulties to research such a platform, the
need for fundamental studies has driven experimental work on spacecraft.
Sounding rockets and satellites are not as widely used because they entail
operational difficulties and do not offer high productivity. Lastly, there is no
strong appetite for centrifuge experiments with large gravity accelerations.
The corresponding references to the platforms employed in solid combustion

research in microgravity are listed in APPENDIX A.
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Figure 10 — Number of publications where the various research efforts
from ground-based and spacecraft platforms were reported for solid
combustion research from the 1960s. Experimental or experimental

studies in combination with numerical investigations were counted.

2.3.1.1.  Drop towers

In the late 1950s, Kumagai and Isoda [149] used a drop system for the
first time to study liquid droplet combustion. As with the spacecraft
development technology from the 1970s to the ISS assembly, a range of
drop towers was established worldwide in the same period. These
research capabilities have not developed further, with a couple of
exceptions driven by the Chinese Space programme [121] and higher

productivity requirements.

NASA was the first to build drop towers, and these two have been widely
used since the early 1960s. In the 2.3-second drop tower (NASA Glenn
Research Centre), the hardware and the rig are protected by a shield due
to the aerodynamic drag. Initially, the experiment encountered a problem
related to shock load (100g) when the hardware approached the bottom of
the drop [9]. This issue was solved by an air-bag decelerator installed in
the facility at the beginning of the 1990s when the drop tower suffered
significant renovation [150]. In the 5.2-second drop tower, the undesired
drag forces were removed by evacuating the drop in low pressure or
vacuum (13 Pa). Due to a catapult system, it has recently been proposed
to undergo an upgrading renovation that will extend the microgravity

duration. Moreover, the maximum load of the hardware will also be

25



increased along with a higher number of tests that will be performed

daily.

In 1992 the drop tower in JAMIC (Japan Microgravity Centre) started
operations [151], and further microgravity combustion research was
implemented in Japan. The JAMIC drop tower offers 10 seconds of
microgravity, the longest drop worldwide, and provides lower gravity
levels since it uses a double capsule in the hardware. Other drop towers in
Japan are the drop shaft or MGLAB (Microgravity Laboratory of Japan)
in Gifu [137], a drop tower located at HNIRI (Hokkaido National
Industrial Research Institute), the COSMOTORRE drop tower located at
the University of Hokkaido, and the drop tower at HASTIC (Hokkaido

Aerospace Science and Technology Incubation Center).

In Europe, the only drop tower used for combustion research is located in
Bremen. It is commonly referred to as the ZARM (Center of Applied
Space Technology and Microgravity) drop tower constructed between
1988 and 1990. The 110 m of free fall within a vacuum shaft (10 Pa)
initially provided 4.65 seconds of microgravity. A catapult system was
added later and allowed the drop tower to extend its microgravity duration
to 9.3 s [152]. A second and smaller drop tower is being built at ZARM,
which will offer a shorter microgravity time (2 s) but with a high yield of

tests per day.

The drop tower at NMLC (National Microgravity Laboratory China) is
also used in microgravity combustion research [153]; it can obtain 3.5 s of
microgravity during 83 m of free fall. An additional drop system provides

2.3 s of microgravity [154].

Drop towers offer good microgravity acceleration levels that are very
close to those characteristics in spacecraft. Besides, the maximum
hardware load in the various drop towers ranges from 100 to 2100 kg,
allowing the installation of effective diagnostic systems. The number of
experiments that can be executed per month is 40 to 160, or potentially

even higher, hence, allowing considerable parametric studies. In Table 2,
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the most important technical specifications for all drop towers are listed.
The only drawback of this platform is the short microgravity duration that
IS, In most cases, insufficient to attain a steady problem (e.g. a steady
flame). Thus the researcher is restricted to certain material and

flammability phenomena.

Table 2 — Characteristics times and specifications for different drop

towers used for microgravity combustion research.

Max hardware load  Tests per

Drop Tower Duration [s] [kq] day
NASA Glenn
Research Centre 22 125 512
Zero Gravity 450
Research 5.2 (9.9)* (2100)* 1-2
Facility*
JAMIC 10 1000 3
MGLAB 4.5 400 6
HNIRI 1.2 100 -
HASTIC-
COSMOTORRE 3 400 ]
ZARM 9.3 100 3
ZARM 2" tower? 2 - 50-60
NMLC 35 630 2-4
Drop system 2.3 - -

*The 5.2 s drop tower is undergoing an upgrade and the microgravity
duration will be extended.

§ A new drop tower is being built.

2.3.1.2.  Parabolic flights

Another widely used platform for microgravity combustion research is
aeroplanes flying in parabolic (Keplerian) trajectories. This method can
achieve longer microgravity times (15 to 40 s.) than those in drop towers,
though with higher gravity levels (5x10 to 75x10 g). Lunar (0.16 g)
and Martian (0.38 g) gravity levels can also be achieved. Further reduced
gravity levels can be achieved if the rig floats freely during the parabolic
trajectories and the duration of microgravity is reduced for such
experiments. One major challenge associated with parabolic flights is that
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g-jitter effect due to vibrations of the aircraft during the parabolic flights

might influence the results [98].

NASA initially used a Learjet Model 25 aircraft (at Lewis Research
Center) that could provide only six trajectories per flight. This aircraft
was later replaced by a DC-9 model in 1995 [150], providing up to 40
trajectories per flight. The KC-135 turbojet (Lyndon B. Johnson Space
Center) can supply the same amount of trajectories. In Europe, CNES
(Centre National d’Etudes Spatiales) began using a Caravelle aircraft for
microgravity research. It was replaced by an Airbus 300 until it in 2015
was replaced by an Airbus 310 model, which Novespace currently
operates. The A310 flights typically provide 31 trajectories. In Japan,
DAS (Diamond Air Service) operates the Mitsubishi MU-300 and
Grumman Gulf Stream 11 aircraft for microgravity combustion research at
the Parabolic Flight Center; both can provide 8 to 15 parabolic trajectories
per flight. In Russia, a private company, Atlas Aerospace, offers parabolic
flights aboard an Ilyushin 11-76 airlifter at the Gagaring Research and Test
Cosmonaut Training Center has a dedicated llyushin IL-76-MDK for
microgravity research [1]. No research in solid combustion has been
reported from the last two aircraft. The available parabolic flights are
listed in Table 3.

Table 3 — The Currently operative companies that are offering

commercial parabolic flights.

Company Aircraft Number of parabolas per flight
CNES (France) Airbus310 31
Mitsubishi 8
DAS (Japan) MU-300
Grumman 15
Gulf Stream 1
Atlas Aerospace .
(Russia) Ilyushin IL-76 ND
Ilyushin IL-
76-MDK ND
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2.3.1.3.  Sounding rockets

A sounding rocket can provide much longer microgravity times than the
platforms presented previously, and microgravity can be for as long as
300 seconds. The experimental payload, 150-400 kg, must, however,
withstand quite critical gravitational forces (10-40g) during take-off and
landing [9]. The first sounding rocket used for microgravity combustion
research was the MiniTexus 3 at the beginning of the 1990s [86,155].
Later on, MiniTexus 6 [20,156] and the larger sounding rocket version,
Texus 38 [157], were also used. Both are part of the sounding rocket
program run by the European Space Agency (ESA) and the German
Space Agency (DLR). For the DARTFire testing programme (Diffusive
and Radiative Transport in Fire Experiments), NASA used four Terrier-
Black Brant sounding rockets [120,158-161]. A sounding rocket as part
of REXUS European program was recently utilised for flame spread
investigations of PMMA rods [88].

2.3.1.4.  Satellites

Free flyers such as the non-crew Satellite can be used to conduct
combustion research. This platform also offers an extended period of
microgravity and adequate gravity levels. The Chinese Academy of
Science has used a recoverable satellite "Shi-Jian" (SJ), to conduct
various scientific experiments across a range of fundamental topics. The
SJ-8 and SJ-10 were launched in 2006 and 2016 and hosted tests looking

at ignition, smouldering and flame behaviour [162-164].

2.3.1.5.  Spacecrafts and space stations

Spacecrafts can provide the most extended duration in microgravity
conditions. Yet, experimentation in this type of platform is more
challenging, primarily due to the substantial financial, technological and
logistic constraints. Some of the missions of the space shuttle program
(STS-USML) also hosted dedicated test programs and innovative
hardware, such as SSCE (Solid Concurrent Combustion Experiments),

RITSI (Radiative Ignition and Transition to Spread Phenomena), WIF

29



(Wire Insulation Flammability), FFFT (Forced Flow Flame Spread Test),

candle experiments and smouldering tests [92,165-168].

The ISS currently has the Microgravity Science Glovebox (MSG), where
various experimental programmes have taken place (BASS & GEL)
[82,170,171]. Skylab was the first space station to host a laboratory for
fire experiments [15]. A few experiments also took place in more
extended permanent inhabited space stations, such as MIR, using the
PRIRODA hardware [169].

In the near future, the ISS will offer many more opportunities since it will
host new facilities for microgravity combustion research, such as MWT,
SoFIE (Solid Fuel Ignition and Extinction) and SCEM (Solid Combustion
Experiments Module). The ongoing Saffire (Spacecraft Fire Experiments)
experimental series takes place in the ISS supply vehicle Cygnus after

delivery of the payload [25].

2.3.1.6.  Centrifuge

A centrifuge can be used to achieve higher gravity levels than Earth's,
NASA used one for the first time for flammability studies [29]. The
Japanese Space Agency (JAXA) has a centrifuge rotating arm which has
also been used for flammability experiments [172]. It has been
demonstrated that buoyancy effects at higher gravity levels than Earth's
can provide useful data in order to correlate flame spread from
microgravity to several gravity levels [123]. NASA has recently expanded
its capabilities to produce Martian and Lunar gravity levels in their drop
tower. A centrifuge (drop bus system) can be allocated inside the 5.18-
second drop tower [173,174]. As a result, Lunar and Martian gravity
levels can also be achieved in the drop tower and parabolic flights.
However, the Lunar and Martian gravity time provided is short, and only

specific phenomena with very short characteristic times can be studied.

2.3.2. Volumetric capacity
Different apparatus and combustion chambers have been utilised since the

first microgravity combustion experiment on solid fuels. The platforms'

30



capabilities can severely restrict the volumetric design of chambers of tunnel
rigs where the combustion experiment takes place. Thus, the scientific
objectives for any combustion project can also be limited.

Figure 11 depicts each microgravity research platform's characteristic times
as a function of the sample size and volumetric capacity from various
research projects conducted thus far. As seen in some of the drop towers, the
volumetric capacity is large (NASA), but the specimen size still cannot be
larger than 110 cm? due to the microgravity time restriction. In parabolic
flights, rigs are restricted in size, and the sample size is also small. On other
platforms (satellites, sounding rockets and other spacecraft), the volumetric
capacity of the rigs is not improved, and the hosted samples are
comparatively small, e.g. BASS (1 L). On the contrary, the Saffire rig tunnel
has a much larger volumetric capacity. Given the longer microgravity times
and the large volumetric capacity of the oxidiser, larger samples can be burnt.

Similarly, the planned MWT can host mid-size specimens.

Another aspect to take into account is the productivity of each platform. Drop
towers offer a high yield of experiments for parametric studies. Parabolic
flights can also provide enhanced productivity. However, other platforms,
especially spacecraft, do not provide such flexibility. Future rigs such as
MWT, SoFIE and FLARE will offer much higher flexibility than previous
rigs used on spacecraft. Thus, selecting a microgravity platform depends on
the type of problem studied, the sample dimensions and the required
environmental conditions. For example, flame spread over an infinitely thick
slab, spontaneous ignition or smouldering through porous media should be
studied using spacecraft platforms.
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Figure 11 — Characteristic times and sample size in various experimental rigs

and microgravity research platforms. The data point size depicts the tunnel
rig volume of the experimental environment. The corresponding references
for the graph depicted in Figure 11 can be found in APPENDIX A.

2.3.3. Phenomena and solid fuels tested

This section discusses which flammability phenomena have been studied in
each microgravity research platform and which materials have been used. The
goal is to identify which flammability phenomena can be studied in each
platform. Following the definition provided in Chapter 1, the flammability
behaviour of solid materials on spacecraft is defined by ignition, flame
spread, near-limit and smouldering. For observation of those phenomena, it is
often essential to quantify the soot production, burning rate and heat release

rate.

Ignition can be divided into piloted and spontaneous. For the former, a small
flame or ignition wires can act as the pilot; the latter is the predominant
technique used in microgravity experiments. In the case of spontaneous
ignition, it can be due to conduction through solid-phase from overheated
wires (for wire jackets) or in a hot environment. Ignition due to intense

radiative heating is also considered spontaneous ignition. For flame spread,
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three main scenarios studied in solid combustion are flame spread in
quiescent conditions (no forced flow) and under forced flow — opposed or

concurrent.

Figure 12 depicts the number of publications per flammability phenomena
studied in microgravity. In some publications, more than one phenomenon
was reported on various platforms. Therefore, some duplicities and the total
number of publications per platform do not coincide with Figure 10. Across
all microgravity research platforms, the most studied flammability problem is
flame spread. In drop towers, most studies have been reported for flame
spread under quiescent or opposed forced flows. The characteristic time to
establish a steady flame in such conditions can be achieved by employing
thermally-thin fuels. It is difficult to attain a steady-state for concurrent flame
spread experiments in drop towers [16], unless an extremely thin fuel is used
or one with very low density. A similar trend is observed in parabolic flights
and satellites, where most flame spread studies focus on the opposed case or
quiescent conditions. Steady concurrent flame spread can be achieved on

spacecraft as longer microgravity times are provided.

Near-limit phenomena have mostly been studied in parabolic flights and
primarily for opposed forced flows. Studying near-limit requires longer
microgravity times and also a high yield of experiments. The flammability
limits or extinction limits, more than being physical parameters, map the

regions where flame spread cannot be sustained.

As seen in Figure 12, the extinction boundary limits of various materials have
been reported in several publications. These extinction limits can be a
function of the oxygen concentration, the forced flow, the pressure level, the
gravity level and other parameters. They are essential since the drawing of
both branches of the limits (quenching and blow off) can help to determine
the critical conditions at which flame is viable, where both curves collide, and
hence the flammability of the material associated with the environmental

conditions can be ranked [12].
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It is somewhat surprising that ignition has received less attention, given that
NASA's prevention strategy relies on reducing the likelihood of ignition [1].
Most ignition studies have taken place in drop towers and parabolic flights,
with only a very few on spacecraft platforms. This is due to the fact that
ignition studies often require a rather substantial experimental matrix. It is
also to be noted that spontaneous ignition has received little attention, and
smouldering has only been briefly studied on spacecraft. The characteristic
times for the latter are notoriously long (>1000 s) and can thus only be
achieved on spacecraft. Spontaneous ignition leading to smouldering has not

been reported.

Another phenomenon that has not received much attention is soot
measurements, an essential aspect of the radiative transport phenomena for
flame spread. Only very recently studies on soot formation over insulated
wires have been conducted [175-179]. Burning rates are very challenging to
measure using traditional gravimetric techniques in microgravity
environments. The only visual diagnostic can be used to measure the mass
loss of solid-materials. Thus, only a few studies have been reported on
burning rates. Lastly, heat release rates have not been studied parametrically,
and only a few studies have been reported. Parameters associated with gases
concentrations, combustion and burning of the solid material have been

reported in a few publications, as seen in Figure 12.
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Figure 12 — Flammability phenomena studied in each microgravity research
platform per number of publications. The studies selected to create this figure
are experimental work and experimental accompanied by numerical studies.
The corresponding references can be found in APPENDIX B, APPENDIX C,
APPENDIX D, and APPENDIX E.

As seen in Figure 13, a range of materials has been tested in microgravity for
solid combustion research so far. Among these materials, there are
thermoplastics (PE, PP, PS, PVC, Nylon, etc.), some thermosetting plastic
(polyester, PUR, silicone, neoprene and rubbers), organic polymers such as
cellulosic materials (wipes and paper) and cotton fabrics, flame-resistant
fabrics made of synthetic polymers (Nomex®, Kevlar® and Conex®), a few
composites and other polymers. Many of the materials depicted in Figure 13
are found in various applications on spacecraft. While testing them in
microgravity provides direct information on their flammability behaviour,
many materials have been investigated for fundamental studies. One example
is a candle tested aboard Mir and STS [3,7], or wax on Skylab [180]. For
fundamental studies, the most widely used solid fuels are cellulosic fuels and

thermoplastics (Polymethyl-methacrylate and polyethylenes).
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Cellulosic charring fuels are mostly used in drop towers, where steady
phenomena can be achieved (opposed flame spread) or where characteristic
ignition times are easily achieved. Using an extremely thin cellulosic fuel for
concurrent flame spread would allow for achieving steady conditions [180].
Alternatively, if one wants to evaluate the flame spread over an infinitely
thick fuel, then polyphenolic or a PUR foam slab would be ideal [181,182].
PMMA, as a thin and thick flat sample (Biot number definition in thermal
behaviour) and as rods and spheres, is by far the most tested fuel as it has
stable properties and does not char. As seen in Figure 13, researchers
preferably use PMMA to study the flame spread and near-limit across several
platforms, especially in parabolic flights and other platforms with longer

microgravity times (ideal for thermally-thick samples).

Notably, spheres of PMMA, and other thermoplastics (PE and PS) have been
used intrinsically to study the burning rate [183,184]. A few studies also
report that the burning rate and heat release rates have been measured or
empirically determined. Electrical wire insulation is another type of material
tested for ignition and flame spread, mainly in parabolic flights. The wire
jackets tested are polyethylene, thermoplastics compounds with ethylene and
other polymers. Only a few studies focusing on soot have only been reported
with PMMA and LDPE wire jackets as solid materials [175-177,185]. For
smouldering studies, foams (PUR) fuels have been selected, given their
porous properties [186].
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Figure 13 — Materials studied in previous solid combustion investigations in
microgravity per number of publications. On the left, the number of
publications per material is segregated further into the research platform

where the material type was tested. On the right, the segregation is done per
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the flammability phenomena studied. The corresponding references can be
found in APPENDIX B, APPENDIX C, APPENDIX D, and APPENDIX E.

As seen previously, the database of materials tested in microgravity is
somewhat extensive, and new materials have been recently added. However,
not all materials used on spacecraft have been tested yet in microgravity
[187]. Extending the database is in line with NASA's decadal review
recommendations [1], where it was encouraged to test more complex

materials (composites and new materials).

2.3.4. Diagnostic systems

Conducting experimental research often requires dedicated diagnostic
systems to measure the parameters of interest. Using a specific diagnostic
system or measuring tool depends on the objective of each fundamental
study. In microgravity combustion research, each research platform's
limitation can affect the choice of diagnostic procedures. The interest in
ignition, flame behaviour and smouldering relies on obtaining the gas-phase
and solid-phase temperatures and visual recordings of the phenomena.
Notably, for flame behaviour studies, it is crucial to quantify and characterise
the flame geometry, the velocity profile around the flame and the soot
distribution (for sooty flames). In the case of soot, sophisticated diagnostics
are employed to provide the soot distribution and morphology. For
measurements of the mass loss rate, as it is impossible to perform gravimetric
measurements in microgravity, other methods (visual) to track the regression

rate have to be used.

2.3.4.1.  Temperature measurements

For temperature measurements, the most straightforward technique is
using thermocouples. Gas-phase and solid-phase temperatures are needed
to estimate the heat balance and assess the flame's behaviour over the
solid fuel in different environmental and thermal conditions. The discrete
use of thermocouples is an easy way to obtain accurate gas-phase
temperature. These have been used in several experimental programs

across all research platforms, see APPENDIX C. Nonetheless, solid-phase

38



temperature measurements can be affected by the gas-phase because the
solid surface retracts [130]. Moreover, there is a lack of accuracy in
precisely determining the temperature gradient, which adds inaccuracies
to estimating the heat back from the flame at the fuel surface [188].
Consequently, other diagnostic systems to measure or qualitatively
analyse the temperature and temperature changes in the gas-phase and
solid-phase have been used. These methods are holographic
interferometry [28,137,189-192], rainbow Schlieren [98] and infrared
cameras (IR) [88,101,156,157,189,193-195]. For IR cameras, a
bandwidth from 3.8 to 4.28 um to filter the radiation from the gas-phase
is required to provide the solid-phase temperatures. These techniques
allow quantifying the characteristic solid-phase lengths (pre-heat length
and pyrolysis length) and the gas-phase lengths. Other diagnostic
techniques can provide accurate temperature fields within the diffusion
flame based on the soot characterisation and quantification, these methods

will be discussed later.

2.3.4.2.  Visual measurements

Characterising ignition occurrence, flame geometry (flame length,
standoff distance), and how it evolves to determine the flame spread rate
can also be obtained through the most common visual diagnostic, video
and photographic cameras and more sophisticated cameras. Compared to
the first photographic cameras used in the first microgravity experiment
70 years ago, the current cameras offer a substantially better
characterisation. The 16 mm motion camera used in the first microgravity
research in the Skylab could not detect the dim-blue flame characteristic
microgravity environments (diffusion-radiative regime), so that had to be
directly observed by the operators [15]. Research conducted during the
70s to 90s in drop towers and parabolic flights used colour cameras with
100 to 400 fps, considered high-speed at the time [14,17,97,196-200].
From the 90s onwards, the introduction of cameras with CCD (Charged
Couple Device) sensors has become dominant in the research conducted

nowadays across all microgravity research platforms (See APPENDIX B
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and APPENDIX C). This technology has enabled the video cameras to
obtain sharper images for each frame obtained to the detriment of the

more considerable amount of frames obtained.

2.3.4.3. Flow-field

The measurement of flow-field velocities in microgravity combustion
research can be challenging given each research platform's constraints. A
pulse-smoke wire technique was used during drop tower experiments
[18]. Other systems that have been used are Particle-Image Velocimetry
(PIV) [201,202] and Laser Doppler velocimetry (LDV) [156]. Both
systems have been used in only a few experiments owing to the
difficulties of seeding the flow. A less complex option is using a hot wire

anemometer.

2.3.4.4.  Soot quantification

The quantification of soot can be done by providing global properties
(characteristic residence time, luminous flame length, smoke point) of a
jet diffusion flame. Detailed spatial quantification of soot can be used to
extrapolate soot temperatures and temperature gradients within the flame.
Most of the diagnostics for soot studies, whether complex or modest, have
focused mostly on gaseous-jet diffusion flames, as will be discussed in
the following, as it can be very useful for diffusion flame problems

arising from condensed-matter, as well.

Sunderland, Urban and co-workers [203,204] employed simple video
cameras or CCD cameras to reveal the global properties of diffusion
flames in microgravity experiments. Fujita [205] used a conventional
video camera to qualitatively discuss the soot formation on microgravity
diffusion flames established over a paper sheet and butane gas jet
diffusion flame. However, other complex techniques are needed to

provide spatial quantification of soot formation.

Light extinction (or laser attenuation) is a widely used technique to
quantify aerosol particles by using the Beer-Lambert law [206]. The
principle behind the method relies on the scattering of light through
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saturated media; the beam light is absorbed, reflected and transmitted
through the body of particles (in this case, soot in diffusion flames). The
ratio of absorbed light to incident light defines the extinction factor (If
transmitting is the dominant phenomenon). This non-intrusive technique
can be used to determine soot volume fraction within the flame, and it
allows for evaluating soot formation. The volume fraction is a useful
property in sooty flames because it affects the amount of radiative heat
transfer [207]. The first techniques were based on point-by-point analysis
of the soot field (highly time-consuming), while an improved method
based on optical tomographic reconstruction was developed by Greenberg
and Ku [207] to describe a spatial (two-dimensions) soot volume fraction.
This full-field laser-light extinction technique was used to quantify the
soot volume fraction of axisymmetric laminar gas-jet diffusion flames
[208-211]. Recently, the technique was used to study the soot generated
during the transition from ignition to flaming over wire jackets in
microgravity [212,213].

These methods did not account for the luminosity changes under the
effect of forced flows, which can affect soot oxidation, and they were thus
not ideal for describing such a flame type [185]. Fuentes et al. [185] used
a two-dimensional extinction method based on Bouguer's law [214] for
estimating the extinction factor in a boundary-layer established diffusion
(non-axisymmetric) flame over a solid fuel. In their method, the light
beam emitter is a green LEDs. This scattered light passes through the
flame, and then it is received by a monochrome CCD camera with a filter
for soot bandwidth. To estimate soot concentration from their method is
not straightforward as flames are three-dimensional; corrections are
required [185]. Later, Legros et al. [215] corrected the diffusion flame's
three-dimensional effect by using chemiluminescence with a tri-CCD
camera and a line-of-sight light attenuation technique. In their work, they
tracked the soot and chemiluminescence with three cameras with the
corresponding bandwidth filters (one for soot and the other for

chemiluminescence). This method allows measurements from multiple
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directions (opposite to extinction measurements). Thus, corrected local
soot concentrations are obtained, and soot volume fractions can be
estimated. Fuentes used the same method to study the soot trajectory
[216]. With the appropriate filter, intensified UV cameras can also be
used to track the chemiluminescence and soot, as it was used in the past

for flames over solid fuels [120].

Fuentes et al. [217] used chemiluminescence measurement along with
laser-induced incandescence to provide the soot volume fractions. In the
laser-induced incandescence (LII) method, a laser sheet is emitted and
passes through the flame; this laser energy excites the soot particles
(intrusive). Then, an intensified charge couple device (ICCD) camera
with a filter collects the images. For chemiluminescence measurements,
another ICCD camera with its corresponding filter is needed. This method
has some complications associated with the laser affecting the soot
particle's radiative heat for soot temperature extrapolations [218]. Another
technique with non-intrusive laser levels is the Modulated
Absorption/Emission (S-MAE) technique, which can provide soot volume
fraction and soot temperature measurements [219]. Guibaud and co-
workers [218] extended the S-MAE technique with improved optics
settings (LEDs with broadband tools) to create the broadband
absorption/emission (B-MAE) technique, which requires less space than
S-MAE and can fit the spatial constraints of parabolic flights [218]. The
B-MAE technique implements Tomographic Three Colour Spectrometry,
where a tri-digital CCD camera collects the red, green and blue intensities
emitted by the soot (has three spectral bands to discriminate those
colours). Thus, spatial (2D) measurements of volume soot fraction and
soot temperature can be estimated with the corresponding numerical post-
processing tools, as they did on opposed flame spread over PE insulated

wires in microgravity [175,177-179].

Another simpler and more affordable technique is the Colour-ratio
pyrometry, which can track soot formation and temperature changes

within the flame. Ma et al. [220] used that technique on gaseous co-flow
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flames in the Microgravity Science Glovebox (MSG) on the ISS.
Similarly, the RGB pyrometry technique with affordable digital cameras
has been used to obtain the flame's spatial temperature measurements
[154,221]. Such a technique is less complex and can fit in very restrictive

platforms, though the accuracy of the measurements can be compromised.

2.3.4.5.  Soot morphology

Soot morphology provides qualitative information on soot formation,
which can be used to compare normal and microgravity environments.
For soot morphology (particle diameter) and soot distribution (size
distribution), thermophoretic soot sampling and transmission electron
microscopy are commonly used techniques. Soot samples are collected
and processed in transmission electron microscopy (TEM) or Scanning
Electron Microscope (SEM) and image analysis post-processing. This
technique has been used on gaseous diffusion flames in microgravity
[211,215,222] and on diffusion flames established on solid fuels
[205,212]. The laser-induced incandescence (LII) method can also be

used for soot morphology studies [218].

2.3.4.6.  Smouldering propagation velocities

For smouldering, techniques to measure in-depth reaction changes over
time are needed to track the smoulder propagation front and derive the
smoulder propagation rates. It is possible to monitor the propagation front
with a discrete thermocouple embedded in the sample. Another technique
used during smouldering tests aboard the Space Shuttle [223,224] was
ultrasound imaging. Permeability histories were obtained with an
ultrasound imaging system. This technology benefits from the change of
structure on open-cell foam undergoing smouldering. Both the unburnt
foam and the char layer left behind the smoulder propagation front have
different permeability, thus contrasting attenuation to ultrasound. For
smouldering instabilities over a thermally-thin fuel, a visual diagnostic
would suffice, such as the one used to study finger-like smouldering
[133].
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2.3.4.7.  Mass loss rate and HRR

During burning in microgravity, mass loss rate measurements are difficult
to accomplish with gravimetric techniques that are the norm in normal
gravity. Visual diagnostics can be used to track the condensed-phase
regression during experimental work in microgravity with easy
geometries. Droplet combustion of solid spheres benefits from the D?-law
to provide the condensed fuel's burning rates, as it was done in
microgravity tests [154,183,184]. A few studies have tried to provide the
mass loss with visual diagnostics in other studies with more complex
geometries, flat plates or wire jackets. Citerne and co-workers [225]
retrieved the burning wire jacket's mass burning rate with CCD camera
and a backlighting technique. Such a method requires the sample to be
thin and uniform throughout the process. If the instantaneous flame
spread rates are known, a simple mass balance can then be used to
estimate the mass burning rates [226]. By the same principle, average

burning rates can be estimated for the problem's total duration [180,227].

If the HRR's burning rates from solid droplet combustion experiments and
the material properties are known, then the HRR can be estimated [184].
For oxygen calorimeter analysis to be used, it is required to measure the
concentration of Oz, CO and CO; during burning. Two diagnostic systems
are installed aboard the International Space Station within the MSG
(Microgravity Science Glovebox), the Compound Specific Analyser-
Combustion Products (CSA-CP) and the Carbon Dioxide Monitor
(CDM). The first can monitor the O2 and CO concentrations, and the
second can track the CO2 concentrations. Thanks to these diagnostics,
combustions parameters can be estimated, such as oxygen depletion, gas
concentration changes, CO/CO:> ratio, heat release rate and the global

equivalence ratio [82,228].

2.34.8. Gases
A multispectral intensified UV video camera with a six-filter internal
wheel hosting bandwidths in the spectrum that corresponds to each

combustion gas, (CO,, CO, MMA vapour and H>O) was used by Olson et
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al. [158,229] during the DARTFire testing programme. There were also

other filters for soot and chemiluminescence. This ad-hoc technology

allowed to use only one camera to measure gases species distribution over

a sample during combustion in such a contained space (sounding rocket).

2.4. Flammability assessment

This section discusses the current standards, proposed standards, and other

methodology that aim to assess the flammability in microgravity scenarios. The

focus is solely on flammability behaviour, as discussed in earlier sections. First,

each standard or method is introduced and briefly discussed in lieu of the

flammability behaviour (ignition, flame spread, near-limit, smouldering, mass

loss rate and HRR). Although toxicity (species production) is also an important

aspect of flammability, it is not considered herein.

2.4.1. The current standards for flammability

The evaluation, testing, and selection of materials to avoid unsafe conditions

(flammability, emission of gases and fluid compatibility) are currently
established using the NASA-STD-6001B standard tests [230]. Three tests are
important to discuss herein, as they are related to the flammability of solid

materials for use in spacecraft habitable areas, see Table 4. The tests are

conducted on representative samples in the worst-case scenario and

environment where the samples are intended to be used. All tests are

conducted in normal gravity environments and have been standardised (see

the corresponding standard for each test in Table 4).

Table 4 — Required and supplemental tests for the flammability evaluation of

solid materials used in habitable flight compartments and other areas.

. Sample .
Test Requirement Title Standard Material or Sizg* Min.
no. test type fcm] Number
Upward ISO _Soli_d 30x6.4xe
1 | Required flame 14624- | Thin f_|Ims 30x75xe 5
propagation 1:2003 | Coating |[30x6.4xe
Part 1 Foam 30x6.4xe
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Electrical ISO Test A 30

wire 14624- Test B 30
insulation | 2:2003 .

flammability | Part 2 Wire bundle 43

Heat and Solid
- . : 10 x 10
2 Supple visible smoke ASTM Coating XD Xxe 18
mental E1354
release rates Foam

*7e” stands for the sample thickness.

In both Test 1 and Test 4, the purpose is to determine if a material will self-
extinguish when exposed to a standard ignition source and that it will not
cause ignition of nearby materials by falling debris. In Test 1, the vertically
oriented sample is ignited at the bottom edge with the aim to facilitate upward
flame spread. In Test 4, the sample is a wire jacket mounted at a 15-degree
angle from the vertical. Materials are intended to be subjected to the worst-
case scenario that represents the environment that the material would
encounter on spacecraft. The environmental conditions considered are the
oxygen concentration and the ambient pressure (high oxygen concentration
prevails) for both tests. Some contrasting differences are established for each
test. Test 1 is performed in quiescent conditions (no forced flow), and
different thicknesses are tested. Test 4 can be conducted in a quiescent
environment (Test A) or under the effect of a forced flow at 25% oxygen
concentration at ambient pressure (Test B), and the wire sample can be
overloaded. Additionally, another scenario contemplates the grouping of up
to six wires that can be subjected to the same procedures in Test A and Test
B. The acceptance criteria for both tests are defined by the burnt length (no
more than 15 cm of damage) and ignition of a secondary material (underlying
paper) by burning debris. This burnt length criterion was raised from
applying to three samples in the standard from 1998 to the five samples
required in the latest version (2011). Finally, the latest version of the standard
introduces the maximum oxygen concentration (MOC) definition, at which at
least five specimens pass the acceptance criteria. This concept is applied
when the maximum oxygen concentration at which the sample would

encounter is not known.
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Test 2 provides supplemental information and is not compulsory (current
standard). In the previous version of the standard (1998), Test 2 was required
when the sample did not pass Test 1. The standardised rig used is a cone
calorimeter in an enclosed chamber (where the oxygen concentration can be
regulated) with Oxygen Consumption Calorimetry and a mass loss. The
specimens are subjected to three various incident heat fluxes and air or an
oxygen-enriched environment (representative of anticipated conditions on
spacecraft). Test 2 provides the effective heat of combustion, the time to
ignition, heat release rate (HRR), smoke obscuration, extinction coefficient
and total heat released. There are no criteria in this test, but the flammability

information can be used in a risk assessment.

The inconsistent criteria of Test 1 and Test 4 have been subjected to criticism
because the test results do not provide an understanding of the fundamental
principles behind the relevant flammability phenomena [12,129,130,231-
233]. The sample's width can have significant effects on the upwards flame
spread due to lateral oxygen diffusion [234]. Also, the scenarios considered in
both tests might, in fact, be the worst case in normal gravity, but that is not
necessarily the case in microgravity, which means that the test outcome can
be misleading. In microgravity, other phenomena and conditions can
represent more critical scenarios, as seen in Chapter 2. For example, the
effect of enclosures or oxygen diffusion and the side cooling effect on the
sample width can further extend the flammability of materials. Experimental
work has shown that opposed flame could occur in a creeping fashion in
conditions where concurrent does not happen [103]. The behaviour of
flamelets and oscillatory flames can also extend the flammability region. Test
2 suffers a similar conceptual misunderstanding, and the mass loss rate and
HRR are measured in normal gravity conditions and might not represent

microgravity environments.

2.4.2. Improved NASA standard

As seen, Test 1 and Test 4 only provide pass-fail results that cannot be used
to establish quantitative comparisons in microgravity. To overcome the
drawback of Tests 1 and 4, NASA introduced two concepts that quantify the
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extinction limit for upwards flame spread (PD ISO/TS 16697:2012). They are
the Maximum Oxygen Concentration (MOC) and the Upwards Limiting
Oxygen Index (ULOI) [10]. Both indexes are based on cumulative probability
and are presented in Figure 14. MOC is defined as the level of oxygen
concentration where at least five samples pass the burning criteria and where
at least one sample did not pass in an environment containing 1% more
oxygen by volume. ULOI is the oxygen concentration at which half of the

tested samples fail the criteria for Test 1 or Test 4.
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Figure 14 — Definition of the parameters MOC and ULOI based on the
cumulative probability of failing burning criteria for Test 1. The data is from

microgravity tests by Olson and Ferkul [173].

These indexes have also been applied to other environmental (ambient
pressure and normoxic conditions) and experimental conditions
[187,235,236]. These new concepts are linked to the flammability limits, as
explained in Chapter 2.1.3, which can indeed provide a better flammability
assessment of materials. However, establishing quantitative comparisons
against microgravity results would require a large amount of data. If the
difference is found, it can define the safety factor to be applied to normal
gravity results [173]. A few studies have attempted to estimate both MOC
and ULOI under microgravity and partial gravity environments obtained in
drop towers [173,174,237]. However, steady flame spread under concurrent
forced flows (or upwards) is difficult to achieve in drop towers or even in
parabolic flights. Thus, obtaining quantitative data in microgravity proves
very challenging. Even in the hypothetic case that intensive labour testing is
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feasible, flammability's scaling laws would not be adequately addressed,
casting doubts on any safety factor concept. In addition, the upward (or
concurrent) flame spread is not necessarily the worst-case scenario a material

would encounter in space.

2.4.3. Limiting Oxygen Index (LOI)

Another proposed fuel selection methodology is extending the Limiting
Oxygen Index (LOI) [238,239] to microgravity scenarios, which is currently
under scrutiny to prove its applicability [12]. The LOI is the minimum
oxygen concentration for the self-sustained downward flame spread over a
solid material (a vertical sample is ignited on top). It is similar to the MOC
concept as it seeks to define the extinction limit but for opposed flame spread.
Fujita [12] argued that such a method presents advantages compared to Test 1
and test 4. The reproducibility in the LOI is higher because it relies on a
steady downwards flame spread. The difficulty that the LOI method presents
is finding the difference between the oxygen-limiting value from normal to
microgravity environments (A0,) is far from trivial because it requires
experimental results in both normal gravity and microgravity. Furthermore, as
discussed in Chapter 2.1.3, for most materials tested, there are two extinction
branches for high forced flow (blow-off branch) and for very-low forced
flows (quenching branch). The kinetic branch can be achieved under normal-
gravity scenarios. However, low forced flow is required for the radiative

branch and can only be found in microgravity.

There is a minimum oxygen concentration or limiting oxygen concentration
in normal gravity for a range of forced flows and oxygen concentrations
(LOC). Beyond this LOC point, there is no sustained flame spread. In
microgravity, flows slower than the induced buoyant can exist, and the
extension of the flammability would translate into a lower concentration; this
is called the minimum limiting oxygen concentration (MLOC). Both concepts
are depicted in Figure 15. This minimum oxygen concentration in
microgravity corresponds to a critical forced flow velocity, and flame spread

will still be possible under these critical conditions. The critical velocity
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concept has been further investigated by Bhattacharjee et al. [80,193].
Experimental and theoretical work led by Kashiwagi, Maruta and co-workers
[27,28,195,240-244] has been able to identify the discrepancy (AO,),
between LOC and MLOC, for various polymeric materials (polymeric and
fabrics). Their theoretical approach aims to find the MLOC without being
required to perform microgravity experiments. Thus far, not all the materials
tested have been shown to fall into the LOI method, which indicates that such
a method cannot be applied universally.

Flammable

1 A0,

MLOC,,

Oxygen Concentration

Microgravity i gravity

~35cm/s
Forced Flow Velocity

Figure 15 — Flammability map based on the oxygen concentration versus
forced flow. The concepts of LOC and MLOC are depicted, and they

correspond to the normal and microgravity regions, respectively.

The new flammability assessment methodology based on the opposed flame
spread, the LOI-MLOC method, has prompted promising results.
Nonetheless, a few experimental and numerical studies with a cellulosic
thermally-thin fuel have shown that the flammability boundary is extended
under concurrent forced flows [17,18,64,95,101]. That is, the MLOC for
concurrent forced corresponds to an even lower oxygen concentration
compared to opposed forced flows. As discussed in Chapter 2.1.2, the leading
mechanisms for concurrent flames occur along the flame length. The near-
limit is defined by the extinction at the trailing edge of the flame length.
Predicting concurrent flame lengths and, consequently, flame spread rates and
extinction limits are still not possible. Also, the method does not consider the
three-dimensional (sample width) effects. The sample width affects the heat
transfer mechanism and the extinction boundaries [60,101,114,245].

Likewise, other tangential aspects have also been shown to alter the
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extinction limits, see Chapter 2.2. Thus, the proposed LOI-MLOC method
might not represent the worst-case scenario for the flammability assessment

of materials.

2.4.4. Other methods
Other alternative standardised and non-standardised methods have been
proposed to aid in the flammability assessment. Most of these methods have
not been extensively validated with microgravity data and require more
information to be implemented.
2.4.4.1.  Modified Test 1
Ohlemiller and Villa [11] carried out a quantitative comparison of the
upward Test 1 and the Cone Calorimeter (Test 2) to establish a trend.
They suggested a modified version of Test 1 where the sample is exposed
to an incident heat flux. A critical heat flux that enables flame to spread
upwards could then be estimated. If evaluated under worst-case scenario
environmental conditions, such a property could provide supplemental
information for material classification. The procedure is affected by
buoyancy and thus requires experimental work in microgravity to

establish comparisons.

24.4.2. LIFT

The standardised LIFT (Lateral Ignition Flammability Test) apparatus
(ASTM-E-1321) is used in normal gravity, where the sample is exposed
to an incident heat flux. Empirical properties based on the fundamental
properties can be extrapolated; these properties provide information on
ignition and flame spread behaviour [246]. For ignition, the critical heat
flux and the ignition temperature are the inherent properties of the
materials. The flame spread rate is estimated based on the external
incident heat flux, and conditions for flame extinction (minimum critical
heat flux and surface temperature) can therefore also be determined
empirically. This method was proposed for ranking spacecraft materials
based on their properties [246,247]. The LIFT procedure is carried out for

opposed flame spread; thus, buoyancy dominates heat and mass transport.
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24.43. FIST

Based on the LIFT apparatus's principles, a new rig was developed to
improve the similarity with the ambient conditions in spacecraft (forced
flow, oxygen concentration and ambient pressure). The Forced-Flow
Ignition and Flame Spread Test (FIST) apparatus was developed by
Cordova et al. [248]. The FIST allows the study of ignition and flame
spread as a function of an incident heat flux and characteristic spacecraft
conditions. Fundamental properties of materials can be then derived as a
function of those parameters. In addition, the apparatus enables the
assessment of the ignitability and flammability of solid fuels based on
results for flame spread and ignition delay times through the use of a
theoretical model [249].

Experimental studies and simplified models on the FIST apparatus have
explored parameters coupled with the production of gas or the pyrolysate
mass flux at the onset of piloted ignition. For example, it was found that a
minimum fuel gasification rate is required for piloted ignition delay [250].
The critical pyrolysate rate at piloted ignition and the critical heat flux
were found to be linearly dependent on the forced flow, including low
forced flows encountered on spacecraft [31,251]. The critical pyrolysate
rate was also evaluated at the flashpoint and fire point (solid material
properties) [252]. Piloted ignition has also been assessed under the
characteristic space exploration atmospheres (oxygen concentration,
pressure and normoxic) [105-107,110], and flame spread studies have
even been conducted in parabolic flights [65,253,254].

The critical parameters (ignition and flame spread) of materials might be
directly estimated based on the material's properties and environmental
conditions, which can translate to microgravity environments. These
critical parameters rely on the properties of fuel and environmental
conditions rather than just on empirical estimates [31]. Based on these
estimated critical properties, it was proposed that the FIST methodology
could be used to grade the flammability behaviour of materials for

spacecraft applications [249].
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This methodology has not been implemented because further validation,
specifically for flame spread, is needed, and this requires longer
microgravity times not offered by ground-based platforms. The
advantages of the FIST apparatus over previous methods are significant
because it offers high accuracy control of the thermal and fluid thermal
boundary conditions under various environmental conditions in a
systematic fashion. The proposed SoFIE and MWT rigs intended for the
ISS have the same principles as the FIST, which means that validation of

old data can be expected in the foreseeable future.

2.4.4.4. Dimensionless scaling
2.44.4.1. Opposed flame spread
Torero presented an approach for opposed flame spread based on a
simple heat transfer model where the key parameters were non-
dimensionalised [129,130]. The dimensionless opposed flame spread

rate was defined as:
I7/‘,0 = Vf,o/V* = l_o (C_I;’)Z = ¢, (Equation 1)

As seen, the opposed flame spread, V, is non-dimensionalised by the
characteristic velocity V*= x./t.. The characteristic length (x.=
A/hy) is the ratio of thermal conductivity to total heat transfer
coefficient and the characteristic time t. is established by the ratio
kpc/hy. The dimensionless opposed flame spread rate ¥, is
established as a function of the dimensionless characteristic pre-heat
length (I,) and the dimensionless neat heat flux at the solid surface,
gY. The pre-heat length is non-dimensionalised by a characteristic
length (x.), and the neat hut flux by a characteristic heat flux ¢/ =
hr(Tig — Tw)/a. The neat heat flux encompasses the heat flux from
the flame, the external incident heat flux, and the heat losses. Since it
is opposed flame spread, the heat exchange occurs via conduction
from the gas-phase to the solid-phase at the leading edge. The global
parameter, ¢,, includes the dimensionless pre-heat length and the neat

heat flux. The characteristic length can vary and depend on

53



environmental conditions and material properties. Thus, ¢, can be
challenging to evaluate unless the sample is brought to thermal

equilibrium by imposing an incident flux.

Torero demonstrated that two dimensionless parameters control flame
spread for a wide range of fuels in the opposed flame spread (LIFT)
protocol, namely [, and ¢,. The global parameter was found to be
constant in normal gravity conditions. However, in microgravity, due
to the reduction of convective motion and increase in radiation losses,
the parameter ¢, is different. Also, away from steady conditions,
particularly at low forced flows, ¢, will vary as the forced flow is
further reduced with increasing heat losses through the pre-heat
length, and extinction will therefore occur (due to radiation losses).
This approach is simplistic in the treatment of flame spread, yet it can
provide a ranking system based on the global parameter. The
inconvenience is determining those parameters empirically in
microgravity and whether the parameter can be scaled as a gravity
level function. Another drawback of the method is its omission of

kinetics.

2.44.4.2. Concurrent flame spread
Torero similarly presented the concurrent flame spread [129,130],
where the dimensionless concurrent flame spread rate is:

Ve=V/V* =1.(4s)? = ¢ (Equation 2)

The main difference with the opposed case is that the heat transfer
occurs along the flame length, and this serves to define the
characteristic length scale as I,.= (lf — xp)/x.. Thus, the neat heat
flux includes convective heat, surface re-radiation and radiation from
the flame. Under certain forced flow situations in normal gravity,
Torero assumes that the convective heat flux is the only component to
consider as it dominates the heat transfer. Torero showed that the
convective heat flux to the surface could be obtained as a function of
the mass transfer number based on fast Kkinetics. Then, the
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characteristic length scale can be assumed to be a function of a
constant and the pyrolysis length, I, = Cx,. The constant, C, is a
function of the mass transfer number. Based on normal-gravity
experimental data, Torero found the above relation to be valid for
laminar flows ranging from 70 to 140 cm/s as the ratio of
characteristic length to pyrolysis length (I7/x,) remains constant. On
the contrary, for microgravity environments, the assumptions made
for normal gravity are no longer valid because the microgravity data
shows a linear ratio of Iz /x, from low flows up to approximately 40
cm/s. The characterisation of concurrent flames in microgravity is
more complex, and Torero proposed another analysis approach, which

will be briefly introduced in the following.

2.4.45. Modified Mass Transfer and critical Damkdhler number

Torero et al. [48,232,233] used a second analysis based on Emmons’
work [232] to describe the mechanism in the concurrent flame further
spread ahead of the flame leading edge (entire flame length). Emmons
used a bi-dimensional reactive boundary layer flame established over a
flat plate for his theory. The mass transfer number can describe the flame,
and the only convective heat transfer is assumed through the mass transfer
number. In microgravity environments, radiation through the solid-phase
and gas-phase becomes important, see Chapter 2.1.2. Hence, Torero et al.
[48] incorporated a corrective parameter, x, to account for the radiative
heat losses from the flame to the environment (function of the flame’s

emissivity). The modified mass transfer number is defined as
Br = [(1 - Y)(AH.Y,, ) — cp(T, — To)]/(AH, + Q) (Equation 3)

In the heat loss term, Q, surface re-radiation, conduction and radiative
heat from the flame are incorporated. In-depth conduction and radiation
absorption can be incorporated if the material is infinitely thermally thick.
The radiative corrective parameter, x, can be derived empirically by

matching the stand-off distance as demonstrated by Torero et al. [48] and
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Rangwala [233] microgravity data. Using the By to predict flame length
over solid materials yielded overly conservative results as Emmons’
theory is based on infinitely fast chemistry. Thus, flame spread under
concurrent forced flows cannot be predicted well.

The mass transfer number cannot predict extinction due to the
assumptions made. Thus, Torero et al. used the Damkashler number (flow
time to chemical time ratio) to explain the flame's extinction mechanism.

They defined the Damkdohler number:

-E/RTj
Da =1 =227 (Equation 4)

2
Tch Vg/ag

Based on data from experiments carried out in microgravity, Torero et al.
[255] showed that Da along the flame length is reversely influenced by
the forced. That is, close to the trailing edge, Da increases with
decreasing forced flow, while the opposite was observed at the leading
edge. Thus, a critical Da for the trailing edge can be defined

(experimentally) and it can help to determine the flame length.

The critical Damkohler number and the modified mass transfer number
can be used to assess the flammability of fuels in concurrent flows
quantitatively. The mass transfer number can also serve to predict the
burning rate [233]. The modified transfer number is the main material
property that depends on forced flow, oxygen concentration, and distance
to the leading edge. Deriving its value is impractical as it requires
quantitative experiments in microgravity. Instead, Torero et al. [232]
suggested using other versions of the mass transfer number: the adiabatic
mass transfer number, leading-edge mass transfer number and the critical
mass transfer number. The last two, as well as the critical Da, can be
derived based upwards flame spread experiments. More quantitative
experimental data is needed to further validate this approach that can
confirm the normal-gravity results could be translated to microgravity
scenarios. The applicability of this approach is restricted to situations that

follow the boundary-layer theory, and where the assumptions made hold.
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Torero's approach attempts to describe the flame properties and extinction
conditions in concurrent flows for a range of scenarios in microgravity
environments. Nonetheless, further validation is required, preferably
employing other fuel types and breaking up the transitional regime from
40 to 70 cm/s. Therefore, experiments of this nature would be of great
value in combination with the detailed numerical solutions that are
needed for a proper evaluation of the critical Da and the modified mass

transfer number.

2.4.4.6.  Pressure modelling

The idea of pressure modelling emerged from the need to provide a
powerful predicting method that is able to forecast full-scale fire
behaviour based on small-scale laboratory experiments. Various
researchers have used the technique in the past [256-258] and
demonstrated that for different fires scenarios on small-scale, the product
of pressure-squared times length-cubed (p213) remains constant for a
range of pressures. A large-scale fire can therefore be modelled by that
relation. De Ris demonstrated that the method could model steady-state
burning, solid-phase and mass transfer, flame spread and other transient
phenomena [258]. The Froude number, Fr = (Ap/p)(gl/V?), and the
Reynolds number, Re = pV1/u, must be preserved to model the dynamic
mechanics of a fire. Thus, the Grashof number, Gr =
(Ap/p)(gl3p?/u?) = Fr Re? is the controlling non-dimensional
parameter for buoyant related problems [258]. The method assumes that
dynamic viscosity and flame temperature changes (Ap/p) are

independent of pressure.

This method allows to modelling flame spread and other phenomena in
reduced gravity since p?~p? and thus gp? should be preserved in the Gr
number. Kleinhenz and co-workers [127] found that upwards flame
spread over a thin fuel in partial gravity (Lunar and Martian) can be
reproduced in normal-gravity with the gp'® correlation. Thomsen et al.

[259,260] found that concurrent flames over solid fuels in a 30 kPa and
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under 20 cm/s forced flow resembled those reported in microgravity
experiments [79]. They found a scaling relation for the flame spread rates,
from normal gravity to microgravity, as a function of a mixed convective
flow, which only assumes convective heat transfer. Thomsen et al. [261]
then used the same approach for opposed flame spread over a cylindrical
fuel, but the scaling relation did not yield sound qualitative results.
Pressure modelling was also found to correlate well with the flame spread
over wires in microgravity, though only away from the radiation regime
[262]. Another potential application of pressure modelling is
smouldering, which has been explored experimentally and numerically
[263,264]. However, there is no microgravity experimental data to

validate the approach to smouldering.

As kinetics and radiation are disregarded, this scaling technique is
predominantly applicable to flammability phenomena where convection is
dominant. Thus, the method might not be suitable for flammability
extinction regions, where kinetics and radiation are relevant or where
radiation is dominant (low forced flows). Also, it is not ascertained how a
sufficiently low pressure for mimicking microgravity affects the
chemistry of flames and at which point the method’s assumptions no

longer hold.

2.4.4.7.  Rayleigh analogy

This methodology is based on the sub-critical Rayleigh number analogy,
Ra = gBATI3/av = Gr Pr, where convection driven by buoyancy can
be suppressed for values lower than a critical number [249]. For example,
buoyancy-forced flows can be eliminated in narrow channels. Several
experimental studies have taken place to establish comparisons between
the Narrow Channel Apparatus (NCA) and microgravity for a range of
phenomena such as flame spread and near-limit under opposed and
concurrent forced flows for rods thermally-thin samples and thermally-
thick fuels [84,145,265-267]. The NCA results agree qualitatively with
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the microgravity flammability phenomena but with quantitative

discrepancies.

Another flammability emergent phenomenon also seemed explored in the
NCA is flamelets observed in flaming combustion in microgravity
[96,140]. The NCA matches the microgravity data qualitatively via gas-
phase (oxygen transport, diffusivity and thermal expansion) [96]. Though,
in another study in NCA [268], the flamelet spread behaviour was
explained best by an effective Lewis number (thermal diffusivity to mass
diffusivity) where the heat losses to the NCA walls were incorporated via
the thermal diffusivity (gas-phase). A similar phenomenon, fingering
instabilities in flaming combustion and smouldering, has been explored in
NCA. However, it is not clear which mechanisms in microgravity are
effectively reproduced in the NCA. Olson and co-workers claim that
smouldering instabilities in microgravity are dominated via the gas-phase
convection-diffusion (oxygen transport and losses) [133], whereas NCA
studies have shown that a modified effective Lewis number (diffusive-
thermal mechanism) explains the instabilities behaviour [138,269-271].
Others have attempted to correlate the spontaneous ignition in NCA at

low pressure with microgravity results [272].

The channel gap affects the heat transfer of the flame and flamelet [273],
affecting fingering instabilities (heat losses to the wall). Also, the
incoming flow field does affect the heat losses and kinetics [274]. For
flame spread, it is not clear how accurate the NCA can reproduce the
radiative heat losses. As seen, this method requires further refinement.

2.4.4.8.  Stagnant-point diffusion flame

A stagnation-point diffusion flame is a one-dimensional type of flame. It
has been used to study various aspects of solid combustion due to easier
analytical and numerical solutions. The radiative and blow-off extinction
limits can be characterised by stretched flames [23,100]. These flames are
quantified by the stretch rate, which is the velocity gradient near the
stagnation-point diffusion flame.
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In  buoyant conditions, the stretch flame rate is a, =

((Tr = Te)g/T, fr)l/ 2 where 7 represents the sample’s radius (spherical
or cylindrical). Under purely forced flows, the stretch rate for a
cylinder ar = (3/2)(V;/r). A mixed stretch rate is thus a, =
(a2 + aﬁ)l/ 2. Equivalent gravity levels (partial gravity and microgravity)
can be attained from the buoyant stretch rate. T’ien [275] suggested that

the fundamental limit or the MLOC (LOI method) could be attained with
stretch flames and translated to microgravity.

Low stretch environments can also occur in spacecraft when forced flows
pass over flammable solid fuels [247]. Also, two-dimensional diffusion
flames can be translated into stretch rates [276]. As a function of the
oxidiser level and stretch rates, the blow-off extinction boundaries found
in microgravity experiments with concurrent flame spread over cylinders
were found to collapse with normal gravity data [82,277]. The normal
gravity data collapsed if it was shifted to account for buoyancy.
Extending the blow-off limit to the vertical axis provides a minimum
oxygen limit. This limit could serve as an overly conservative
flammability criterion. Similar scaling behaviour with experiments in
low-pressure environments was reported by Marcum et al. [278]. They
proposed that the blow-off limit as a function of ambient pressure should
be used as the threshold flammability criterion for normoxic

environments.

A normal gravity low-stretch diffusion flame can also be attained if
cylindrical samples of different large radii are imposed to forced flow
from below, as reported in [279-281]. These studies investigated the
extinction limits, flame structure, and regression rates as a function of the
stretch rates. An incident flux is added from below to study piloted

ignition and regression rates [281-283]. Another phenomenon observed
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in this arrangement is flamelets near the quenching regime [281]. Most of

the phenomena observed still require validation with microgravity results.

2.4.4.9. BRE, the Burning Rate Emulator.

The Burning Rate Emulator, BRE, apparatus is a gaseous fuel burner
(sintered metal) that can emulate the burning of condensed matter (solids
and liquids). The principle rests on matching four fundamental properties
of condensed fuel, namely the heat of combustion, heat of gasification,
vaporisation temperature and smoke point [284]. Ignition and extinction
mechanisms have been explored in the BRE apparatus [285]. Recent
interest has focused on applying the same technique in microgravity
environments [284,286], with the potential to find a direct translation of
the burning behaviour in normal gravity. If confirmed, the BRE technique
could be used as an affordable method reinforcing NASA Test 2.
However, BRE microgravity experiments in drop towers and on ISS have
shown that the steady-state is difficult to achieve because the stagnant
flames are dominated by radiative extinction and instabilities
[284,286,287].

2.5. Overview

There are many relevant aspects behind the study of solid materials' combustion
in microgravity and fire safety on Spacecraft. The fundamental aspects of
microgravity are, in essence, the same as those in normal gravity; however, the
complication arises since the controlling mechanisms for many phenomena in
microgravity remain unknown. Thus, it is still not possible to predict all
phenomena behind solid combustion in microgravity. Quantitative microgravity
data, very necessary, can be obtained through experimental work (aided by
numerical and theoretical studies) and available technology. In the following, the

main findings for every chapter, and corresponding subchapters, are summarised:

e Fundamental aspects (ignition): microgravity affects ignition via convective
heat transfer and increases mixing time.
e Fundamental aspects (flame spread): The leading edge dominates the

opposition flame spread. At very low forced flow, heat losses and reduced
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oxygen transport become dominant, leading to the extinction of the opposed
flame. The flame length and the flame characteristics dominate the
concurrent flame spread. The definition of flame length is dependent on soot
oxidation.

Fundamental aspects (near-limit): In opposed flames, two extinction
boundaries are defined on the leading mechanisms are kinetics and radiative
losses. Kinetic regime can be defined by the Damkohler (flow time vs
chemical time) number, whereas an arbitrary radiative number defines the
radiative regime. Both limits form a “U” shape, depending on environmental
and other parameters, and can lead to identifying a critical point
(fundamental limit). Near-limit in a concurrent flame is more complex due to
radiative and convective heat transfer (flame length interaction). The
flammability limits are extended for the concurrent case.

Fundamental aspects (smouldering):

Heat transfer and kinetics might affect external parameters (pressure) and
ignition. Flame is affected via heat transfer (flame optical thickness), and
possibly kinetics at very low pressure. Extinction limits also show the “U”
boundary when ambient pressure is one of the parameters for opposed flame
spread. However, the limit is linear for the concurrent flame case.

External parameters (Normoxic): The oxygen effect might be greater than
ambient pressure. However, the results are not conclusive.

External parameters (sample size): Combined effect of side oxygen diffusion
and side convective heat losses. Either mechanism can be dominant
depending on other external variables. Thus, flammability can be extended
for narrower samples.

External parameters (confined spaces): the flammability can be extended due
to thermal expansion (gas-phase), flow channelling effect and radiative heat
transfer.

External parameters (gravity level): the induced buoyant flow has similar
effects as forced flows. The fundamental limit for opposed flame might
occur between 0.1g and 0.4g, whereas for concurrent, the worst-case

scenario is in normal gravity (length scale increases with increasing gravity).

62



e Instabilities: the flame instabilities occur near extinction and are dominated
by oxygen diffusion and convective flows. The instabilities can extend the
flammability limit. For smouldering instabilities, the dominant mechanism is
mass diffusivity/thermal diffusivity.

e Boundary layer: The entrance length can affect the effective flow seen by the
flame leading edge and thus can contribute to an increase in flammability.

e Discrete position of samples:

e Surface features: Surface features Grooves could enhance flammability.

Concerning the technical aspects, a range of research platforms offers different
levels of gravity, time lengths, sample lengths and volumetric capacity, test
productivity (number of tests that can be performed per day), and capabilities.
Also, the diagnostic systems, whether complex or simple, are essential to
quantify and characterise the diverse phenomena emerging in microgravity
conditions. Thus, for any investigation, the choice of research platform and

technology heavily depends on the phenomena to be studied.

Concerning fuel selection for spacecraft applications, there is a range of methods
aiming to assess the flammability of materials for spacecraft microgravity
environments. The focus of each method varies according to the flammability
phenomenon to be assessed or properties to be quantified, as seen in Table 5.
Some methods are based on threshold criteria or provide estimations of the
phenomena. On the other hand, methods such as Test 2 or the BRE aim is to
provide fundamental properties. In the latter, these properties can help classify
materials that can be evaluated based on risk analysis. While earlier methods are
intrinsically empirically-based (such as ULOI), recently proposed methods look
at the fundamental phenomena from simplified theoretical analyses and have
established scaling laws between normal and microgravity. For the latter, the
LOI-MLOC is based on a simplified model but accounts for the dominant near-
limit phenomena (radiation and Kinetics) or the piloted ignition behaviour
evaluated in the FIST apparatus. Another method is the modified mass transfer
number and the critical Damkdhler number, which can be used to estimate the

limiting flame length and the concurrent flame spread. Most of the methods
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proposed are still in their infancy or require quantitative data to be validated.
Yet, it is a significant improvement compared to the pass/fail criterion
established early by NASA in Test 1 and Test 4.

Table 5 — Existing and proposed methods for flammability assessment of
materials in microgravity. The “X” marks which phenomena or parameters

these methods aim to or can assess.

3 3
Flame spread | Near-limit = £
o 9 @ o
S| 8| = o
[ - wn — o
Standard or Assessment :g S| =] o g >
method S|l 5 | E| | E|B|R®|E|T|=
= D it D L a5 o
[%2] ) n — = <3} = ©
8| 3|8|3|” e " £
5| 5|85 5 5
© O O o o
Test1 & 4 X
Test 2 X X[ X | X
MOC & ULOI X
LOI-MLOC X
Modified Test 1 X X
LIFT X X X
FIST X| X X
Dimensionless scaling X X
B; & Da X X X
Pressure modelling X X X
Rayleigh analogy
(NCA) X X X X X X
Stagnant-point -
diffusion flame A A A
BRE | | X X
Not validated to microgravity or no scaling law to
Colour leaend microgravity.
g Partly validated, reasonable scaling laws (few materials
or experimental conditions).

*The stagnant-point diffusion flame is a 1D problem and it does not classify as opposed or

concurrent.

The advantages and limitation of each flammability assessment method are
listed in Table 6. As seen, the advantages of each method make them very
attractive, especially if the method is feasible to apply in normal gravity
conditions. Material selection for so long has trumped the fundamental
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understanding. Standard methods should be feasible and easy to apply since
there is a need to provide cost-saving methods, but it should not jeopardise
spacecraft fire safety. It has been the case for material selection where
pass/criteria are uncomplicated. However, the main preoccupation is which level
of hazard can we tolerate. Most of the proposed methods have a range of
applicability depending on the material type and environmental conditions,
which should be accounted for and defined clearly. As no method can be applied
universally, it might be more robust to set several flammability assessment

methods in place.

Table 6 — Summary table on the limitations and advantages for each
flammability assessment method. Blue (left columns) are the advantages, and

red columns (right) represent the disadvantages.

Test 1&4

Test 2

MOC & ULOI

LOI-MLOC

Modified Test 1 & LIFT

FIST
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B‘&Da

Pressure modellin

Stagnant-point diffusion flame

BRE

The NASA standard enforced the idea of testing any sample under the worst-
case scenario that the material encounters on spacecraft. The definition of a
worst-case scenario seems to be circumstantial and subjective to human
decisions. As seen in the previous chapters, concurrent flame spread (or
equivalently upwards flame spread) might not be the worst scenario depending
on the environmental conditions. Flame or smouldering instabilities have
occurred at unexpected low oxygen concentrations and forced flow, extending
the extinction boundaries. Therefore, it is of interest to establish if these

phenomena should be considered the most-critical scenarios on spacecraft or if
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worst-case considerations also should include the probability of occurrence. For
example, most of the fire incidents reported on spacecraft were due to
overheating of wires (spontaneous ignition), which could be used to argue that
they are most important to study. In addition, there are still microgravity
flammability phenomena on solid materials not well understood (smouldering or
spontaneous ignition). New environmental scenarios (normoxic, partial gravity)
and other constraints arise on the horizon (extended missions far beyond Earth).

These need to be addressed by the flammability assessment methods.
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3. Review on Polydimethylsiloxanes

This chapter is centred around the flammability and burning behaviour of silicone-
based materials in general and the behaviour of PDMS in particular, as this is a
silicone-based product. The discussion starts with the general combustion behaviour
of silicone, how they pyrolyze, their chemistry, and some reported properties found
in the literature for silicones. As for PDMS, being a manufactured material for very
specific applications, properties are scarce in the literature. It is of great importance
to know beforehand how silicone behaves. Such a goal can help in understanding the
reasons behind the results obtained on-board the spacecraft Cygnus (Saffire Il tests).

3.1. The thermal degradation behaviour

Silicones are inert, synthetic compounds found across a range of products such as
oils, grease and resins [288], and as other silicone-based products such as flame-
retardant materials [289]. Silicones are widely used in a range of industries
ranging from food, construction engineering, electrical, transportation, textiles,
aerospace and cosmetic industries due to their unique properties [290-293]. Due
to the thermal properties, mainly thermal stability, resistance to the spread of
fires, and low burning rates, low heat release rate, silicones are also used as flame
retardants [294]. Their fire retardancy is mainly attributed to the formation of
silica ash, SiOz, during thermal decomposition and diffusion flaming combustion
[291,295]. The ash deposits on the unburnt fuel decrease the heat flux from the
flame to the condensed or liquid silicone. The amount of silica ash formation and
ash deposition will depend highly on the specific silicone, oxygen level in the

environment and other factors [292,296].

However, silicones are far from being considered the perfect non-flammable
material as they can also burn and combust. A silicone vent cap was ignited and
burnt by flamelets during the Swissair Flight 111 in 1998. As a consequence, a
greater airflow was allowed into the narrow channel leading to a systematic
failure of the cockpit commands, and the plane crashed into the Atlantic ocean,

Killing 229 passengers [297]. Also, it is difficult to evaluate the utility of these
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materials based on existing fire tests since the flammability properties of any
particular polymer, in this case, the silicones, are not only inherent to the polymer
itself. Instead, their flammability behaviour is dependent on the test method used
[289]. In addition, as discussed in Chapter 2, environmental conditions can also
affect the flammability and burning behaviour of solid materials. Thus, it is
important to understand how silicones react to thermal exposure and how they
burn, which requires an overview of the thermal decomposition and burning

behaviour.

The most dominant polymer in the silicone industry is polydimethylsiloxane, or
PDMS, an inorganic polymer formed with a backbone structure of repeating
siloxanes [291,298]. The basic chemical equation for polydimethylsiloxane is
(CH3)3SiO[(CHS3)2Si0]xSi(CH3)3, which is a distribution of trimethylsiloxy end-
blocked species. In the previous chemical formula, ‘x’ represents the average
degree of polymerisation. Thus, it can form different types of structures (liner,
cyclic and others). The commercially available PDMS are often designated by
their viscosity in centistokes [291]. PDMS have properties of special interest,
such as thermal stability, low-temperature performance, minimal temperature
effect, high permeability of gases, and hydrophobic and physiological inertness
[299].

Depending on the chain length (or molecular weight), silicones can range from
liquids (0.65 to 20 c¢S) to rubber or membranes (from 20 to 60 000 cS). Silicone
membranes such as PDMS have long chains with higher molecular weights
[291]. There are many studies on thermal decomposition in non-oxidative and
oxidative environments, mainly for curation processes [300]. However, there is
scarce and reliable information on high molecular weight silicones such as the

one specific PDMS membrane in this current investigation [301].

The thermal degradation studies of silicones, though mainly focused on the
curation processes, can be helpful to understand the pyrolysis phenomenon of
PDMS. The products forming during the thermal degradation of PDMS are
determined by the heating conditions and the nature of the gaseous environment

[302]. During thermal decomposition in non-oxidative environments, the
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depolymerisation products of high viscosity polymers (PDMS) are mainly cyclic
dimethylsiloxanes and minor lineal siloxanes, namely trimer (D3) and upwards
(Hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane,
dodecamethylcyclohexasiloxane, decamethylcyclopentasiloxane) [291,301,303—
305]. In oxidative environments, the thermal degradation of a specific PDMS
(end blocked with trimethylsiloxy-groups (CHs)sSI- containing vinyl-methyl-
siloxane unit) resulted in two stages at heating rates of 1 °C/min & 50 °C/min
[306]. In both, it was found that the major degradation products are a similar
mixture of oligomers as those produced in non-oxidative environments, along
with CO2 and H>O. These oligomers, once they leave the PDMS, can also
oxidase, especially, at under high heating rates (>100 °C /min), and silica ash is
formed due to oxidation [306]. The onset of oxidation for PDMS in oxidative
environments is found to be approximately 240 °C. Thus, during pyrolysis of
polydimethylsiloxanes, the volatilisation of molecules results from the thermally
induced degradation via siloxane rearrangement [307].

3.2. The burning behaviour of silicones

Lipowitz studied the diffusion flaming behaviour of fluid polydimethylsiloxanes
ranging from low viscosity to high viscosity (or short chain to long-chain) in pool
fires [295,308]. The model proposed by Lipowitz for pool burning of high
molecular weight PDMS is shown in Figure 16. Such a model, though meant for
liquid polydimethylsiloxane, can also be applicable to the PDMS membranes.
The PDMS pool decomposes into cyclic oligomers, as previously discussed, and
these polymers form other compounds along with the oxidiser. Once the new
polymer compounds enter the reaction zone (the diffusion flames), they react
further with the oxidizer, and the final products are CO2, H20 and SiO». The
silica ash is believed to be in the amorphous form [289]. According to Lipowitz
[308], the formation of amorphous silica ash occurs during gas-phase combustion

because the fast cooling of the melted material prevents crystallisation.

70



COMBUSTION PRODUCTS
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Figure 16 - A model for pool burning of low volatility PDMS (M2SiO)x polymer
(high molecular weight) with high boiling points (>250 °C) [295,308].

The amorphous silica ash randomly falls onto the pool, where it forms a char
layer on top of a methylsiloxane gel layer (forms due to oxidation at the surface
in liquid PDMS). Such a gel layer is not likely to appear on the PDMS
membrane. The amorphous silica ash layer protects the obtaining heat fluxes
from the flame and effectively reduces volatiles' diffusion into the exothermic
reaction [289]. The formation of silica ash is strongly dependent on the molecular
weight of the PDMS [295,305]. Thus, for PDMS membranes, it is expected that
they will produce amorphous silica ash. The stoichiometry for the complete
combustion of PDMS is [291]:

- (24 2n)Si0, + (6 + 2n)CO, + (9 + 3n)H,

The white silica emits at a short wavelength, bringing the flames to short
wavelengths [308]. Consequently, the flame temperatures are reported to be
lower than those from adiabatic estimations [309]. In experimental studies, it is
reported that the heat flux coming from the flame to the unburnt fuels is low (26
kW/m?) [290,292]. Such a peculiarity is significantly different from other
diffusion flames of organic materials. Likewise, the falling silica ash particles
onto the fuel make measuring several fundamental properties very challenging.
As the density of amorphous silica is only 2.2 g/cm® [310], measurements in
standardised equipment should be treated with precaution. During
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thermogravimetric analysis in oxidative environments, the silica ash randomly
falls onto the weighing scale and can influence the mass loss data and the final
results. Good et al. [311] reported that after correcting the weight of the silica

ash, the corrected heat of combustion was 6% higher.

Some properties of PDMS and a range of similar composites are listed in Table 7.
It can be seen that many of the properties listed vary depending on the molecular
weight of the PDMS. In addition, the Kinetic properties can also vary according
to the publication of origin. There is clear heterogeneity in the silicone industry,
with variability in the physical and thermochemical properties reported. Silicones
are treated with other chemical components for many applications to improve
their properties for specific purposes. For instance, polymer flammability can be
attained by adding silica and silicate in the condense phase (fillers ) [288,312].
There is scarce reliable information on high molecular weight silicones [301].
This consequently might make it more difficult to investigate the flammability

behaviour of silicones.

Table 7 — List of kinetic and thermochemistry properties of various

polydimethylsiloxanes.

PDMS type Actlva_tlon_ energy [kcal/mol] Ref
Non-oxidative In oxygen
PDMS and composites 4243 30+2 [301]
MesSiO end-blocked PDMS [313]
Silanol terminated PDMS 40 [304]
Vinyl terminated PDMS 46 [304]
PDMS end-blocked with
trimethylsiloxy-groups
(CHa)3SI- containing vinyl- 26.76 [306]
methyl-siloxan
Methylhydrogen PDMS and
Vinyl terminated PDMS 25 [293]
PDMS >50 ¢S 43 [291]
Catalyst free PDMS 80.8 [291]
Heats [MJ/Kg]
PDMS type Of combustion . (.)f . Ref.
gasification
>10CS 26.8 3-3.6 [290,299]
24.6 1.2-1.3 [291,314]

>50 CS 19.53 (net) [315]
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50 cs 28.03 [316]
From oxygen consumption 18.78 [289]
Stoichiometry 24.8 (net) [291]
PDMS type Property Value Ref.
PDMS (1000-12500 cS) Density [g/cm®] 0.97 [299,317]
Thermal
PDMS (100-60000 cS) expansion 9.6 x 10* [299]
coefficient o [1/K]
i Specific heat Cp 1.35-1.51 [299]
PDMS (2-1000 cS) at 298 K ki/kg K] 105 [317]
PDMS (1000-60000 cS) at 50 Thermal 0.1591 [299]
°C conductivity 0.2 [317]
[WImK] '
Ignition
PDMS membrane temperature [K] 673 [317]
Autoignition
PDMS (100 cS) temperature [K] >763 [299]

In the literature, the flammability threshold results from standardised methods,
such as those discussed in Chapter 2.4, are reported, and these are also
inconsistent. For example, in tests with liquid PDMS in cups, Lipowitz found that
[295]. Various
flammability thresholds and indexes results from standardised methods for
PDMS are presented in Figure 17. As seen in the plotted data, the LOIl and MOC

the LOI decreased as the cup diameter increased LOI

results for PDMS seem to be linearly dependent on the sample thickness.
However, such a dependency seems to weaken the ULOI results. A similar
material, silicone rubber (Polysiloxane), also presented in Figure 17, appears to
behave differently. This may be attributed to the fact that it was tested in different
ambient conditions. From these results, it seems that the methodology used to test
the polydimethylsiloxanes can affect the results. The deposition and
accumulation of silica ash on the unburnt layer might not aid the burning, which
also depends on the sample disposition and how the sample is tested [312]. LOI
is useful in indexing materials, which is relevant for polymers, and is a way to
judge how flammable material is. However, the LOI data does not correlate with
real-life scenarios and do not correlate with the flammability concepts either

(ignition, flame spread and heat release rate) [318,319].
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Figure 17 — Various flammability indexes for PDMS and silicone rubber
(Polysiloxane) as a function of the sample thickness and some environmental
parameters. In most cases, the test conditions were in 101 kPa and at ambient
temperature. The flammability index are results collected from literature
[187,235,236,244,317,318]. LOI stand for limiting oxygen index (normal
downwards flame spread), ULOI is the upwards limiting oxygen index), and
MOC is the maximum oxygen concentration.

During the SKYLAB flammability testing, silicone O-rings were used. These had
2.59 mm diameter and were threaded over steel of a ceramic mandrel (not
reported the dimensions) [13,14]. The microgravity flame spread results along
with the corresponding normal gravity results are presented in Figure 18. As
seen, the microgravity environment has a clear effect on the flammability of the
silicone rubber. For the tests aboard the SKYLAB, no forced flow was applied,
and flame spread was likely dependent on diffusive forces. There was no further
information on the microgravity results, and it is thus difficult to hypothesise a

plausible explanation for the contrasting behaviour.
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Figure 18 — Flame spread results as a function of the oxygen partial pressure for

a silicone O-ring tested aboard the SKYLAB spacecraft [13,14].
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4. The Saffire Il tests outcome

As shown in the previous sections, most of the samples tested in microgravity
research platforms have been restricted to small dimensions due to the limitations of
each platform. Also, because of the absence of data on realistic samples, it is very
challenging to validate proposed flammability assessment methods. Thus, the Saffire
testing programme was established to fill that gap, and much larger samples in more

realistic scenarios are being tested in that programme [25].

The Saffire Il tests were conducted in orbit aboard the unmanned Cygnus spacecraft
before re-entry into Earth's atmosphere. Nine samples of dimensions 30 cm x 5 cm
were allocated inside the 6.6 | combustion chamber. Among these were four PDMS
samples, which were placed at the end of the sample holder card, as shown in Figure
19. The first three PDMS samples had thicknesses 0.27, 0.61, and 1.03 mm and
based on ground experiments, these samples were expected to ignite, possibly ignite
and not ignite, respectively. These samples were ignited at the bottom with respect to
the 20 cm/s forced flow as the concurrent flame spread was the goal. The last PDMS
sample had 0.36 mm thickness and was meant to develop an opposed flame spread
against a 20 cm/s forced flow. For all tests, the oxygen concentration was 22.1% at
100 kPa. To achieve ignition, a hot Ni-Cr wire (29-gage Kanthal®, 0.286 mm
diameter, 3.85 A) was attached to the sample edge (in a sinusoidal shape), and it was
energised for 9.2 s at 80 W, which provided 736 J uniformly. The energy provided
for ignition is the same as prescribed in the NASA 6001 Test 1. Two video cameras

were used to record the experiments.
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Figure 19 — Left, schematic showing the place where the PDMS and other samples

were allocated for the Saffire Il tests. On the right, a rendering of the sample holder
card inside the chamber. Image obtained from Niehaus et al. [317].

As seen in Figure 19, the sample cardholder occupied the entire width of the
chamber. As such, the incoming forced flow could have created a boundary layer
over the cardholder. The distance from the top edge of the sample card holder to the
samples igniter (where the flame starts) is 72 cm; the incoming forced flow of 20
cm/s encounters the sample card and creates a boundary layer. Knowing that air's
kinematic viscosity at 20 °C is 1.516*10°> m?/s, the laminar boundary layer thickness
is then 3.7 cm. Thus, the forced flow over the PDMS samples (at the ignition

location) is lower than 20 cm/s.

The Saffire 11 tests with the PDMS sample resulted in no flame propagation, which
was not expected [317]. Images taken after the ignition period for all samples can be
seen in Figure 20. From the images, it is clear that the ignition wire damaged the
sample thermally. It seems that ignition was achieved as flames emerged after the
wires were energised for some time. Nonetheless, it is not clear whether the problem
is, in principle, ignition or flame spread or during the transition from ignition to

flame.

Two main observations can be made based on the images taken during the Saffire |1
experiments. First, the area around the ignition coil is much brighter than the rest of
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the unburnt sample. These areas clearly might indicate an accumulation of silica-ash

that has a white colour and thus reflects more light. It is not clear if the ash produced

was due to thermal degradation (pyrolysis) or flaming combustion. Second, the

videos revealed that a white-smoke plume was travelling along the forced flow

direction. This white smoke is presumably agglomerates of silica-ash (SiOz) being

transported by the convective forces.
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Figure 20 — Frames taken from video recordings of PDMS tests during Saffire II.

Each samples had dimensions of 50 mm x 300 mm. The frames are taken during
three key events: energising of ignitor, ignition of sample and diffusion flames, and
extinction. In all experiments, the forced flow direction is from right to left. The
flame spread is concurrent and opposed to the forced flow in the corresponding

experiments.

The corresponding burnt lengths, listed in Table 8, measured from the Saffire 1l
videos, are minimal and comply with the NASA Test 1 criterion. A priori, one might
easily conclude that the PDMS membranes are safe materials to be used in spacecraft
applications. These results, however, do not strengthen the current flammability
criteria for material selection. Still, the fundamental mechanisms behind PDMS fire
behaviour are unknown, and such behaviour might be different in other
environmental conditions. Therefore, it is essential to conduct a fundamental study

on the behaviour of PDMS membranes.

Table 8 — Burnt length results from an anticipation study conducted by Niehaus et al.
[317] and from Saffire Il [26].

Spread direction PDMS membrane Burnt Iengtl_] [cm]
thickness [mm] | 1g [317] | Saffire Il [26]
0.25 275 0.0
Upwards/concurrent 0.61 7.6 0.0
1.00 0.0 0.0
Downwards/opposed 0.36 30 1.5
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5. Hypothesis and objectives

As seen in the previous Chapter, there is a need to understand the leading mechanism
behind the flammability behaviour of the polydimethylsiloxanes in normal gravity.
Such a study will also support the understanding of microgravity environments.

Thus, the main question relevant in the current investigation are:

e What are the dominant mechanisms in the flammability behaviour on PDMS
membranes and similar materials?

e What is the effect of microgravity on the flammability behaviour of PDMS
membranes?

e Are the Saffire Il results with PDMS inherent to an ignition problem or to a
flame spread problem?

e What is the simultaneous effect of the silica-ash deposition on the heat and

mass transfer for ignition and flame spread behaviour?

It is hypothesised that the formation and deposition of silica-ash significantly affect
the flammability behaviour of PDMS membranes, and it could have led to the non-
propagation of flames during Saffire Il. Despite such results, valuable lessons can be
learnt from the information obtained from the videos. These videos offer interesting
information on the ignition, flame spread and near-limit behaviour that could be
explained with complementary experiments in other microgravity ground-based
platforms or normal-gravity data. Hence, the current investigation was motivated to
elucidate the flammability behaviour of PDMS in microgravity conditions through a

series of normal-gravity experiments.

Thus, a series of experiments were designed to obtain normal-gravity data on four
key aspects: silica-ash transport and deposition, piloted ignition, flame spread and
near-limit behaviour. The data produced in normal gravity can be compared with the
information from Saffire 11, and phenomenological comparisons and predictions
could be established. The proposed flammability methods, the LOI-MLOC and the
pressure modelling were used along with other experimental methods. In addition,
the results are expected to cast some light on various aspects discussed in previous

chapters.
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6. Materials and methodology

5.1. Experimental methodology

The materials tested in this study were polydimethylsiloxane membranes
manufactured by SSP (Specialty Silicone Products Inc). The commercial name is
Polydimethyl Silicone membrane with the commercial code SSP-M823. These
silicone membranes are used in various applications owing to their permeability
properties — they are permeable to gases but are impermeable to liquids. The
membrane thicknesses employed in the current investigation were 0.125 mm,
0.152 mm, 0.2 mm, 0.25 mm, 0.36 mm and 0.61 mm. These membranes are the
same that were tested during the Saffire Il testing programme aboard the Cygnus
spacecraft. The properties provided by the manufacturer are listed in Table 9. The
manufacturer did not provide the physical and thermochemical properties.
Consequently, the properties from other studies for similar materials will be used
in the analysis of the experiments (see Table 8 in Chapter 3.1). For the PDMS
used for the current investigation, it is suspected that the PDMS has added silica

filler to strengthen its properties [312].

Table 9 — Physical properties of PDMS membranes from SSP.

Material Property Value Units Reference
Tensile Elongation 1300 psi
Elongation (400 min) 570 % Data sheet brochure from
Specific Gravity 1.12-1.16 - manufacturer [320]
Operating Temperature Range -70-200 °C

In addition, a clear, thin 0.125 mm PMMA film was tested in two of the
experimental rigs to validate the experimental rigs' design and the theoretical
approaches used for the PDMS samples. The PMMA membrane is commercially
known as Acryplen HBS006 and is manufactured by Mitsubishi Chemical
Corporation. The properties of this PMMA can be found in Table 10.
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Table 10 — Physical properties of PMMA.

Material Property Value Units Reference
. Brochure from
3
Density 1.14 g/cm manufacturer
Vaporisation temperature 670 K
Thermal conductivity 51-1075 | W/mmK
Specific heat at room [321]
temperature 1465 J/kgK
Flame temperature 2640 K
Pre-exponential factor in the 1.0-10° m3/kgs
gas-phase [45]
Activation energy in the gas- 105
phase 1.5-10 J/mol

The PDMS membranes and the PMMA film were tested in a series of
experimental ad-hoc rigs and more standardised testing equipment. Figure 21
depicts a chart showing the rigs, standard methods and measuring techniques
employed to study the flammability behaviour of PDMS experimentally. The
Saffire test is also included for comparison as the current results will be
compared against those obtained during Saffire Il. The main ad-hoc rigs used are
the flow tunnel, the modified FPA and the TOPOFLAME chamber. In each
particular rig, the goal was to study the effect of various environmental
parameters (forced flow intensity, oxygen concentration and ambient pressure)
on the ignition, flame spread and near-limit phenomena. During the Saffire Il
test, the effect of forced flow on the flame spread in microgravity was the
quantitative goal. From these microgravity tests, the ignition behaviour could

also be extracted to be compared with the normal-gravity experiments.

Three standard testing methods were used: cone calorimeter, thermogravimetric
analysis (TGA), and scanning electron microscope (SEM). The cone was used to
evaluate the piloted ignition behaviour of the PDMS samples under stagnant flow
conditions. In addition, essential information could be obtained from the cone
method (critical heat flux, heat of combustion, etc.). The kinetic properties for the
thermal decomposition of the PDMS under oxidative and in nitrogen

environments were obtained from the thermogravimetric analysis (TGA) test.
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The SEM was utilised to quantify the silica ash, SiO2, and deposition on the post-
burnt (in extinction conditions) samples. The gravimetric weight loss
measurements were done with weighing scales wherever it was feasible (only in
the TOPOFLAME combustion chamber). Videos were recorded for
characterisation and tracking of the flame. Infrared cameras were used to
quantify the characteristic solid-phase lengths. The gas-phase and solid-phase

temperatures were recorded by employing thermocouples.
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Figure 21 — Overview of the experimental rigs, standard tests and measurement
techniques used for the current investigation. The Saffire 11 experiments were not
carried out in this study, but data and information from the experiments is used.

The rate of opposed flame spread is defined by the flame tip, or flame base,
location as a function of time. The opposed flame spread was observed to be
steady in most experiments with a few exceptions (in near-limit conditions). As
the flame tip and flame base position were tracked, the characteristic flame length
could be extracted. In the case of concurrent flame spread, this was very unsteady
and different from the opposed case. There was a fuel burnout in the opposed
flame, whereas the flame length seemed to grow over time in the concurrent case.
Thus, for concurrent flame spread, the rate is the flame's advancement over time,

and it was measured whenever the flame showed steady behaviour. The near-
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limit is defined when the flame spread is no longer sustained, and since there
were various sample sizes, the extinction was defined as when the flame did not
spread more than half of the total sample length. Similarly to the Saffire 1l
experiments, the sample dimensions were the same in the flow tunnel and
TOPOFLAME (5 cm x 30 cm). However, in the improved FPA, the combustion
chamber was much smaller, and the sample was much smaller than in the

previous rigs, namely 10 cm x 5 cm.

The flame spread was studied under opposed and concurrent forced flows in the
flow tunnel. In the improved FPA, only opposed flame spread was studied. In the
TOPOFLAME combustion chamber, no forced flow was imposed on the flame
spread. The sample was ignited in the top edge, and the established travelled
downwards. The effect of forced flow on the piloted ignition was studied in the
improved FPA. The heating coils used as the pilot were placed at the top of the
sample to allow opposed flame spread and at the bottom of the sample to allow
concurrent flame spread. Consequently, in this rig, the piloted ignition was
evaluated under opposed and concurrent forced flows. However, the problem is
fundamentally the same. In the TOPOFLAME, the effect of the ambient
conditions on the piloted ignition was also evaluated. The rigs and the
experimental method will be described in more detail in the following. Note that
the measurement details for each of these rigs are separated into a subchapter on

diagnostics (See Subchapter 5.1.5).

5.1.1. Flow tunnel

A customised rig was designed and constructed to study the flame spread
behaviour (including the near-limit or extinction phenomenon) for two flow
configurations (opposed and concurrent). The flow tunnel consists of three
sections, the lower- and middle-part act as a flow straightener where the flow
is mixed and passed through a honeycomb mesh and as the transition area to
the test section, as shown in Figure 22. A fan was located at the bottom of the
rig, just before the honeycomb. The top part, where the sample holder is
located, has inner dimensions of 250 mm x 250 mm. Thus, it is ensured that
the tunnel allows the flame to expand and diffuse thermally. There are two

transparent PMMA panels in the top part of the tunnel, the frontal PMMA
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panel allows to take videos of the flame spread. The side PMMA panel is

permitted to inspect the flame thickness.

Figure 22 — Rendering of the flow tunnel rig used for the experimental work.
The entire rig can be seen on the left with the sample holder placed inside. A
vertical section allows the sample holder to see the position inside the tunnel
on the right. The total height of the tunnel is 1 metre. The inner size of the top
part and of the bottom part are 0.25 m x 0.25 m and 0.35 m x 0.36 m,

respectively.

Figure 23 shows the three sample holders that were designed for the flow
tunnel. The sample holders for the flat samples consist of two aluminium
profiles where the sample is placed in the middle. The sample holders can
accommodate samples dimensions of 30 cm x 5 cm and 30 cm x 10 cm. In
addition, a third sample holder can host insulated wires. For the current

investigation, only the 30 cm x 5 cm sample holders were employed. Notice
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that those are the same dimensions for the samples used in the Saffire 1l test,
and they are the same dimensions prescribed in NASA STD-6001 Test 1.

Figure 23 — Rendering of three sample holders that can be allocated in the
tunnel rig apparatus. From left to right, the sample holder for a flat 5 cm x 30
cm sample, for a 10 cm x 30 cm sample, and for a 30 cm insulated wire

sample.

The velocity flow profile was measured with a hot wire anemometer (CTV
210-R) at the bottom, middle, and top of the sample's position inside the flow
tunnel. The flow measurements are shown in Figure 24, and it is seen that the
flow is laminar up to 60-70 cm/s (Re number is 4000). After that, the force
flow starts to become turbulent. Laminar and turbulent flows were considered
to be used for the experimental matrix as it was not clear where the extinction
limit would occur for the PDMS samples. For the PMMA films, the

extinction limit was expected to occur after 50-60 cm/s.
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Figure 24 — Flow velocity measurement inside the flow tunnel rig. The

measurements were done where the sample is placed.

Two ignition systems were used depending on the laminar flow or turbulent
flows. For laminar flows, a 23-gauge AWG Nickel-Chromium resistant wire
was used and was energised for up to 10 seconds at 10 A, thus, the energy
provided for ignition was 754 J. The wires were coiled (8 mm diameter) and
threaded through 7 holes closely spaced across the sample width, as shown in
Figure 25. Under a very high forced flow, ignition could not be attained
easily using heating coils. Thus, a flame torch was used to attain ignition. The
ignition method was applied to the top part of the sample to allow flames to
travel downstream (opposed flame spread). When the ignition was applied to
the bottom, the flame traveled upwards (concurrent). The same procedure
was employed in the other two experimental set-ups. In addition, the coil
system was used as a pilot to study ignition behaviour under various

parameters.
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Figure 25 — Rendering of the ignition system used to achieve flame spread
under laminar flows. The same system was used to study ignition in the other

rigs. The width of the sample is 5 cm.

5.1.2. Modified Fire Propagation Apparatus (FPA)

The Fire Propagation Apparatus (FPA) was designed by FM Global and has
since been standardised (ASTM E2058). The apparatus serves to determine
critical heat flux, heat release rates, effective heat of combustion and other
thermal and fire indexes. The main features of the FPA are the infrared
heaters (allowing imposed heat fluxes of up to 100 kW/m?), mass loss
measurements, ignition pilot tube, gas sampling analysis (O, CO2 and CO)
and air supply inside the chamber (forced flow). The FPA is located in the
fire lab at the University of Edinburgh, and it allows to study ignition as a
function of the forced flow and incident heat flux. However, the FPA rig had
some shortcomings with respect to the goals of the current investigation.
First, the flow inside the FPA combustion chamber was not even across the
section. Second, there were no sample holders that allowed studying the
flame spread on flat samples parallel to the forced flows. Third, the maximum
forced flow measured with a hot wire anemometer was 60 cm/s, and higher
flows were required to achieve near-limit conditions. Last, the chamber's
supply of flow could not provide oxygen concentrations higher than 21%.
Therefore, several improvements were required to be implemented in the

FPA to fulfil the current investigation's goal.

Improving the flow inside the combustion chamber and achieving higher

forced flow was done by inserting a duct reducer, see Figure 26. The flow
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reducer transitions from a 155 mm diameter (the FPA combustion chamber)
to a 90 mm diameter. The duct reducer was placed inside the FPA
combustion chamber, see Figure 27. Thus, the forced flow could be much
higher at the duct reducer outlet. Glass beds (3 mm in diameter) were placed
on top of a wire mesh at the bottom of the duct reducer. In the top part of the
duct reducer, a 15 mm thick honeycomb was placed to straighten the flow.

The detailed measurements of the flow will be discussed later.

The duct reducer has three small tubes that serve to allocate the wires for the
ignition system. Two small female brackets were welded to the top of the
duct reducer. Thus, the sample holder could be placed easily as matching
male brackets (see Figure 26. The sample holder was designed to host a 10
cm x 5 cm sample of various thicknesses. The ignition system could be
placed on top or the bottom of the sample. Thus, flammability (ignition,
flame spread, and near-limit) could be studied under opposed or concurrent

forced flows.

Figure 26 — Rendering of the duct reducer used to improve the flow inside the
FPA combustion chamber and of the sample holder. From left to right: a side
view of the reducer, a 3D view from above of the duct reducer, and a 3D view
of the sample holder. The inner diameter of the top part is 0.09 m, the total
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height of the duct reducer is 0.3 m. The sample dimensions are 100 mm x 50

mm.

Figure 27 — Rendering of the duct reducer inserted in the FPA chamber
along with the sample holder. On the left, a 3D view of a sectioned improved
FPA rig. On the right is a vertical section of the improved rig. The inner

diameter of the rig is 0.154 m.

The reduction of the oxygen concentration (lower than 21%) on the incoming
flow into the chamber was easily achievable as it is part of the in-built design
of the FPA system. Nitrogen can be mixed with air before reaching the
combustion chamber, allowing for oxygen concentrations between 14 and
21%. However, providing incoming flows with higher oxygen concentrations
required installing a mass flow controller Omega FMA-2610A-V2. The mass
flow controller could then provide oxygen from a cylinder (40% oxygen
content). The 40% oxygen pipeline was joined with the incoming airflow
line. The lines were combined as far as possible from the FPA combustion
chamber to ensure good mixing of the air and the oxygen. Thus, any oxygen
concentration of up to 40% could be obtained. The oxygen probes measured
the oxygen concentration in the combustion chamber's outlet, ensuring that
the target concentration was achieved. Finally, providing the appropriate
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oxygen concentration and forced flow at the same time was also challenging.
The

concentration and did not allow to obtain low forced flows (<60 cm/s). The

incoming pressure was relatively high for a specific oxygen
excess flow had to be removed to allow for small forced flows at the desired

oxygen concentration.

A hot-wire anemometer (CTV 210-R) was used to characterise the flow
profile seen by the sample at the bottom edge. The flow measurements that
were taken axially (along the sample width) are depicted in Figure 28. It is
seen that the flow profile remains even for a series of forced flow intensities.
The average flow velocity measurements at the bottom of the sample are
plotted against the incoming volumetric flow, see Figure 29. The
measurements show that the flow in the improved FPA is laminar and can

reach higher values.
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Figure 28 — Discrete flow Figure 29 - Average flow
measurements at axial distances with measurements at the sample’s

respect to the bottom of the sample. ~ bottom edge as a function of the
volumetric inlet flow provided by

the mass flow controllers.

Lastly, for each series of tests done with the incident heat flux as a parameter,
a calibration of the heat flux received by the sample was required. A heat flux
gauge was used to measure the heat flux vertically whenever it was possible.
The heat flux was estimated based on the view factor from Hamilton and
Morgan [322]. In Figure 30, both the heat flux measurements and predictions
are plotted as a function of the energy provided to the heat lamps.
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Figure 30 — Measured and estimated heat flux that a vertical sample
experiences in the FPA (measurements for one side what the sample

experience).

5.1.3. TOPOFLAME chamber

Figure 31 shows a photograph of the TOPOFLAME rig, which is a 1000 L
customised combustion chamber located in the ZARM facilities in Bremen.
Two environmental conditions can be controlled inside the chamber: oxygen
concentration and ambient pressure. The ambient pressure can vary from
vacuum to 5 bar, and the oxygen concentration from 0 to 40%. For the
experimental matrix, two sample thicknesses were selected, 0.125 mm and
0.25 mm, and these were tested for two sets of experimental conditions. For
the first set, both samples were tested under normoxic conditions. Thus, the
effect of a normoxic environment on two sample thicknesses could be
evaluated. The 0.125 mm sample was tested in a wider variety of oxygen
concentrations and ambient pressures for the second set. The later set's goal
was to investigate the dependency of normoxic conditions on the downwards
flame spread. In addition, the extinction conditions were also sought by
extending the originally planned experiments. The diagnostic systems will be

discussed later in Subchapter 5.1.5.
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Figure 31 — The assembled TOOFLAME rig before a test takes place, the

inner volumetric capacity of the chamber is 1000 L. The total height of the

chamber is 2.6 m.

5.1.4. Other standard tests

5.1.4.1. Cone calorimeter

The cone calorimeter is a known standardised method (ASTM E 1354,
ASTM D 5485) used to study the flammability behaviour through piloted
ignition and burning. The cone was used to evaluate the ignition
behaviour of various thicknesses of PDMS membranes under stagnant
flow conditions. Besides, the critical heat flux of the PDMS could be
derived from the results. During the experiments, it was observed that the
PDMS sample would expand and thus get closer to the ignition pilot
device, which could affect the results. Therefore, a mesh was tightly

placed on top of the sample to avoid this.

5.14.2. SEM

In the tests where the samples were not fully consumed, small samples of
the unburnt fuel were taken to be analysed in a scanning electron
microscope (SEM) JEOL JSM-6010 PLUS/LN. The SEM is capable of
magnifying in the order of 10um to 500um. For the concurrent
experiments, the samples were taken at the point of extinguishment and

intervals of 20 mm up to 80 mm for the downward spread experiments.
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For the opposed experiments, samples were taken from the
extinguishment edge. Then, the cross-sections of the samples were placed
inside the SEM chamber. The images provided by SEM were then

processed in order to quantify the silica ash thickness.

5143. TGA

TGA or Thermogravimetric analysis (ASTM E1641-16) was used to
extract the solid-phase kinetic properties of the PDMS membrane used in
the current investigation. The procedure followed is presented in detail in
the corresponding standard, which uses the Ozawa, Flynn and Wall
method. Four samples were subjected to heating rates of 2.5 K/min, 5
K/min, 7.5 K/min and 10 K/min, respectively. The Kinetic properties
obtained are the solid-phase activation energy and pre-exponential factor.
Based on these properties, the pyrolysis rates for the PDMS sample could
also be estimated, which can be used for assessing the ignition behaviour.
The temperature gradients and the mass loss profiles were also compared

with similar materials.

5.1.5. Diagnostic systems

In the tunnel rig and FPA, the ignition and flame spread were recorded with a
Canon Camera. The videos were subsequently analysed by a MATLAB
binary code where the flame leading edge was tracked as a function of time.
Thus, the flame spread rate could be estimated. In the case where the heating
lamps were used in the FPA, the code was modified to look at the RGB

colours to track the burnout leading edge position in the bright background.

K-type thermocouples with 0.5 mm diameter were placed discretely across
the sample to measure the gas-phase (flame) and solid-phase temperatures in
a rig that followed the NASA-STD test 1 procedure. In addition, for the solid-
phase pre-heat and pyrolysis areas and characteristic lengths, a FLIR A655sc
Infrared camera IR camera was used. The IR camera covers a temperature
range from 300 °C to 2000 °C, and the spectral range is between 7.0 and 14.0
um and was set to operate at a frame rate of 30 Hz. The emissivity used will
be discussed in Chapter 7 — Results.
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The diagnostic systems used in the TOPOFLAME chamber can be seen in
Figure 32. Three cameras were used for visual observations and
measurements: A Canon EOS 7000 was placed outside, and its goal was to
obtain side view pictures of the flames. The other two cameras were placed
inside the chamber, a VIS camera and an IR camera (8.33 f/s). A mass
balance was used to monitor each test's mass loss and mass-loss rate. The
ignition consisted of a 29 AWG Kanthal wire coiled to the top of the sample.
The energy released to the different models was 80 J, equivalent to 8 s of
10W.

VIS camerai
IR-camera

Scale

Figure 32 - The internal structure and the diaghostic systems in the
TOPOFLAME combustion chamber. The sample (shaded in pink) is 50 x 200

mm in dimensions.

96



7. Results

In the second part, the experimental framework to study the flammability behaviour
of PDMS membranes is laid out. An extended simplified theory and experimental
methods are employed to derive some of the fundamental properties of silicones and
analyse them. The same flammability concepts used in Chapter 2 will be studied,
namely ignition, flame spread and near-limit. Lastly, the results will be presented and

discussed accordingly.

7.1. Validation

Both rigs purposely designed and modified for the current investigation — the
flow tunnel and improved FPA — were required to undergo a validation review. It
was important to ascertain the control of two parameters in both experimental
apparatuses, namely the forced flow in both rigs and the amount of oxidiser in the

improved FPA.

Opposed flame spread is studied since it allows to attain steady conditions,
contrarily to the concurrent case. Thus, the flame spread was first studied under
the thermal regime where flames were established over the PMMA sample under
opposed forced flow (ambient air at atmospheric pressure). Also, using identical
solid fuels, the blow-off limits for opposed flame spread were studied following
an established theoretical approach. Comparisons were established with literature

where the same fuel was used.

To begin, it was examined whether both rigs provided the even forced flow
required to attain the thermal regime. As discussed in Chapter 2.1.2, the thermal
regime for opposed flame spread is characterised by the flame spread rate
independence from the oncoming forced flow. This is true for a range of forced
flows where the conduction of heat from the gas-phase to the solid-phase at the
leading edge dominates the spread phenomenon [323]. Based on the thin-sheet
problem, de Ris [52] derived an expression for the opposed flame spread on

thermally-thin fuels

_ A Tf_Tv .
Vio = ‘/Epscpf (_TV_TOO) Equation 5
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Notice that the equation only portrays heat conduction from the gas-phase to
bring the solid-phase to its vaporisation temperature. This formula does not hold
when Kinetics start to get noticeable (increasing forced flows or reduced oxygen
concentration). The kinetic effects will be discussed later on in the second part of
the validation. Using de Ris’ theoretical expression with the properties of the fuel
found in the literature, the flame spread rates were estimated in the air under
atmospheric conditions. The results of this are presented in Figure 33. In the
same illustration, the flame spread result conducted in both rigs and the data
point from other investigations [323] is also plotted. As expected, the current data
from both rigs aligns with the theoretical predictions for flows up to 60 cm/s. For
flows higher than 60 cm/s, the flame spread rates decrease with increasing forced
flow. This behaviour is characterised by Kinetics, and Equation 5 cannot be

applied.

The data from Takahashi et al. [28,119,192], only one point coincides with the
current data. In the experimental work conducted by Takahashi et al.
[28,119,192], the sample width tested was either 1 ¢cm or 2 cm. As a
consequence, their flame spread was three-dimensional in nature and was
affected either by side oxygen supply or cooling effects, see Chapter 2.2. In
contrast, the sample used herein was 5 cm in width and was therefore affected by
those concerns. These results confirm that the forced flow provided by both rigs

met the initial goal and yielded relevant results.
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Figure 33 — Estimation and experimental flame spread rates for the 0.125 PMMA
sample as a function of the opposed forced flow. The data is from the current
study and literature [28,119,192].

For the second part of the validation, in the improved FPA, the goal was to
provide a reasonably accurate oxygen concentration. A theoretical approach was
used to evaluate the Kkinetic extinction regime for the PMMA and derive
fundamental properties required to predict kinetics. The theoretical approach

used is thus introduced in the following.

Bhattacharjee and co-workers demonstrated the limitation of the assumptions
established in de Ris’ expression for opposed flames spread [43,54], which are
mainly related to hydrodynamics and kinetics. Thus, they derived a semi-
empirical expression based on an extended simplified theoretical analysis for
both cases of thermally-thin and thermally-thick samples. Their theoretical
model, labelled as the Extended Simplified Theory (EST), predicted the flame
structure and the flame spread rate over thermally thin and thick fuels in the
thermal regime. Using the same theoretical method (EST), Takahashi,
Bhattacharjee and co-workers [137,324,325] implemented the effect of radiation
and derived close-up analytical flame spread formulae. They assumed surface re-
radiation to be dominant in their solution and disregarded gas-phase radiation.
The EST equations showed qualitative agreement with the microgravity
experimental results demonstrating the validity of the approach. Takahashi et al.
[195,240,241] included Kinetic effects in the EST formula through the
Damkdhler number and were able to predict the extinction limits in microgravity
and normal-gravity, and they were also able to estimate the MLOC (See the
flammability method in Chapter 2.4.3. In the EST, the flame spread rate for

thermally-thin fuels in the thermal regime is:

A

T, — T,
== -
f.th 0oCsTs \T, — Toy Equation 6

The flame spread expression is similar to de Ris expression. The surface re-
radiation, which is only available in microgravity environments, is represented by

a non-dimensional radiation number.
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R _ €(1—aaps)o (T —Too) .
rad.e PgCaVr(Ty—Too) Equation 7

The effect of chemistry is evaluated through the Damkohler number, which is
flow time to chemical time ratio.

a
—_9 .
Dae = W'D‘QYOAQ exp(—Eg/R Tf) Equatlon 8

The relative forced flow (14.) is the combined effect of the forced flow and flame
spread rate (V; + V). Then, the experimental flame spread in the thermal can

become dimensionless:

Negst = Vf/Vf,th Equation 9

Coupling all the regimes in the opposed flame spread provides the following non-

dimensional equation:

Rraae +1n+ (1/Da,) =1 Equation 10

At extinction conditions, this expression (Ryqqe + (1/Da,)) approaches unity,
and the dimensionless flame spread rate no longer holds, leading to extinction.
Thus, Equation 10 is semi-empirical, but it still allows to examine of the
extinction conditions in the radiative and kinetic regimes. The approach is simple
in nature due to its assumptions. From all the properties required to estimate the
extinction limit, the emissivity is often assumed to be unity for simplicity. In
reality, the emissivity values depend on the emitting material's temperature and
on the spectral range [326]. Another two values required in the set of equations
are the gas-phase activation energy, Ej;, and pre-exponential factor, A,. These
parameters can only be found in literature for well studied materials, such as
PMMA. Equation 10 can also be used to extrapolate the gas-phase kinetic
properties if the flame spread rates near extinction are known. The manipulation
should be done carefully as it is not expected that all materials will follow the

assumptions used to establish the EST.

The extinction results for the PMMA that took place in the FPA are plotted in
Figure 34. The results show that the kinetic extinction limit was attained in the

modified FPA apparatus. The extinction limit increases monotonically with
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increasing oxygen concentration and forced flow. Such behaviour is expected as,
according to Equation 8, an increase in the oxidiser level also increases the flame
temperature. The lowest oxygen concentration value, or LOI value, is 17.9 %,
which is in line with values (17% & 17.3%) reported elsewhere [195,240,289].
The largest discrepancy with the values reported by Takahashi and co-workers
[195,240] might be due to the main differences in experimental design. First,
their sample width dimension was 2 cm as compared to the 5 cm wide samples
used in the current investigation. Second, their rig was placed inside a Glovebox
where it was possible to perform tests in quiescent conditions (buoyancy driven
flame) at a desired oxygen concentration. Taking the flame spread results values
near the kinetic extinction curve, the empirical values of the gas-phase kinetic
properties were extrapolated, see Figure 35. As seen the values for the gas-phase
activation energy and pre-exponential factor are independent from the forced
flow as it was expected. The values obtained are 1.0 - 10° m®kgs and 1.5 - 10°
J/mol for the pre-exponential factor and activation energy, respectively. Similar
values for PMMA were reported by Fernandez-Pello et al. [45].
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Figure 34 — Experimental normal- Figure 35 — Empirical gas-phase activation
gravity extinction limits on for a energy and pre-exponential factor for a
0.125 mm PMMA sample as a 0.125 mm PMMA sample tested in near limit
function of the forced flow and conditions in the modified FPA chamber.
oxygen concentration.

Finally, the extinction limits were estimated based on the properties of the
PMMA sample and on the properties extrapolated. The current results for the

predicted extinction limits and data from literature are presented in Figure 36.
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The current results deviate almost 1% in oxygen concentration compared to the
literature results [195,240-242]. This difference is understandable by the two
the

concentration and forced flows provided by the improved FPA can be deemed

arguments provided above. Despite those discrepancies, oxygen

acceptable to study the flame spread and near-limit phenomena.
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Figure 36 — Predicted extinction boundaries for a 0.125 PMMA sample as

function forced flow and oxygen concentration for the current data and data from
other studies [195,240-242].

7.2. Solid-phase and gas-phase temperature

The gas-phase and solid-phase temperatures can serve to establish the heat
balance needed to analyse the flame spread. The gas-phase temperature readings
obtained in the flow tunnel from the various thermocouples as a function of time
can be seen in Figure 37. Each line represents the thermocouples placed
discretely along with the sample which was intended to measure the solid-surface
and gas-phase temperatures. As seen in Figure 37, the pyrolysis temperature was
not measured, and the gas-phase measurements were not even. The silicone
samples warped and expanded during burning, which can explain the disparity in
the temperature recordings. Despite the difficulties, the maximum temperature
measured was 1137 °C, which is slightly lower than the temperature values
reported for measurements with thermocouples and optical pyrometry, 1200-
1300 °C [308]. Again, the warping and deformation of the sample could have

shifted the position of the thermocouples with respect to their measuring target,
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and this can explain the lower recorded temperatures. However, these recorded
gas-phase temperatures are well below the adiabatic estimated flame temperature,
2134 °C (See Figure 38). The silica particles or ash produced during the
exothermic reaction might contribute to a flame's low emissivity will deter

radiative heat, and lead to lower measured temperatures [308].

The IR camera was used to track the solid-phase temperatures during various
initial tests. An image taken from a video is depicted in Figure 39. As seen, the
pyrolysis temperature recorded fluctuates between 670 K and 730 K (about 396.9
°C and 456.9 °C), approximately. In other experimental studies and
thermogravimetric analysis [289], pyrolysis temperatures for silicones were
reported to be 717 K, which matches the IR recording. However, in Figure 39,
temperatures higher than the pyrolysis temperature are also observed. This can be
explained by the fact that the IR camera relies on the emissivity of the recorded
objects to provide the temperature. To be more precise, the corresponding
software used to estimate the temperature based on the raw videos requires the
emissivity values of the sample, and the PDMS and the silica-ash, produced

during the exothermic reaction, have different emissivity values.
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Figure 37 — Flame temperature Figure 38 — Estimated adiabatic flame
readings were taken for downwards temperatures for PDMS and PMMA.
flame spread. For PDMS, the chain length is

assumed to be n = 1000.
The emissivity of SiO> at high temperatures ranges from 0.45 to 0.9 [327] for the

wavelength range of the IR. For the PDMS, there is no emissivity information in

the literature, but similar materials, such as silicone rubber or glass, have variable
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emissivity values depending on the temperature and thickness [328-330].
Furthermore, the emissivity of the gas-phase products also varies with the
wavelength [302], and, as such, the IR camera sees an overlapping of gas-phase
particles, unburnt PDMS and silica ash residues forming on the PDMS ahead of
the pyrolysis zone. Thus, as the silica ash lays on top of the unburnt silicone as the
flame travels upwards, it is extremely challenging to discern the pyrolysis and
pre-heat lengths with an IR camera. In addition, any silica-ash that forms in the
combustion zone would create a shadow effect, and the IR might see the solid-
phase lying in the background. Thus, the pre-heat length has only been measured
for the opposed flame spread where silica-ash might be less detrimental (will be
discussed in Chapter 7.5.4.).

Figure 39 — Solid-phase temperatures captured by the IR camera of a 0.125 mm
PDMS sample during an opposed (left) and concurrent (right) flame spread

experiments. The sample dimensions were 300 x 50 mm in both experiments.

7.3. Silica-ash deposition and burnt lengths

Images of post-burnt samples where the silica-ash is visible can be seen in Table
11. The images correspond to selected concurrent experiments with and without
forced flow. The images show the extent of the deposited white silica-ash being
driven by either buoyancy or forced flow. The deposition observed during the

opposed experiments will be discussed later (see Chapter 7.3.2).
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Table 11 — Snapshots from concurrent representative experiments. The post-
burnt images show the coverage of the silica-ash residue left. The dimensions for
each samples were 300 x 50 mm.

Sample thickness

0.1225mm 0.25mm 0.36 mm 0.61 mm

Forced flow

105



This Chapter first presents the burnt length results for various PDMS samples for
flame spread in opposed and concurrent forced flows. The burnt length criterion
Is shown to be a weak concept for this particular material. The second part deals
with the transport and deposition of silica-ash, thus establishing comparisons

with soot production and flammability in microgravity environments.

7.3.1. Burnt lengths and NASA Test 1 criterion

In this section, one of the pass/fail criteria — the burnt length — in the NASA
Test 1 is evaluated as a function of the sample thickness and the direction of
the flame spread with respect to the forced flow. That is, both conventional
upward (concurrent) and downward (or opposed) flame spread are evaluated.

In addition, the variation of the forced flow velocity acts as a third variable.

The PDMS sample in Saffire 1l tests did not attain self-sustained flames, and
the respective burnt lengths were therefore minute. In contrast, the equivalent
normal gravity burnt length results (obtained from the experimental study that
was undertaken to prepare the experimental matrix for Saffire I1) were
significantly longer (See Table 8 in Chapter 4). These results might
intuitively indicate that PDMS is not flammable in microgravity conditions
and that the 15 cm burnt length criterion established in Test 1 could thus be
deemed acceptable. However, these results in microgravity do not indicate
the fundamental behaviour of silicone membranes and other silicone-based
materials. The following results from the current study can partly anticipate

the effect of environmental conditions on the burning behaviour of silicones.

The burnt length results as a function of forced flow, sample thickness and
flame spread directly from the current study are plotted in Figure 40. It is
very clear that the forced flow affected the burnt length for both opposed and
concurrent flame spread. The burnt length can increase or decrease for
upward or concurrent flame spread as the forced flow increases. On the
contrary, for opposed flame spread, the burnt length decreased in length for
high forced flows for most of the experiments conducted. The burnt length

also shows dependencies on the sample thickness.
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In the upward case, the results require a more detailed explanation of the
mechanisms behind the non-monotonic effect of the forced flow on the burnt
length. The kinetic effects start to dominate the opposed flame spread for
very high forced flows; thus, the burnt length is affected negatively. In both
scenarios, the deposition of silica ash, the combustion by-product of
siloxanes, can help establish phenomenological arguments for both flame
spread modes, as discussed in the following subchapter.

These burnt length results thus provide quantitative information in advance
on how the burnt length criterion can be very subjective to scenarios beyond
those included in NASA Test 1. More specifically, opposed flame spread and
the effect of forced flow are not considered, although the current results
indicate that they should be. Also, it can be inferred that the worst-case
scenario occurs for downward flame spread, where most of the samples did
not pass the burnt length criterion of less than 15 cm spread. Furthermore, it
then becomes important to understand the detailed burning behaviour of

silicone and siloxanes.
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Figure 40 — Burnt lengths results for various sample thicknesses as a function

of the mixed flow velocity. The negative values on the x-axis represent

opposed flows, and the positive axis represents concurrent flows. The sample
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had equal dimensions to those required for the NASA-STD-6001 Test 1 and
the threshold limit of 15 cm is therefore included. The results were obtained

from the tunnel flow rig.

7.3.2. Silica ash deposition

As discussed in Chapter 3, the amorphous silica ash (SiO.) is a by-product
that forms during thermal degradation and during the gas-phase near the
combustion field. In the FPA experiments where ignition under forced flow
was not viable (See Chapter 4.4.3), the area around the hot wire did not show
any significant silica ash residue. It is plausible that the amount of ash
produced during pyrolysis is not significant. On the contrary, during flaming,
silica ash production is significant. In the experiment work from Lipowitz
[308], the deposition of the silica ash in the pool fire experiments was
attributed to buoyancy. That is, the particulate formed in the combustion zone
had left that field, cooled down and fell back onto the silicon pool fire.
However, buoyancy might not be the determinant force in the silica ash

deposition in other particular scenarios.

SEM images of the post-burnt samples collected after extinction occurred in
the upwards and downwards flame spread experiments are depicted in Figure
41. The left figure shows a very thick SiO layer in the order of half-thickness
of the PDMS sample. By contrast, the silica residue left in the opposed case is
much thinner. In both cases, only one side of the sample had a silica-ash
layer, as the other side was removed due to mechanical manipulation during
SEM measurements. It is clear that the silica-ash deposition is very
significant and more detrimental for the upward flame spread case. The
mechanisms behind the silica-ash deposition on the unburnt fuel ahead of a
travelling diffusion flame might differ from the case of silicone pool fires
studied by Lipowitz [295,308]. Also, in the Saffire Il, it was observed that
silica-ash was formed on the sample near the ignition coil (See Chapter 4).
Thus, buoyancy is not the dominant force on silica-ash deposition.

There appear to be no studies on the transport and deposition of silica-ash

emerging for diffusion flame spread in normal gravity. As pointed out in
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Chapter 3, most studies looking at the fire behaviour of silicones and
polysiloxanes focus on silica ash's overall behaviour or effect on burning
parameters. Thus, predictions in microgravity can only be attempted or
speculated. Soot deposition is a relatively similar problem that could

potentially help establish comparisons.

Silica ash

Silica ash

SEl 20kV WD mSS50 =170 100pm  S—
Mar 30, 2018

SEl 20kV WD24mm 5550 x120 100um ==
Sample Nov 18, 2020

Figure 41 — SEM image of cross section samples from Flow Tunnel

experiments under concurrent forced flow (left image) and opposed forced

flow (right image).

The dominant mechanisms of soot formation in microgravity are defined by
residence time and oxidation [331]. In the case of silica-ash, formation occurs
during the gas-phase, and there is no information on the leading mechanisms.
As neither soot nor silica-ash has a crystalline structure, both can agglomerate
to form larger structures. In pyrogenic processes, where silica-ash is formed
in a similar fashion as in a diffusion flame on PDMS, the primary silica-ash
particles form tightly-bound aggregates that form larger conglomerates [332].
In addition, the primary particle size diameter for soot and silica-ash are in
the same order of magnitude, see Table 12. Thus, the thermophoresis process
attributed to soot deposition can be used to describe silica-ash transport and

deposition.

Table 12 — Particulate size length for Soot and Silica-ash.

Mean primary

Type particle sflnzrf]]dlameter Problem Reference

ug 1g

Liquid diffusion flames
Soot 46 (toluene, benzene, n-heptane, [333]
diethyl ketone)
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Flame forming on fluorinated
70 30 ethylene propylene wire jacket [212]
under
Pyrolysis of
330 150 ethyltetrafluoroethylene  wire [334]
insulation
SiO, <100 Amorphous silica ash [332]

Thermophoresis is a relevant topic within particle deposition, and it refers to
the transport of small particles in a temperature gradient (towards the colder
region). Thermophoresis forces have been demonstrated to dominate soot
deposition on cold walls from gaseous diffusion flames [331,335,336]. Thus,
considering thermophoresis is essential to estimate the behaviour of soot
deposition on the walls. The velocity induced by thermophoresis, or
thermophoretic drift velocity, can be estimated based on the particle size and
the temperature gradient. The thermophoretic deposition is characterised by
the thermophoretic velocity. For particles less than 10,000 nm in diameter,

the Waldman expression [331] to estimate the thermophoretic velocity is

Uy =—3v .

E 7 101+ @/8)am) T Equation 11
The estimated and measured thermophoretic velocity for soot particles in
microgravity conditions has been reported to be of the order of 0.1 to 1 cm/s
[331,333,336].

A reduction in gravity has shown to result in an increased mean size of soot
particles by two-fold compared to normal gravity [212,334]. Likewise, the
agglomerate sizes have been reported to increase three-fold, which is
attributed to thermophoretic forces and long residence times in microgravity
[212,337]. The thermophoretic velocity increases with smaller soot particles
sizes [333]. For soot deposition, estimated thermophoretic velocities in
microgravity were reported to be more than three times larger than estimates

based in normal-gravity semi-empirical relation [338].

There is a proportional dependency of the thermophoretic velocity of soot
particles on the temperature gradient in microgravity [333]. In open-structure

aggregates, the thermophoretic forces are dependent on the primary particle
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size. However, if the morphology of the aggregates is different (closely
bound), then these behave like large particles [333]. Silica-ash agglomerates
produced in pyrogenic processes can achieve sizes up to 600 nm and have
open-fractal morphology [339]. Thus, silica-ash aggregates might behave

akin to soot aggregates in microgravity.

Other relevant environmental parameters affecting soot deposition for an
established diffusion under a boundary layer are oxygen concentration and
the forced flow velocity. With increasing oxygen concentration, the soot
volume fraction increases, and so does the deposition of soot [335]. Under the
effect of forced flows, soot deposition is dominated by a combined

simultaneous effect of thermophoretic and convective forces [336,340].

As seen, the thermophoretic forces dominate the deposition of soot in normal
gravity and microgravity scenarios. Silica-ash particles and agglomerates
share-alike features with soot. Thus, soot behaviour will be used to discuss
the behaviour of silica-ash in the following. The silica-ash deposition as a

function of the forced flow, oxygen concentration and ambient pressure.

7.3.2.1.  Silica-ash deposition in experiments with forced flow

Quantification of the deposited silica-ash was only done for samples
where the flame self-extinguished either due to the ash affecting the heat
and mass transport (concurrent flame spread) or at blow-off extinction
conditions (opposed flame spread). The silica-ash deposition was
quantified by measuring the thickness at the point of extinguishment and
at various distances (x.,;) downstream from that point. In the case of
opposed flame spread, measurements were only done at the point of
extinguishment. For concurrent flame spread, it was possible to provide
profiles of the silica-ash thickness for distances downwards from the
point of extinguishment. If thermophoretic forces are taken into account,

the highest temperature would occur at the trailing edge of the flame.

The profiles of silica-ash thickness for a 0.36 mm PDMS sample are
plotted in Figure 42. In the left panel, the silica-ash thickness is at a

maximum at the point of extinguishment; then, the thickness decreases in

111



an exponential manner downstream from there. The deposition process is
transient, but as the flame travels upwards, the largest accumulation of
ash will occur where the temperature gradient and the flame temperature
are highest. According to Equation 11, the thermophoretic velocities are
greatest, where the temperature gradient is largest. An estimate of the
thermophoretic velocity that uses the maximum temperature from Chapter
7.2 and the temperature gradient yields a thermophoretic velocity of 1.5

cm/s.

By imposing concurrent forced flow, the ash profiles diminish in
thickness. The left panel of Figure 42 shows that all the ash thickness
profiles have a similar negative exponential behaviour. In fact, all have a
similar exponent in their fitting function. The right panel in Figure 42
shows the ash thickness as a function of the forced flow. It can be seen
the direct effect of imposing a convective force on the concurrent flame
spread. The convective force produces a larger momentum compared to
the momentum created by the thermophoretic forces. Thus, part of the

silica-ash is transported away without depositing on the downstream

unburnt fuel.
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Figure 42 — Silica ash thickness as a function of the concurrent forced

flow velocity at various distances from the point of extinguishment for a
0.36 mm thick PDMS sample, as measured using SEM. The samples were
obtained from the Tunnel flow rig. In the left panel (A), the silica-ash
thickness is plotted for various distances downwards from the point of

extinguishment (Xex) as a function of the forced flow. The right panel (B)
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depicts the silica-ash thickness as a function of the forced flow velocity

for various distances from the point of extinguishment (Xext).

The normalised silica-ash thickness is plotted as a function of the forced
flow for various PDMA sample thicknesses in Figure 43. The ash
thickness normalisation was done against the half-thickness of the
corresponding PDMS sample. Thus, a dimensionless thickness of unity
means that the measured silica-ash was half the thickness of the
corresponding sample. There are some discrepancies in the data points in
Figure 43, as some silica-ash thicknesses increase with increasing forced
flow velocity. During the flame spread experiments, the PDMS sample
deformed and warped quite noticeably. Regardless of those points, the
profiles in Figure 43 indicate that the convective forces dominate the

silica-ash deposition.
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Figure 43 - Normalised silica-ash deposition as a function of the forced
concurrent flows at various distances from the point extinguishment
(Xoxt) for various PDMS thicknesses. These results were obtained from
samples tested in the Tunnel Flow rig. Panel (A) represents the data
measured at the extinction point (X,,, = 0 mm). Panel (B) represents the
data at 20 mm from the point of extinguishment (X,,; = 20 mm). Panel

(C) represents the data at 40 mm from the point of extinguishment
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(Xoxt = 40 mm). Panel (D) represents the data at 60 mm from the point
of extinguishment (X.,; = 60 mm). Finally, Panel (E) represents the

data at 60 mm from the point of extinguishment (X,,; = 60 mm).

With increasing sample thickness, the results in Figure 43 do not show a
significant increase in silica formation and eventually more deposition
(increase in thickness). That is, the silica-ash thickness accumulated is
proportionally smaller as the sample thickness increases. Although the
precise mechanisms in the formation of silica-ash are not known, unlike
soot formation, stoichiometric considerations could be used to explain
such behaviour. If the oxidiser concentration remains the same (air), the
number of moles of SiO. per mole of fuels remains invariable with
respect to the stoichiometric ratio [308]. Only if the local supply of
oxidiser is restricted to the combustion zone will the production of silica-
ash be affected. It seems that with increasing thickness, there is not
enough oxidiser to match the vaporised mass at the combustion zone. The
problem can then be considered fuel-rich. The oxidiser level would have
to increase significantly near the combustion zone in order to yield more

silica-ash.

For opposed forced flows, the silica-ash residues measured are much
thinner compared to the concurrent measurements, as shown in Figure 44.
The silica-ash thickness at the point of extinguishment is almost 30 times
thinner in the opposed case as compared to the concurrent case. These
results are from flame spread extinction under the kinetic regime. The
results in Figure 44 indicate that the forced dependency on silica-ash
deposition is strong for the thick sample but weak for the thinner samples.
At the leading edge, gas-expansion is the leading mechanism controlling
soot motion, and thermophoretic velocities are absent [336]. Thus, only
very small quantities of silica-ash deposit on the sample burnout tip.

For opposed flow, the thickest sample (0.36 mm) had the largest silica-
ash thickness, as shown in Figure 44. The formation of silica-ash in the

combustion zone is noticeable since the order of magnitude of the silica-
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ash thickness is much smaller than in the concurrent case. The opposed
flame spread is a steady problem that takes place in the thermal regime.
The presence of the silica-ash in the gas-phase might affect the heat
transfer from the flame to the solid-phase. This is a contrasting behaviour

as compared to concurrent flame spread, which is transient.
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Figure 44 — Silica ash thickness as a function of the opposed, forced flow

velocity at the point of extinguishment for various PDMS membranes.

7.3.2.2.  Silica-ash deposition for various oxygen concentrations and
ambient pressures

As mentioned, the effect of the oxygen concentration and ambient
pressure on the formation of silica-ash is not known or has not been
reported in the literature. Also, the oxygen concertation in the ambient
can affect the formation of silica-ash [292]. In addition, silica-ash was
only reported to occur in oxidative environments in thermal degradation
studies [290,295,341]. Figure 45 (right panel) shows that the silica-ash
thickness increases linearly for increasing oxygen concentration at a
fixed, ambient pressure. From the model of the stoichiometry of complete
combustion, even with increasing oxygen concentration, the formation of
silica-ash might be restricted to the formation of the products H>O and

CO2 simultaneously.

The effect of ambient pressure on the silica-ash deposition is also plotted

in Figure 45 (right panel). It is not clear how the formation of silica-ash is
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affected by sub-atmospheric pressures. Reduced pressure affects soot
formation, and the soot volume fraction does not resemble microgravity
soot formation [342]. In contrast, thermophoretic velocities increase with
a reduction in pressure, which is similar to the microgravity effect [343].
The results in Figure 45 show that the silica-ash formation has a weaker
dependency on pressure than on oxygen concentration. Only at very low
pressures, there is a significant increase in silica-ash thickness.
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Figure 45 — Silica-ash deposition at the point of extinguishment for a
0.125 mm PDMS as a function of the ambient pressure (left) and oxygen
concentration (right). The experiments were performed in the
TOPOFLAME.

These results in normal gravity along with thermophoretic forces being larger

in microgravity, strongly indicate that the deposition of silica-ash might have

been much greater during the Saffire Il experiment. Images from Saffire Il

show floating silica-ash agglomerates and cumulated ash near the ignition

zone. Thus, in part, the flame spread did not succeed as a larger layer of

silica-ash reduced the heat transfer from the flame to the solid and restricted

the mass diffusion from the pyrolyzing solid.

7.4. Ignition behaviour

In this section, the ignition behaviour of PDMS is discussed for a range of

scenarios. First, the thermal degradation is discussed to characterise the

formation of silica-ash. Then, the time to ignition is evaluated in stagnant and

116



forced flow environments. In the latter, the forced flows, oxygen concentration

and ambient pressure are the main variables.

4.4.1. Thermal degradation behaviour

The mass loss and DTG curves obtained from the TGA apparatus are plotted
in Figure 46. As seen, two or three stages of degradation occur at very low
heating rates (2.5 °C/min and 5 °C/min). It is not clear if it is due to
impurities in the sample or what are the governing mechanisms in the
depolymerisation of PDMS (kinetic consideration and molecular structure or
bond energy breakage). A plausible explanation for the multiple-step
degradation is solid-phase oxidation [302,344]. At this heating rate, the solid-
phase oxidises to form silica — the same silica ash that forms in the gas-phase.
Details on the depolymerisation are beyond the scope of the current
investigation. By contrast, at higher heating rates, only one stage of thermal
degradation occurs. The degradation products are siloxanes, as seen in
Chapter 3, along with CO2 and H20 in all reaction steps.

Regardless of the small steps in thermal degradation, the large stage of
degradation occurs 646 °C at a heating rate of 2.5 °C/min. As the heating rate
is increased, the temperature for the degradation stage increases consistently.
Likewise, the residue left decreases with increasing heating rate, as seen in
Figure 46. The residue left is a combination of condensed-phase silica-ash
along with ash formed in the gas-phase falling on the weighing scale. Camino
et al. [306] reported very small residue left for high heating rates (> 50
°C/min). They suggest that high heating rates decrease the oxidation of the
solid-phase while increasing the degradation reaction. Thus, more siloxane
from the solid-phase can depolymerise.

Silica-ash can occur elsewhere than in the combustion zone of a diffusion
flame. These results clearly indicate that the formation of silica ash occurs
both in the gas-phase and the solid-phase. The heating rate is the key factor in
the formation and proportion of silica via solid- or gas-phase. Thereby, both
modes of silica formation should be considered during ignition and flame

spread behaviour.
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Figure 46 — TG and DTG curves of PDMS in air at various heating rates.

The thermogravimetric results were used to calculate the kinetic properties of
the PDMS. The Ozawa/Flynn/Wall method was used to derive the properties
(ASTM E1641-16). The prescription recommended in the standard was
followed as the four mass loss curves from Figure 46 were employed. The
activation energy and pre-exponential factor derived were 148 kJ/mole and
3.4-107 min. The values are in the same order of magnitude as those
reported for PDMS of high molecular weight [301]. These properties
correspond to the solid-phase and can be used to estimate mass flux through

the Arrhenius expression.

4.4.2. Ignition behaviour for stagnant conditions (Cone Calorimeter)

Images from an ignition test under the Cone can be seen in Figure 47. It is
clear that the sample achieves pyrolysis (second image from the left), and
subsequently, ignition is attained. In the last image, it can be seen that the
sample turns white, indicating the formation of silica in the solid-phase and

possibly in the gas-phase (during thermal degradation).
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Figure 47 — Sequence of images showing a test with a 0.25 mm PDMS sample
under the Cone Calorimeter at 35 kW/m2. From left to right: time zero where
the sample was just exposed to the incident heat flux, the second image shows
pyrolysates emerging from the samples, and the last image shows the first

flames appearing.

The piloted ignition results obtained in the cone calorimeter are shown in
Figure 48, along with literature results for a thermally-thin propylene (PP)
sample [345] for comparison. As seen, the ignition delay time has negligible
or almost no dependency on the sample thickness. The fitting curve for the
PDMS samples behaves in an asymptotic fashion, which is surprisingly far
from the linear behaviour expected for a thermally-thin fuel. By comparison,
the ignition delay time curve for the polypropylene sample exhibits a linear
dependency as a function of the imposed heat flux. The general assumption is
that ignition can be synthesised to consider pyrolysis only and this is

dominated by conduction.

For the cone conditions, one side is exposed to radiant heat and with the other
side is insulated, the ignition is restricted to pyrolysis only. The ignition delay
time is composed of pyrolysis time, mixing time and chemical time. Only the

pyrolysis component is discussed here and is expressed as:

P 2
tig = pct (T’gq,,To) . (Equation 12)

If the results for the PP sample in Figure 48 extended are extended by a linear
curve to intersect with the axis, then the critical heat flux (g..) can be
extrapolated. The ¢/, for PP is estimated to be 12 kW /m?. For the PDMS
samples, extending the exponential curve leads to a critical heat flux of 30
kW /m?, which is almost three times larger than critical heat fluxes for

common thermo-plastics [289]. During the experiments with an incident heat
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flux near the critical value, the PDMS sample was whitened before ignition.
Those visual observations indicate that silica might have formed in the solid-

phase during the initial heating process.
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Figure 48 — Time to ignition results for various PDMS samples. The
experimental results were obtained from the Cone Calorimeter (right pane.
For comparison, results from PP and PMMA are displayed on the left pane.

The polypropylene (PP) results are from the literature [345].

The heating of the PDMS sample at the surface is transient, and it depends on
the absorptivity and the intensity of the irradiated heat. The heating rate is
determinant in the formation of silica in the solid-phase. For low heating
rates, more silica is formed in the solid-phase. This was also corroborated in
the previous Chapter. Silica has a lower thermal conductivity " “and higher
reflectivity and stabilises the sample further. The consequences on the
thermal exchange and mass transfer are further reduced. At low incident heat
fluxes, the ignition behaviour portrays the simultaneous thermal behaviour of
the PDMS along with silica forming in the solid-phase. Thus, the PDMS
behaves like a composite material for low incident heat fluxes or under low

heating rates.

Silica-ash forming during the gas-phase could have also been deposited on
the sample surface. In the stagnant condition provided in the Cone apparatus,

the deposition of the ash particles is dominated by buoyancy. However, the
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silica-ash deposition did not have a large impact as the silica-ash measured
was insignificant. It is expected that the material will behave more like a truly
thermally-thin material for higher incident heat fluxes. In the previous
section, it was shown that at high heating rates, most of the PDMS
depolymerises, thus leaving little change to the formation of silica in the
solid-phase. As seen, the pyrolysis behaviour of the PDMS is rather complex
and behaves differently according to the heating rate the sample is exposed
to. At low heating rates, the pyrolysis is dominated by the formation of silica
in the solid-phase, whereas at a high heating rate, the material behaves as a

thermally-thin material.

Based on the critical heat flux value found for the PDMS samples, the
ignition temperature (T;,) can be estimated. Delichatsios [346] used a one-
dimensional heat balance model including surface re-radiation to derive the
ignition temperature as T;; = (4¢/0)%%°. In Delichatsios’ model, the
emissivity is assumed as unity, and with that value, the ignition temperature
for PDMS is 573 °C. However, it should be noted that the emissivity of
PDMS and silica is lower and varies with temperature, and with decreasing
emissivity, the computed value increases. In the literature, the only reference
value found was 444 °C, as provided by Grand and Wilkie [289]. The latter

value from literature is in the same range as for other thermo-plastics.

4.4.3. Ignition behaviour in forced flow

In order to compare the time to ignition for the results obtained during the
Saffire Il tests and the current results, similar energy was provided. In the
Saffire Il tests, the 29 AWG Kanthal wire provided 80 J/s. The current tests
were performed with a 22 AWG wire providing 76 J/s. Thus, the heating
provided in both cases was similar, which allows establishing comparisons.
The main difference between both ignition systems was the installation of the
wire. A sinusoidal shape was used for the Saffire Il experiments, whereas a
coil was used for the current investigation. In the sinusoidal shape, further
displacement of the Kanthal wire was observed. This might lead to some

errors in the comparisons of the ignition delay times.
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Another consideration to raise is the role of convective heat losses in the
ignition procedure. That is, the ignition coil loses energy due to the incoming
forced flow. The coiled igniter can be idealised as a cylinder of a fixed
volume with the coil diameter being 8 mm and 50 mm in length. As this is
energised, it reaches almost 900 °C heating of the nearby air. As a forced
flow is imposed on the coil, convective heat energy is lost and can be
estimated as h.(T,, — Ts). In addition, the hot air around the idealised
cylinders would also be affected by an incoming forced flow. As a result, the
time needed for the conduction loss is t. = pVc,/h.S = r?/2a [347]. The
volume of the idealised cylinder is V, the surface is S. In that characteristic

time, the thermal diffusivity is a function of the temperature.

In the current experimental rig, the improved FPA, the forced flow is laminar
with a low Reynolds (Re) number. Assuming a boundary layer over a flat
plate, the convective heat transfer coefficient for forced flows is h, =
Re'/2pr1/3 [348]. Here, Re is the Reynolds number, and Pr is the Prandtl
number. The Reynolds number is a function of the forced flow. As the forced
flow increases, the temperature of the idealised cylinder and heating coils
decreases. Also, the Prandtl number is also affected by the forced flow as the
thermal conductivity of air decreases with temperature. Thus, it is expected
that as the forced flow increases, the energy provided by the coil decreases

accordingly.

The results for the ignition delay times are plotted in Figure 49. As seen, the
ignition delay exhibits a linear increase up to certain forced flow velocities in
both cases. Thereafter, the ignition delay time seems to behave
asymptotically. The linear dependency on the ignition delay time can be
explained by the fact that the mixing time is inversely proportional to the
forced flow velocity. The same behaviour has been reported elsewhere for
another thermally-thin fuel [167]. It should be mentioned that the cooling
effect of the forced flow might affect the pyrolysis as well. As for the
asymptotic behaviour, it is suspected that the cooling effect on the ignition
wire is far too great, and the heating rate to the PDMS goes down, allowing
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the formation of silica in the solid-phase. This is again corroborated by the

whitening of the sample near the ignition wire at extinction conditions.
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Figure 49 — Time to ignition for various PDMS samples under opposed (left
panel) and concurrent (right panel) forced flows in normal gravity and

microgravity environments. The results were obtained in the Tunnel Flow rig.

Notice that extinction regions differ between opposed and concurrent forced
flows, as shown in Figure 49. The ignition delay time is fundamentally the
same under both conditions. The flow encountered during the ignition at the
bottom of the sample (for concurrent) and at the top of the sample (for
opposed) is not the same. In the concurrent flow case, the flow is the actual
one seen by the sample edge, whereas in the opposed flow case, a boundary
layer would be created, and the top of the sample will thus experience a

reduced forced flow where the ignition wire heats the sample.

The differences with microgravity data might also arise from a combined
effect of energy and flow dynamics. The effective flow seen by the PDMS
sample in the Saffire experiment was lower due to the boundary layer
established. Despite these differences, the microgravity results are in the
same order of magnitude. Thus, it is clear that the PDMS samples tested
during Saffire Il ignited successfully. The failure to attain a steady flame was

more related to the transition from ignition to flaming or the flaming process.

4.4.4. Effect of oxygen concentration and ambient pressure

The effect of oxygen concentration on the ignition delay times can be seen in
Figure 50 (left panel). The ignition delay times decrease following a linear
dependency on oxygen concentration. Hsieh and Buch [314] obtained similar
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dependencies on the oxygen concentration for similar silicone elastomers.
They suggested that an increased oxygen concentration aids the
depolymerisation of the silicones. Such linear dependencies have also been
reported for other thermally-thin and thick polymeric fuels for varying
oxygen concentrations [110,111,189]. In  numerical auto-ignition
investigations, the dependency was found to be exponential [32,349] and
polynomic [350].
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Figure 50 — Ignition delay time for a 0.125 mm PDMS sample as a function
of two environmental parameters, the oxygen concentration (left panel) and
ambient pressure (right panel). The experiments were carried out in the
TOPOFLAME.

The ignition delay time also decreases linearly on increasing ambient
pressure, see Figure 50 (right panel). Other studies have reported the same
behaviour for thermally-thin cellulosic sheets [111,189] and for thermally-
thick samples at low pressures [107]. However, Fereres et al. [35,106] and
McAllister et al. [107] reported that the ignition delay time decreased as the
ambient pressure decreased for thermally-thick solid. In their work, they
revealed that the convective heat losses are reduced with decreasing pressure

dominating the heat losses (reduced at lower pressures) and transport.

In previous studies, the effect of both environmental parameters has been
shown to affect the convective heat losses and mass transport quantitatively

and to depend on the thermal behaviour of the sample. The PDMS used in the
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current study behaves differently, as has been shown previously, and thus the
findings from other studies might not necessarily be the same. Therefore, it is
important to look at the effects of both environmental parameters on
convective heat losses, chemical time, formation of siloxanes and silica-ash

in the gas-phase, silica formation in the solid-phase, and the pyrolysate rate.

The convective heat transfer coefficient in buoyant conditions, h, =
(GrPr)/*, is proportional to the square root of pressure (through the Grashof
number). Thus, reducing pressure decreases the convective heat losses and
increases the heating rate at the fuel surface (being heated by conduction and
convection by the coil). However, this effect seems to have little or no
influence on the PDMS samples, as seen in Figure 50. It is not clear how
reduced pressure affects the formation of silica-ash during depolymerisation.
Thomas and Kendrick [301] reported higher activation energy for
depolymerisation in vacuum conditions when compared to a thermo-
oxidative environment. With respect to the transport of the ash, a reduction in
pressure decreases the buoyant forces and more silica- might accumulate on
the surface, as was shown to occur with the silica-ash produced during the

exothermic reaction (see Chapter 3).

Increasing the oxygen concentration might increase the depolymerisation
(pyrolysis rate), as this has been observed for other polymeric fuels [107].
This behaviour is noticeable in Figure 50. Oxygen variations can affect the
formation of silica-ash and impact the formation of silica in the solid-phase.
For the latter, it might be more plausible if the heating rate from the ignition
is too slow. The coil reaches around 900 °C in less than one second,
providing a very fast heating rate and might be positively affected by the

reduction in convective heat losses as the pressure is reduced.

An increase in oxygen increases the gas-phase chemical reactions according
to the following expression; w, = Ayp,Y,,psYreEe/RTe) [323]. Or
conversely, the chemical time in the gas-phase, 7., =
(pcpT)/(E/RT)AR Ae~E/RT [347], is reduced. It is clear that the effect of

oxygen on the reaction rates, or chemical time, dominates the ignition delay
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time for the PDMS as a function of the oxygen concentration, see Figure 50
(left panel). The effect of pressure on the chemical and reaction rates happens
via gas-phase densities and reduction of mass pyrolysates. Then, chemistry
dominates the ignition delay times for pressure as a variable, see Figure 50

(right panel).

Fereres et al. [35] suggested that an ambient pressure of 0.55 bar resembles
microgravity through a convective transport mechanism. Wang et al. [272]
reported that microgravity auto-ignition time could be attained at a sub-
atmospheric pressure. However, the ignition delay results presented herein
are most likely dominated by chemistry. Thus, convective heat losses might
only be relevant for thermally-thick fuels or for other scenarios where
ignition delay times are much larger than for thermally-thin fuels. As such,
pressure modelling might not be applicable to piloted ignition of thermally-

thin fuels.

The ignition delay time for normoxic conditions, i.e. where the oxygen partial
pressure is kept constant, is plotted in Figure 51. An inverse “U”
phenomenon is observed for both the PDMS thickness and the change in the
non-monotonic behaviour occurs for a combination of 0.7 bars and 30%
oxygen concentration. It is a surprising behaviour, as chemistry dominates
ignition delay times when changing pressure and oxygen concentration only.
Previous studies in normoxic conditions with pilot and auto-ignition on
thermally thin materials have shown no dependencies [111,351]. However,
McAllister et al. [110] showed that for a thermally-thick fuel, the ignition
delay times exhibited an almost linear dependence on the normoxic
environment. In these studies, chemistry dominated for thermally-thin fuels,

whereas convective transport dominated for thermally-thick fuels.

It is difficult to hypothesise the forces behind the behaviour observed in
Figure 51. The only notorious difference with previous studies is regarding
the PDMS and the formation and transport of silica. From Figure 51, it is

seen that ignition occurs more readily at 0.7 bar and 30% oxygen
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concentration for the 0.125 mm sample than in normal atmospheric
conditions. The same behaviour is observed for two data sets of 0.61 bar and
30% oxygen concentration. This change of regimes coincidently also occurs
for flame lengths (will be discussed later in Chapter 7.5.4), and it is thus
strongly suggesting that such changes might occur in the gas-phase. It is less
plausible that this was a mistake due to the experimental procedure.
Determining the forces behind such non-monotonic behaviours will require

further attention in future studies.
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Figure 51 — Ignition delay time in normoxic conditions for two PDMS
samples as a function of the oxygen concentration (left) and ambient pressure
(right). Data from 0.61 bar and 30% is also plotted for comparison. The
experiments were conducted in the TOPOFLAME.

7.5. Flame spread behaviour

The previous section discussed the possible mechanisms affecting thermal
degradation and ignition. Those findings will be useful for a deeper
understanding of the flame behaviour results presented in the following. The
Saffire Il results for the PDMS sample are presented first as these will be
compared against the normal-gravity results. The flame spread behaviour, which
involves flame spread rates and near-limit, are presented as a function of forced
flows, oxygen concentration and ambient pressures. In addition, two methods for

flammability assessment are employed.
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7.5.1. Overview of results from Saffire Il

In the Saffire 1l experiments with PDMS samples, no self-sustained flame
spread was achieved during the tests. As discussed, all samples achieved
ignition, but they did not transition from ignition to self-sustained flame
spread. The most likely mechanism leading to extinction is the deposition of
silica-ash. The transport and deposition of silica-ash, SiO., strongly depends
on the convective and thermophoretic forces. The latter is especially stronger
in microgravity, and consequently, the deposition of silica-ash is larger in
microgravity, as discussed in Chapter 7.3. The excessive accumulation of ash

has consequences on the heat and mass transfer during flame spread.

From the videos recorded in the Saffire 1l experiments, it is possible to
analyse the flame development during the energisation of the heating coils.
The energy provided by the coil in each test is the same, and thus, the same
energy. The energy provided by the heating coils was 80 J/s or equivalently
80 W. Knowing that the ignition coil covered 1.3 cm breadth of the 5 cm
sample width, the computed heat applied to the edge of the sample was 12.3
W/cm? or 123 kW/m?. The same heat was applied to all the PDMS samples,
and the convective losses due to the forced flow were identical for each test
as the forced flow velocity was the same (20 cm/s). Warping or displacement
of the coil might have reduced the heat applied to the edge when the wire was
energised. Thus, the development of the flame’s leading edge could only be
analysed during the energisation of the coils.

The position of the flame’s leading and the position of the coil are plotted as a
function of time for all samples in Figure 52. Note that the two thinner
samples experienced flame spread in ground experiments carried out as part
of the preparation for the flight experiments [317]. As seen, the coil suffered
displacement at some point in the first test (0.25 mm thick sample). Despite
that, the flame’s leading edge for that sample exhibited a linear increase over
time. For the 0.61 mm and 1.02 mm thick samples, the displacement of the
coil was minimal, and these samples thus received the same heat. As seen in
Figure 52, the flame’s leading edge exhibit steady behaviour. However, for

the 0.36 mm thick sample, which was tested in opposed flow, the
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displacement of the coil was significant enough to influence the ignition and

flame spread.
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Figure 52 — Flame’s leading edge position along with the igniter position for
the four PDMS samples tested during the Saffire Il tests. A: 0.25 mm
(Concurrent), B: 0.61 mm (concurrent), C: 1.02 mm (concurrent), D: 0.36

mm (opposed).

Despite the large energy initially received by all the samples in the Saffire Il
tests, it is plausible that the deposition of silica-ash was quite substantial, and
no flame spread could travel beyond the initially ignited area without further
assistance. Also, the formation of silica in the solid-phase and the radiative
heat losses in the gas-phase (due to microgravity) might have played a role in
the failure to achieve flame spread in these tests. Based on the slope of the
flame tip curves, the displacement rates of the flame’s leading-edge were
extracted and are plotted as a function of the corresponding sample thickness
in Figure 53. As expected, the displacement rate under concurrent forced
flow exhibits a linear dependency on the sample thickness. However, beyond
the energisation of the heating coils, flames are not viable and can then be

deemed an extinction phenomenon.
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Figure 53 — Displacement rate of the flame’s leading edge as a function of

the PDMS sample thickness in the Saffire 1l experiments.

7.5.2. Forced flow effect on opposed and concurrent flame behaviour

Snapshots taken from the videos of the experiments in normal gravity and
microgravity are compared in Table 13. Ignition is attained as diffusion
flames emerge from both sets of experiments. In the microgravity case,
flames were only visible when the heating oil was energised. Once ignitors
were off, the flame in microgravity could not self-sustained itself. O the
contrary, in the normal gravity experiments, flames could be established and

travelled beyond the igniter's area.
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Table 13 — Comparison of flame spread occurring on PDMS samples of

various thicknesses in similar scenarios in microgravity and normal gravity

environments. The first snapshot was taken when ignition occurred, the other

snapshots were taken in 10-second intervals thereafter. Note: the length of

the sample was cut to accommodate all samples in the table, the width of the

samples is 5.
d.F'O"." CONCURRENT OPPOSED
Irection
Sample 0.25mm 0.36mm 0.36mm
thickness
Gravity  ug 1g ug 1g ug 1g
Time (4s) (245) (18s) (20s) (14s) (42s)

Ignition

10s

20s

[ ]
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T
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The results obtained in the flow tunnel for flame spread under opposed and
concurrent forced flows are presented in the following. In addition to
changing the forced flow, the sample thickness was varied. The results from
Saffire Il are also included in the corresponding plots (extinction limits) for

normal-gravity data to enable comparisons.

Under buoyant conditions, a characteristic relative velocity is generated for a
diffusion flame, and it depends on the thermal characteristic of the gas-phase
(temperature changes). Bhattacharjee et al. [352] proposed an expression to

compute the characteristic  buoyancy-driven flow as V., =
[(ay9(Ty — T))/Tw]/3. Thus, the forced flows affecting the flame spread

can be corrected by adding the characteristic buoyant flow. In the following,

the data will be presented as a function of the corrected forced flow.

The flame spread rates as a function of the opposed forced flows for various
PDMS samples is plotted in Figure 54. The flame spread rate decreases with
increasing sample thickness, as expected according to the de Ris expression
for the flame spread [52]. For all the samples thicknesses, the flame spread
rates exhibit a very small linear dependency as the forced flow increases. This
behaviour is not very consistent with other observations for thermally-thin
fuels [323]. In the work of Fernandez-Pello et al. [323], the flame spread rate
over a cellulosic fuel decreased slightly with increasing forced flow at 21%
oxygen concentration. On the contrary, they reported the opposite for
thermally-thick fuels for high oxygen concentrations (>30%). For a
thermally-thick material, increasing the forced flow increases the flame
attachment, and in turn, the solid-phase receives larger heat flux from the
flame. However, in the case of the thermally-thin PDMS, in-depth losses (or
solid-heat up) should be negligible. The results plotted in Figure 54 were
obtained in the flow tunnel, where the forced flow started to transition to a
turbulent flow at 70-80 cm/s. It is known that flame radiation can become

prominent under turbulent flows.
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Figure 54 — Measured and predicted opposed flame spread rates for various
PDMS thicknesses as a function of the mixed opposed forced flows (buoyant
and forced). The data corresponds to the normal (flow tunnel rig). The closed
symbols represent propagation conditions, and the filled symbols represent
extinction conditions. The extinction limit defines the propagation zone (left)

and the extinction zone (right).

Figure 54 also shows the extinction limit for high forced flow velocities. For
extinction conditions where the Kinetic effects are important, Fernandez-Pello
[323] proposed that V; = V2 /Tcpem. The expression is very similar to the
Damkohler number, which is the ratio of the flow time to the chemical time.
If the thermal diffusivity is considered unity, then Vra Da. For the conditions
of the experiments, the chemistry is not changed since the oxygen
concentration remains the same, but the flow time is inversely proportional to
the forced flow (7710, = a4/V;?). Thus, for large forced flow velocities, the
Da is reduced via the flow time, and extinction will occur for the opposed

flames established over the PDMS samples.

The extinction limit decreases with flow and sample thickness, as seen in
Figure 54. Such behaviour cannot be explained by the Damkohler number
alone as it only reflects gas-phase chemistry. Intuitively, increasing the

sample thickness increases the energy required to pyrolyse the fuel, which is
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relevant for flame spread over a material affected by silica-ash deposition and
silica formation via solid-phase. T’ien, Endo and co-workers [353,354]
evaluated the quenching limit of thermally-thick fuels by evaluating the ratio
of solid-heat conduction to the heat conduction through the gas-phase, ® =
[45(9Ts/0n)]/[A4(dT,;/9n),]. In that expression, the heating via the

temperature gradient is with respect to the normal of the sample surface (dn)
since the sample was spherical. They demonstrated that near-limit
phenomena (quenching) are also dependent on in-depth heating. For the
PDMS, the particularity in its behaviour during flame spread is the formation
of silica in the solid-phase. As the sample increases in thickness, the
formation of solid-phase silica might increase, and it could affect the heat
transfer through the solid-phase. Such a hypothesis most likely explains the

behaviour seen in Figure 54.

It is noticeable that Kinetic extinction conditions for PDMS samples occur at
high forced flows. By comparison, for a 0.125 mm PMMA film, Kinetics
become noticeable at 60 cm/s (or roughly 70 cm/s for mixed flow). The gas-
phase activation energy for PMMA is 150 kJ/mol, and it is most likely many
times higher for the PDMS (it will be confirmed later). This implies that a
diffusion flame established over PDMS or other siloxane products is much
harder to blow-off. This characteristic behaviour might have some
implications related to the depressurisation approach to tackling a fire on
spacecraft (fire-fighting measures). An established flame over a PDMS

sample might not be extinguished during depressurisation.

In Figure 54, the theoretical predictions are also plotted. These did not
foresee extinction conditions and were plotted to cover the thermal regime
only (before Kkinetic extinction). The predictions slightly overestimate the
experimental normal-gravity results, but they can still be deemed acceptable.
Heat conduction from the gas-phase to the solid-phase is dominant for this
opposed flame spread over the PDMS samples. Radiation from the gas-phase
and surface re-radiation seemed not to be relevant. The choice of the

theoretical prediction and input parameters was required to evaluate and
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deserves some discussion. Two expressions were considered for computing

flame spread. The first is the de Ris expression, V; = v2 A (ﬂ) The

PsCpT \Ty—Too

: A (Tp-T,
second expression, Vy = ( [~

), is based on the an extended simplified
PsCpT \Ty—Teo

theory (EST) developed by Bhattacharjee, Takahashi and co-workers
[28,242,325]. Both equations are fundamentally the same; the only difference

is the value of the constant in the expression by de Ris.

In addition, different values for the flame temperature pyrolysis temperature
were evaluated. For the flame temperature, the adiabatic case and the
measured flame temperature were used. A reference value from the literature
[317] and the computed value from Chapter 7.2 were considered for the
pyrolysis temperature. The computed results for the flame spread rates are
listed in Table 14. Comparing both theoretical expressions, the expression by

de Ris provides higher values, which is to be expected given the value of the

constant (v/2) in the expression. The adiabatic flame temperature yields
overly conservative spread rates for a fixed value of the pyrolysis
temperature. It was discussed earlier that adiabatic flame temperatures are a
few hundred degrees over the measured values. In the case of the pyrolysis
temperature, the computed value obtained in Chapter 3 provides lower spread
rate values. Again, the pyrolysis behaviour of PDMS depends on the heating
condition. The estimated spread rates closer to the experimental values are
from the reference pyrolysis temperature and the measured flame temperature

from all the computed scenarios.
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Table 14 — Flame spread rate predictions based on different values of the
flame temperature and pyrolysis temperature. The T, ,. is the pyrolysis
temperature reported by Niehaus [317], T}, comp is the pyrolysis computed in
Chapter 4.4.2, Ty 44, is the calculated adiabatic flame temperature and T ,,,

is the maximum measured flame temperature by thermocouples.

Theory de Ris [75] EST [28,242,325]
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The flame spread rates as a function of the concurrent forced flows for
various PDMS samples are plotted in Figure 55. The results for this mode of
flame spread are, in principle, more complex than the previously discussed
opposed flame spread cases. The transport and deposition of silica-ash on the
sample ahead of the combustion zone determines the heat and mass transfer
processes. As discussed in Chapter 7.3.2, the transport and deposition of the
SiO2 ash is dominated by two forces — thermophoresis and convection. It was
seen that for increasing forced flows, convective forces dominate. Thus, the
silica-ash deposition decreases with increasing forced flows. A modified
expression for the concurrent flame spread over a thermally-thin material
developed by Fernandez-Pello [323] will be used to establish
phenomenological discussions. The modified expression is the following:

-1
[(Psio, Csio, Tsio,) + (PscsDI(Ty — T,) _GX

h 1/2 v 1 vy Y, fehem
(cikgpp Vo/x) " (Tr=Tp) + Gf, + 4 — 7' %

Notice that the effect of silica-ash is incorporated in the heat transfer rate
needed to raise the sample temperature to its pyrolysis temperature. Thus, the
silica-ash affects the transfer of heat from the flame via convection

(clkgpp Vg/x)l/z, flame radiation g, or any externally applied heat q'.
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Moreover, surface re-radiation g, is also affected by any deposited silica-
ash. Another effect of the ash is its deterrent mechanism on the diffusion of
pyrolysates and oxidisers at the fuel surface. This reduced diffusivity effect
can be accounted for via the chemical part in the above equation. In

Fernandez-Pello’s  definition of the Damkohler number (Da =

AgAHRPGEGY,00Y Fs

- e E/RTr) the reduction of diffusivity reduces the mas
chTng/x

fraction of species locally Yx;, and the mass fraction of oxidiser Y, .
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Figure 55 — Flame spread rates for various PDMS samples as a function of
the mixed concurrent forced flows (buoyant and forced). The data plotted
corresponds to normal-gravity (flow tunnel rig). The open and closed
symbols represent extinction and propagation conditions. The extinction
region lies below the extinction boundary, and above the curve lies the

propagation region.

As seen in Figure 55, the flame spread rate at low laminar forced flows is
considered a “near-limit” condition as the flame did not propagate over the
entire sample length. Despite that, the flame spread rate for most of the
samples exhibits a linear dependency as a function of the laminar forced flow.
In Chapter 7.3.2, it was shown that silica-ash deposition was nearly

exponential with respect to distance and laminar forced flows.
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As the forced flow is increased further, the near-limit behaviour due to
excessive silica ash deposition is left behind, and flame spread is practically
propagating steadily over the entire sample. For these high forced flows, the
deposition of silica ash on the fuel is reduced drastically. As such, the
deposition is becoming insignificant, and the flame spread is dominated
entirely by the heat and mass transfer along the characteristic flame length. It
Is worth mentioning observations of the behaviour exhibited by the thinnest
sample (0.125 mm). Under propagation conditions, the 0125 mm thick
samples showed a non-monotonic behaviour as the forced flow increased.
This behaviour might be associated with the radiative nature of turbulence in
the flow.

The extinction limits in Figure 56 is thus dominated by the transport and
deposition silica-ash and the sample thickness (via silica formation in the
solid-phase). Another way of visualising the extinction boundaries can be
seen in Figure 56, where the boundaries are plotted as a function of the forced
flow and sample thickness. As seen, the contrasting near-limit behaviour for
the flame spread between opposed and concurrent flame spread is due to
various dominant forces. The opposed flame spread extinction map shows
that flames are predominantly viable for extensive forced flows. Extinction
occurs via kinetics for a specific sample under increasing forced flows
(moving leftwards in the map). However, for increasing sample thickness
(moving upwards in the map), extinction occurs due to insufficient energy to
counteract the energy loss to break through the formation of silica in the
solid-phase. The dominant mechanisms for near-limit under concurrent
forced flows are directly dependent on the transport and deposition of silica-
ash and the sample thickness (via thermal penetration).

The microgravity data points from Saffire Il are also plotted in Figure 56. For
the concurrent case, the microgravity data lies within the extinction
flammability region obtained in normal-gravity scenarios. This suggests that
concurrent flame spread over a PDMS sample is largely dominated by silica-
ash transport and deposition in microgravity as well. However, when

comparing the opposed case, the single data point obtained in microgravity
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disagrees with the normal-gravity flammable region. This might also suggest
that silica-ash transport dominates opposed flame spread in microgravity, but
it is not clear to which extent. From Figure 56, it is clear that the most critical
scenario would be for flame travelling under opposed forced flows over a
very thermally-thin sample. If this flammability map was available before
designing Saffire Il tests, it would have been obvious which PDMS
thicknesses and conditions would have been most appropriate for the flight

experiments.
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Figure 56 — Extinction boundary limits for PDMS membranes for a range of

mixed flow velocities and sample thicknesses. The negative and positive axes
represent opposed and concurrent forced flows, respectively. The data
corresponds to normal (flow tunnel rig) and microgravity (Saffire 1l). The
closed and open symbols represent propagation and extinction conditions,

respectively.
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7.5.3. Prediction of the extinction boundaries

Figure 57, Figure 58 and Figure 59 show the data points where flammability
conditions are met and where extinction occurs. The flammability boundaries
between those regions are drawn and are shown for all three sample
thicknesses. As seen, the extinction limits differ quantitatively between
sample thicknesses. For each PDMS sample thickness, there is a minimum
condition (fundamental limit), i.e. a flammability limit. This fundamental
point is identified with the LOI method, as explained in Chapter 2.4.3. Thus,
the LOI for the 0.125 mm, 0.25 mm and 0.36 mm thick samples are 19.3%,
20% and 20.8%, respectively. These results are in agreement with values
reported in the literature for similar materials (siloxanes and silicones)
[187,235,236,244,317,318]. The change in LOI as a function of the sample

thickness might be due to the silica formation in the solid-phase.

The extinction limits seen for all the sample thickness can be explained by
Kinetics  or by using the  Damkohler  number, Da =
(ag/V;?) pgYoA, exp(—E,/RT;). When the oxygen concentration is
reduced, the chemical time increases. As the forced flow increases, there is a
reduction in the residence time, which is inversely proportional to the forced
flow velocity. Thus, either reducing the oxygen concentration or increasing
the forced flow will reduce Da below a critical value, and extinction will
occur. The extinction data point obtained in the Saffire Il experiment is
plotted in Figure 58. It was discussed earlier that silica-ash transport and

deposition dominate the extinction behaviour in microgravity.
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Figure 59 — Experimental flammability limit for a 0.36 mm thick PDMS

sample for a range of opposed forced flow velocities and oxygen

concentrations.

The LOI-MLOC method is utilised to predict the flammability limits for the

PDMS samples. The goal of the method is to empirically determine the

quenching and blow-off flammability limits of a material to determine the
lowest fundamental point, the MLOC (in terms of oxygen concentration and

forced flow), that allows flame spread to occur. The LOI-MLOC method is

first used to derive two important parameters that describe the kinetic

extinction behaviour, these are the gas-phase activation energy and pre-
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exponential factor. These properties are not readily available in the literature,
and values for the most studied materials have been reported (PMMA and
cellulosic fuels) [49,73].

One of the advantages of the LOI-MLOC method is that it can be used to
empirically derive relevant properties, which can be used later to predict the
flammability limits. It is worth mentioning that the method was simplified
based on various assumptions (see Chapter 2.4.3). Other numerical and
experimental studies have shown that radiation via the gas-phase is also
important [66,355]. Also, another simplification taken is matching the gas-
phase length and the solid-phase lengths. In addition, at the far limit of each
extinction branch, only one mechanism is accounted for. That is, for
quenching, only radiative losses are assumed, and for blow-off, only kinetics
is included.

The formulae for the determination have already been introduced in Chapter
2.4.3 and Chapter 7.1. The properties used for the model are those of the
PDMS listed in Table 7. As for the pyrolysis temperature, 444 °C was chosen
as it was demonstrated to be the only value close to the predictions from the
flame spread analysis. Lastly, for the flame temperature, the adiabatic flame
temperature was selected since it is what the model requires. This will have
anticipated consequences as it was discussed where the adiabatic flame

temperature vastly overestimated the computed flame spread rates.

For the derivation of the gas-phase pre-exponential factor and activation
energy, the idea of the model is to determine the kinetic flammability
boundary empirically. For the kinetic regime, the expression n + (1/Da,)
should be unity at the extinction boundary. The flame spread values near the
extinction limit for each sample thickness, as seen previously, were obtained,
and the equation was fitted to those values. The values of the pre-exponential
factor and activation energy are iteratively obtained until the deviation from

the mean is the smallest.

The empirical gas-phase pre-exponential factor and activation energy derived
from three PDMS thicknesses are plotted in Figure 60 (left panel). The
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empirical activation energy derived from all the PDMS samples collapsed to
a very close averaged value for each sample thickness. Some scatter is
obvious and was expected as the accuracy of the modified FPA rig in
delivering a set oxygen concentration was 0.1%. The activation energy is
greater than the one reported for PMMA; as discussed earlier, this is why
extinction conditions for PDMS occur at twice over the flow as those of a
thermally thin PMMA. This makes diffusion flame established over PDMS

much harder to blow off during a depressurisation event.

The average values for the derived pre-exponential factor seen in Figure 60
(right panel) differ as it decreases with increasing sample thickness. The
difference in values is because the formation of silica via solid-phase is not
accounted for in the model. Instead, these effects are artificially translated to
the pre-exponential factors. This drawback of the LOI-MLOC method is
purely based on Kinetics and radiation-diffusion. Thus, several sample

thicknesses of the same material require to be tested.

Another disadvantage of the LOI-MLOC method, already discussed in
Chapter 2.4.3, is the three-dimensional effect. For small samples (in width),
side diffusion and side losses can yield different results. The samples are
wide enough in the current investigation, and the flame is purely two-
dimensional. There is a critical sample width where the lowest MLOC is
found [245,356]. The LOI-MLOC method does not account for three-
dimensional features, but it artificially translates those effects into the

derivation of the gas-phase activation energy and pre-exponential factor.
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Figure 60 — Empirically determined gas-phase activation energy and pre-
exponential factor for 0.125 mm, 0.25 mm and 0.36 mm PDMS thick samples,
respectively. The horizontal lines represent the average values for each

sample thickness. The experiments were carried out in the FPA.

Once the gas-phase kinetic properties were derived, these were used to
compute the flammability boundaries for all the PDMS sample thicknesses.
For extinction conditions, the following expression should be satisfied:
Rygae + 1+ (1/Da,) = 1. The predicted flammability boundaries for the
0.125 mm, the 0.25 mm, and the 0.36 mm thick PDMS samples are plotted in
Figure 61, Figure 62 and Figure 63, respectively. As seen, only the Kkinetic
regime and results for high forced flows compare quantitatively with the

experimental data.

On the contrary, the radiative regime seems to fit the experimental data for
the 0.125 mm thick samples. However, it is just a coincidence, as those data
points were obtained in normal-gravity, where radiation is not relevant. For
the other samples, the radiative branch is extended with increasing thickness.
The corresponding MLOC values found by the predicted flammability
boundaries are extended with increasing sample thickness. This antagonistic
behaviour indicates the assumption breakdown for increasing PDMS sample
thicknesses. In addition, only one reference data point from microgravity is
not reflected either by the predicted radiative regime. The microgravity
extinction point due to silica-ash transport and deposition affects the heat and

mass transfer at the leading edge. Corrections should be made for the flame
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temperature and to account for in-depth heat losses and the formation of the
silica via the solid-phase.
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concentrations and opposed forced flow velocities for a 0.36 mm thick PDMS
sample. The experiments were carried out in the FPA.

7.5.4. Effect of oxygen concentration and ambient pressure
Images of the flames established over a 0.125 mm PDMS sample as a

function of the environmental conditions can be seen in Table 15. The flame
shape increases in size for any fixed ambient pressure when the oxygen
concentration is increased. However, the same behaviour is not seen for

increasing ambient pressure (at fixed oxygen concentrations). Thus, it is
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visually clear the strong effect of oxygen concentration over ambient

pressure.

Table 15 — Snapshots of established flames over a 0.125 mm PDMS sample
under various environmental conditions. The top row indicates the oxygen
concentration, and the left column represents the ambient pressure. The
length of the sample is cropped, but the width of the flame is 50 mm on a real
scale. Results were obtained in the TOPOFLAME rig.

21% 25% 30% 35%
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The flame spread rate and flame lengths as a function of the oxygen

concentration are plotted in Figure 63. The flame spread rates under different
fixed ambient pressures exhibit a linear dependency on the oxygen
concentration. As the oxygen concentration is increased, the flame
temperature increases due to chemistry [52,357]. In turn, the heat from the
solid-phase to the gas-phase increases. Then the increase in flame
temperature, and increase in gas-phase properties, is directly proportional to

kgpgcp(Tr=Tp)

. In addition, a
PscsT(Tp—To)

the flame spread rate, as confirmed by V; =

reduction of the flame temperature translates into a decreased in the induced

buoyant velocity.
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Figure 64 — Opposed flame spread rate (left panel) and flame length (right
panel) as a function of the oxygen concentration for a range of ambient
pressures for a 0.125 mm thick PDMS sample. The experiments were carried
out in the TOPOFLAME.

The dependency of flame length on the oxygen concentration is exponential
for all data sets, Figure 63. Bhattacharjee et al. [118] derived an expression

for the flame length in the thermal regime
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Ls~0.0345[(T; — T,)/((Ty — T )¥0,)1Ly,. For all the pressures tested, it is
assumed that the thermal regime will hold, away from extinction. In the
former equation, the flame length directly proportional to the square of the
oxygen concentration and flame temperature. Thus, it coincides with the
current results. The effect of the oxidiser on the flame length relies on two
aspects, the supply of fuel and the local supply of oxidiser. Increase in
oxygen results in increasing flame temperature and soot oxidation [358],
which increases the heat feedback (radiation) and elongates the flame. Under
buoyant conditions, the buoyant induced flows do not affect the supply of an
oxidiser, and thus flame lengths will be mainly dependent on the oxygen

concentration.

The flame spread rates and the flame lengths are plotted as a function of the
ambient pressure in Figure 65. The pressure shows to affect the flame spread
and flame length differently as two apparent regimes emerged. As the
pressure is reduced, the flame spread rates decrease linearly with decreasing
ambient pressure for any fixed oxygen concentration. This dependency is
shown to be weak compared to the oxygen concentration dependency. If the
ambient pressure is reduced further, the flame spread rate decreases in an
asymptotic manner, reaching a limiting vertical value. Such behaviour has

been reported previously with different materials [53,359-362].
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Figure 65 — Opposed flame length as a function of the ambient pressure for a
range of oxygen concentrations for a 0.125 mm thick PDMS sample. The

experiments were carried out in the TOPOFLAME.
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As pressure is reduced, the incident heat flux from the flame is reduced. The
heat from the gas-phase to the solid-phase is reduced proportionally as the
flame thickness is increased with decreasing pressure [53]. The flame spread
has a weak dependence on the pressure but is heat transfer controlled [360].
For the non-linear and asymptotic behaviour, the gas-phase diffusion is
inversely proportional to the pressure (e~ 1/P). In contrast, the reaction time
increases with decreasing pressure. Thus, Da becomes small and flame spread
rate is controlled via kinetics for the asymptotic regime. It has been
hypothesized that at very low pressure, there is a combination effect of
radiative losses (via solid-phase) along with a decrease in kinetics [363].
Bhattacharjee et al. [363] have shown that a radiative parameter is

proportional to (1/p%g)?/3 and the Damkéhler number is proportional to
/9?3,

The flame length dependency on ambient pressure exhibits a non-monotonic
behaviour, as seen in Figure 65 (right panel). Increasing pressure increases
the flame length for a fixed oxygen concentration until it reaches a peak.
Thereafter, the flame length decreases with increasing pressure. Similar
results have been reported in the literature for the left regime in the flame
length concerning the pressure increase [364,365]. As flame height is defined
by the supply of fuel and oxygen entrainment in the combustion zone, these
would also be affected by changes in ambient pressure. Increasing pressure
while fixing oxygen concentration affects the local supply of oxidiser since
the induced buoyant velocity is proportional to pressure. At the same time, an
increase in pressure increases the flame temperature, providing more heat
feedback to increase the fuel supply rate [360,361]. For the results presented
in (right panel), it is clear that the leading mechanism is fuel supply via
thermal transfer as the flame length increases with increasing pressure.

For the second regime, where flame lengths decrease with increasing
pressure. Increasing pressure leads to an excess of fuel which will be burnt in
the flame region. The flame height or length is determined by the ratio of the

heat of gasification to the stoichiometric oxygen-fuel mass ratio [366]. For
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increased pressure, there is an excess of fuel supply (infinitely large Da).
Then, the dominant force is the oxidiser supply since the induced buoyant
velocities increase with increasing ambient pressure. Thus, the local oxidiser
supply increases the stoichiometric oxygen-fuel mass ratio, and in turn, the
flame length decreases, as suggested. Another mechanism that might aid in
the local oxygen supply is pressure-induced turbulences. The flame length at
high pressures exhibited a flickering behaviour that was not observed at lower
pressures. Ban et al. [367] also reported flame height (gaseous diffusion
flame) decreasing with increasing pressure. They attributed it to the shift

from a laminar regime towards a turbulent regime.

The flame spread rates for normoxic conditions as a function of the oxygen
concentration and ambient pressure are plotted in Figure 66. A combined
effect of reducing ambient pressure while increasing the oxygen
concentration has mainly consequences via heat transfer. As seen previously,
increasing oxygen results in higher flame temperatures. On the contrary,
reducing pressure enlarges the flame (thick optical flame) and reduces the
heat transfer from the flame to the solid at the leading edge. The results seen
in Figure 66 indicate that heat transfer via chemical reaction has a larger
effect on the flame spread rates, at least away from extinction conditions.
Also, the flame spread rate is proportional to the sample thickness, as
expected. Thus, normoxic conditions do not offer an improved flammability
scenario for PDMS. Similar results have been reported for cellulosic fuels
[103].
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Figure 66 — Opposed flame spread rates as a function of the normoxic
condition for two PDMS samples (thicknesses of 0.125 mm and 0.25 mm).
The experiments were carried out in the TOPOFLAME.

The corresponding flame length results in a normoxic environment exhibited
similar behaviour, as seen in Figure 67. Again, from a combined effect of
oxygen concentration and ambient pressure, the former seems to help in
providing a large fuel supply and large flames. Thus, oxygen supply
dominates the flame lengths under normoxic conditions. The flame length is
nearly the same for both sample thicknesses. This indicates that there is no
substantial increase of fuel supply from a 0.125 mm to a 0.25 mm thick
PDMS sample. It appears that oxygen supply dominates the flame lengths

independently of sample thickness, at least in the current investigation.
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Figure 67 — Opposed flame lengths as a function of the normoxic condition
for two PDMS samples (thicknesses of 0.125 mm and 0.25 mm). The

experiments were carried out in the FPA.

The flame length results are plotted against the oxygen partial pressure in
Figure 68. As seen in the left panel, the maximum flame length occurs at
reduced pressures for normoxic conditions to be kept (vertical line). That is,
between 0.61 bar and 0.71 bar, the normoxic flames are the longest. In the
right panel of Figure 68, two regimes in flame length are observed as a
function of the oxygen partial pressure. The same mechanism behind both
regimes described earlier applies in Figure 68. It is interesting is the change
of regimes that occur at the actual normoxic condition. Thus, normoxic
conditions help flame spread and provide the best conditions for the longest

flame lengths in buoyant scenarios.
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Figure 68 — Opposed flame length as a function of the Oxygen partial

pressure (Opp). The vertical line indicates the normoxic condition. The

experiments were carried out in the TOPOFLAME.

The opposed flame spread velocities results are plotted as a function of the

flame lengths for a range of environmental conditions in Figure 69. As seen,

the flame spread rate exhibits a similar dependency for flame lengths as a
function of the oxygen concentration and ambient pressure. It is noticeable
that the dependencies reach an asymptotic behaviour for the longest flame
lengths only for the 0.125 mm thick PDMS sample. This behaviour is a
reflection of the two regimes shown earlier, where the ambient pressure is a

determinant parameter that defines the change of regimes.
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Figure 69 — Opposed flame spread rates plotted against of the corresponding

flame length for a range of environmental conditions (oxygen concentration,

ambient pressure and normoxic condition). The experiments were carried out

in the TOPOFLAME.
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Figure 70 shows the boundary limits as a function of the oxygen
concentration, ambient pressure and oxygen partial pressure. These extinction
limits resemble the radiative branch found in microgravity. A similar
extinction boundary has been found in normal-gravity with other materials
[108,360]. Previous studies have suggested that the extinction limits at low
pressure are dominated by kinetics. This is related to molecular diffusion
inversely proportional to the ambient pressure [360] and that the reaction
order decreases with decreasing pressure [278]. Thus, the flow time is short,
and the chemical time is very small, yielding a smaller Damkdhler number.
Also, as the pressure is reduced, the heat losses increase and can also
contribute to extinction [368]. A recent numerical study suggested that there
is an interaction between kinetics and heat losses at low pressure [363]. Thus,
the extinction conditions at low pressure might be a combination of a
reduction in heat losses through the solid-phase and gas-phase and a

combination of slower chemical reaction rates.

The normoxic curve and the hyperoxic limit are also plotted in Figure 70.
Between those limits, the PDMS still encounters favourable flammability
conditions. This zone corresponds to the earlier flame spread and flame
length results, which were enhanced in normoxic conditions. Thus, this
particular PDMS is still flammable in normal gravity scenarios. It is not clear
how different these limits would be in microgravity conditions. It seems that
the transport and deposition of silica-ash is not determinant for the 0.125 mm
thick PDMS sample. However, in microgravity, the opposite was
demonstrated. The silica-ash measurement at the extinction condition showed
a very small increase with decreasing pressure. Only for the lowest pressure
was there a significant increase in deposited ash. Thus, a reduction in

pressure might not help in the silica-ash deposition.
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Figure 70 — Flammability limits for a range of ambient pressures and oxygen
concentrations (left panel). The right panel shows the flammability limit for a
range of ambient pressures and Oxygen partial pressures (Opp) (right panel).
The normoxic curve and the hyperoxic limit are also shown. The data are for
opposed flame spread over a 0.125 mm thick PDMS sample. The experiments
were carried out in the TOPOFLAME.

The mass loss rate data acquired during the experiment performed in the
TOPOFLAME can be seen in Figure 71. The scattering of the data is evident
and is a consequence of the formation of silica in the solid-phase. As flame
travels downwards, the left solid-phase silica falls down due to the action of
gravity. Consequently, the measurements taken by the weighing scale are a
combination of the mass loss due to exothermic reaction (flaming
combustion) and the falling debris comprised of the silica (mostly this). The
mass loss rate can also be defined by the flame spread rate under steady
conditions, m" = p,V 2tW, thus the maximum computed mass loss rate is
0.03 g/s. Thus, it is clear that the mass loss data seen in Figure 71 was largely

corrupted by the falling rate of the silica debris.
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Figure 71 — Gravimetric mass loss as a function of the ambient pressure for a
range of oxygen concentrations for opposed flame spread over two PDMS
samples. The left panel shows data for the 0.125 mm thick samples, for which
oxygen concentration and ambient pressure were evaluated separately. In the
right panel, the mass loss data for the 0.25 mm thick samples at normoxic
conditions is shown. Predictions based on the experimental flame spread
rates are also plotted. The results were obtained in the TOPOFLAME

In Figure 71, the largest mass loss rate appears to be from the highest oxygen
concentration. Conversely, the lowest mass loss rates were for the lowest
oxygen concentration and lowest ambient pressure. These latter experimental
values match better the computed mass loss. From IR video analysis, it was
observed that the left silica formed a fragile structure in some of the
experiments with good measurements. Thus, the mass loss was a true
measurement of mass loss. Both environmental parameters affect the
formation of depolymerisation and formation of silica in the solid-phase.
Such behaviour can be directly linked to the formation of silica via the solid-

phase

For high oxygen concentrations, the flame temperature is increased via
chemistry. Thus, higher heating rates at the leading edge are attained, and the
depolymerisation process will leave less silica. This silica is fragile and will
fall down immediately as the flame travels downwards. Pressure also

decreases the flame temperature, as seen previously. Thus, for increasing
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pressure, the heating rate at the leading edge is increased proportionally, and

less silica is left behind, which is weaker and falls more readily.

On the contrary, for sub-atmospheric pressures, the heat losses via solid-
phase and gas-phase are much greater and will reduce the heating rate
drastically at the leading edge. Fewer siloxanes pyrolysate and more silica are
left behind, which forms stronger structures. These results are corroborated
by the thermogravimetric analysis presented earlier and confirm the

complexity of the PDMS material.

The measured pre-heat and pyrolysis length are plotted in Figure 72. The data
show significant scatter, especially for the pyrolysis lengths. These results
showed that it was very challenging to measure the solid-phase characteristic
lengths with the PDMS pyrolysis temperature as a basis. First of all, the
PDMS and silica emissivity are different and are a function of temperature.
Previously, it was shown that the heating rate at the leading edge and the
solid-phase temperature distribution are affected by environmental
conditions. In turn, the formation of silica in the solid-phase and via gas-
phase will be also influenced. Also, as silica-ash forms in the gas-phase, it is

likely that the IR camera would first see these particulates (shadowing effect).
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Figure 72 — Pre-heat lengths (left panel) and pyrolysis lengths (right panel)
as a function of the ambient pressure for a range of oxygen concentrations.
The case is an opposed flame spread over a 0.125 mm PDMS sample. The
results were obtained in the TOPOFLAME.
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Another problem observed during the experiments is that the sample bends at
the flame trailing edge. Thus, the camera does not see a perpendicular plane
of the flame front at the leading edge. It was expected that the pre-heat length
would increase in size for sub-atmospheric pressure. However, the pre-heat
length showed non-monotonic behaviour as a function of the ambient

pressure and also as the oxygen concentration was varied.
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8. Conclusions

Fire safety on spacecraft goes hand in hand with fundamental studies on the
combustion of solid materials in microgravity. Fire safety prerequisites on spacecraft
have created a need to understand the flammability behaviour of solid materials in
microgravity environments such as those encountered on spacecraft. As seen in the
literature review Chapter, predicting the flammability behaviour of solid materials
(ignition, flame spread and near-limit) in microgravity environments is currently not
very feasible. Some simplified methods and numerical approaches can partly predict
certain flammability phenomena. However, those methods require quantitative
microgravity data in order to be validated. Conducting experiments in microgravity
environments has many constraints, and obtaining quantitative information faces

many limitations.

Assessing the flammability of solid materials has relied for a long time on a series of
tests based on normal-gravity data. Thus, these standard tests do not represent
conditions encountered by spacecraft materials. The established criteria for
flammability behaviour were based on the worst-case scenario. The NASA Test 1
(Upwards Flame Propagation) burnt length criterion is a clear example. It was seen
that there might be other worst-case or critical scenarios on spacecraft that are not
covered by the current assessment standards. Various methods based on fundamental
behaviour have been proposed in the quest to improve the flammability assessment
of solid materials in microgravity. These methods are a substantial qualitative
improvement with respect to the current standards. Nonetheless, these methods still
require quantitative microgravity data to prove their validity and their application
range. One of the methods, the LOI-MLOC is based on the fundamental
flammability behaviour of materials. The method empirically predicts the
flammability boundary limits that can be used to rank materials. Pressure modelling

is another method that has been proposed to study various flammability phenomena.

Silicones are widely used across several industries and spacecraft due to their stable
thermal behaviour and are considered flame-retardant material. During thermal
degradation of silicone under oxidative environments, and more during diffusion

flaming, white silica ash (SiO>), is formed and can deposit on the unburnt fuel. Thus,

159



the silica ash forms a protective layer that influences the heat and mass transfer
(through diffusion). Silicone samples (Polydimethylsiloxane) membranes were tested
during the Saffire Il testing programme on the Cygnus spacecraft. None of the
samples achieved a self-sustained flame. Thus, experimental work was conducted in
the current study to elucidate the flammability behaviour (ignition, flame spread and
extinction phenomena) of Polydimethylsiloxane under an array of environmental

parameters (forced flows, oxygen concentration and ambient pressures).

The current experimental results indicate that Polydimethylsiloxane's flammability
behaviour is far more complex than anticipated and depends on various
environmental conditions. The thermal degradation study found that during
pyrolysis, silica-ash is formed via gas-phase, and silica in the solid-phase is also
formed. The amount of silica formed in the solid-phase is a function of the heating
rate. This behaviour was confirmed when the PDMS samples of various thicknesses
were exposed to a range of incident heat fluxes using the cone calorimeter. Under the
stagnant conditions, the ignition delay times showed two distinctive behaviours, one
at a low heating rate and the other at high heating rates. Thus, critical heat fluxes
extrapolated at low heating rates are the consequence of PDMS pyrolysis and silica
formation in the solid-phase. In other words, at low heating rates, the PDMS behaves
like composite material. As a consequence, the computed critical heat flux and
pyrolysis temperatures did not match the reference values from the literature. This
behaviour has direct implications as it is determinant in the flammability behaviour
of PDMS.

A summary of the experimental results obtained in the current investigation is listed
in Table 16. These results concern the various aspects of flammability studied here,
such as ignition, flame spread and near-limit phenomena, as a function of various
environmental conditions and scenarios (forced flow, flow direction, oxygen

concentration, ambient pressure and normoxic conditions).
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Table 16 — Summary of the flammability experimental results obtained in the current

investigation over the PDMS membranes as a function of a range of environmental

conditions. The following acronyms were used: LD = linear dependency, AP =

asymptotic dependency, NMD = non-monotonic dependency, ED = Exponential

dependency, | = independent.
Phenomena Vy 0, P Normoxic
c LP =» mixing time NMD
2 LP>  Lp 3 chemi Unk
= AP > 5i0, formation chemistry chemistry  (Unknown
= in solid-phase mechanism)
LD = LD =» heat transfer
| (away from chemistry
© extinction) &heat AP z E_eatgransfer 0z >> P
N transfer. Inetics
3 LP => silica-ash
= @) transport and NS NS NS
3 deposition
= (T [;& T P) regime
(5]
=1 ED => fuel > fuel supply 0,>>P
@ (thermal transfer)
£ @) NS supply & L& T P) regime Largest Ly
£ local supply & )'d'g oceurs at
H of oxidiser > Viaoxidiser o ovic
supply and
enhanced mixing
(@) NS NS NS NS
High V, = Kinetics
o | lLowVy>Si0, NS NS NS
o formation in solid-
phase
E O > Szgz transport and NS NS NS
= eposition
é HighV, & low 0, 2
Z Kinetics Low 0, & low P
~ ©O |LowV, &low 0;(ng) =>» heat transfer and NS
© = Si0, transport and Kinetic
deposition
($) NS NS NS
Formation NS NS NS NS
<’ Transport |1g or V,, = buoyant or
“ & laminar forces NS NS
Deposition| ug =» thermophoresis
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During piloted ignition in forced flow, it was shown that the ignition delay time over
PDMS is directly proportional to the forced flow (via mixing time). As the forced
flow increases the cooling down of the ignition wire (reducing the heating rate), the
dominating mechanisms seem to shift to the formation of silica in the solid-phase.
From these results, it is clear that ignition was successful during Saffire 1l tests. This
means that the lack of flame spread in the Saffire Il tests is indeed a flame spread
problem rather than an ignition problem. The current ignition delay times exhibited
linear dependency due to the oxygen concentration and ambient pressure. The
mechanism that dominates both cases is chemistry. A special case was observed
under normoxic conditions, where the ignition delay time showed a non-monotonic
behaviour and reversed depending on the sample thickness. It is not clear the

mechanism behind such behaviour, but it is suspected to be related to the gas-phase.

The flame spread behaviour in forced flows appears to be very distinct depending on
the flame spread direction with respect to the imposed forced flow. In opposed
forced flows, the flame spread rate is nearly independent of the forced flow, as
predicted by de Ris [52]. It seems that the silica-ash produced does not affect the heat
and mass transfer at the leading edge. However, for concurrent force flows, the flame
spread showed to be affected predominantly by the transport and deposition of silica.
The deposition of silica ash is dominated by thermophoretic forces and by convective
forces. As forced flows increase, the momentum generated due to convection is
much larger than those of thermophoresis, and the silica-ash deposition is reduced. In
microgravity, thermophoretic forces are larger, and it is thus suspected that silica ash

deposition also dominates flame spread in microgravity.

The effect of increasing the oxygen concentration on the opposed flame spread is via
chemistry (flame temperature). The opposed flame length increases exponentially as
a function of the oxygen concentration due to enhanced heat flux, increasing the fuel
supply and soot oxidation. Changing the ambient pressure leads to two regimes for
both the opposed flame spread rates and the corresponding flame lengths. Reducing
the ambient pressure leads to an initial weak dependency (going from high to low
pressures), where there is a reduction of heat flux from the gas-phase to the solid-
phase at the flame leading edge. As the pressure is reduced further, flame spread

becomes asymptotic due to a reduction in kinetics. For the flame length, the change
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in pressure affects the supply of fuel and oxygen entrainment into the combustion
zone. For low pressures, flame lengths are dominated by fuel supply (increases with
increasing pressure). For the reverse regime, where flame length decreases with
increasing pressure, the flame is dominated by an oxidiser supply since there is an

excess of fuel.

For normoxic conditions, where the oxygen concentration increases while the
ambient pressure decreases, there is a competition of the leading mechanism
explained above for flame spread and flame lengths. However, it was seen that the
oxygen concentration (via chemistry) dominates over the reduction of heat due to
lower ambient pressure. The change of regimes for the flame length as a function of
the ambient pressure occurs near the normoxic conditions. Thus, normoxic
conditions favour flame spread and flame length development. Near-limit
phenomena for flame spread under concurrent forced flows are dominated by silica-
ash transport and deposition. For opposed flame spread, kinetics dominate extinction
at high forced flows. However, as the sample thickness is increased, and for low
forced flows, the formation of silica via the solid-phase also affects extinction. Under
low pressure, the extinction condition might occur under low pressure due to a

combined effect of heat losses and kinetics.

Based on the experimental behaviour obtained for the PDMS, it can be concluded
that the Saffire 11 extinction behaviour was mainly due to the silica-ash transport and
deposition affecting the heat and mass transfer. That is, the accumulation of silica-
ash produced in the gas-phase hindered the heat transfer from the flame and heating
coil to the PDMS. At the same time, the protective layer of silica reduces the
transport of pyrolysates from the PDMS. Another highlight of the current
investigation is that the Saffire Il tests with PDMS membranes provided valuable
information, which along with the current investigation, can cast some light on the
flammability behaviour of PDMS membranes in normal gravity and microgravity

scenarios.

For PDMS, the LOI-MLOC method can only be applied for the kinetic regime where
the effect of silica-ash deposition is not relevant. For low forced flows, for low

oxygen concentrations, or microgravity conditions under very low-forced flows, the
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radiative regime is not representative as the transport and deposition of silica-ash
dominate the extinction behaviour. Thus, the extinction dichotomy (radiative-
kinetics) does not apply to PDMS materials. The LOI-MLOC's limitations have been
exposed, and such a method, if it were to be used for flammability assessment, might
need a limitation of usage on certain polymeric materials. Pressure modelling as a
method to study ignition of extinction also has several limitations with PDMS as the
formation of silica, via gas-phase and solid-phase, in microgravity might not be
reproduced by reducing pressure. Again, such a method requires a defined scope of
application. Thereby, no flammability assessment method alone can be a reasonable
tool to evaluate the adequacy of solid materials (material selection) for spacecraft
applications. Instead, a combination of methods can provide a robust material

selection strategy.

Finally, are PDMS and silicone-based products safe enough for spacecraft
applications? To answer that question will depend on the conditions encountered by
the PDMS membranes on spacecraft. That is, in which environmental conditions are
the PDMS membranes or similar materials will be used. For environmental
conditions similar to those on Earth at sea level, current ISS spacecraft design, and
low forced flows, thermally-thick PDMS are not likely to be flammable. However,
under high forced flows or normoxic conditions, the thermally-thin PDMS might be
readily flammable, and it is currently not possible to predict the flammability

behaviour for those scenarios.

When compared to other thermoplastics used on spacecraft applications (e.g. PP or
PE), PDMS shows to be less flammable due to the silica-ash formation and
deposition and silica formation in the solid-phase. If further testing confirms the
lower flammability of PDMS in other environmental conditions, siloxanes or other
silicone-based products could be used, like fillers or additives, for other materials to
reduce their flammability. Thus, there might be a window to improve the material

selection strategy by improving the design of materials.

A series of properties could be extrapolated from all the experimental results on the
PDMS membranes and are presented in the following table. The results for the LOI

vary according to the sample thickness, which agrees with the literature due to the
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nature of the PDMS related to the thermal decomposition and formation of silica via
solid-phase. The thicker the sample is, the more energy is required to decompose the
silicone. Also, the pre-exponential factor found for the gas-phase varies on the
sample thickness and should not be the case, but it is also a consequence of the

thermal decomposition of this particular siloxane.

To finalise, all the empirically obtained or measured properties are listed in Table 17.
This information can be deemed valuable for future investigations on the PDMS

membranes.

Table 17 — Summary of the extrapolated properties for PDMS membranes studied in

the current investigation.

Method Property Value Units
Thermocouples Flame temperature 1180 °C
measurements
Cone Calorimeter Critical heat flux 30 kW /m?
Toa st g sy Coldplan) 146 /o
- } } .107 =1
E1641-16) nhase) 3.4-10 min
e =0.125mm 19.3
Improved FPA LOI %
e =0.25 mm 20
e =0.36 mm 20.8
Activation e =0.125mm
energy (gas- e=0.25mm 224 kj/mol
hase) e =0.36 mm
ML h P
(e%f)iﬂfgl)Od Pre- e=0125mm  2.59-10°
exponential e=025mm  219-10°
factor (gas- =0.36 134100 ko
phase) e =0.36 mm :

8.1. Flame spread behaviour

Using the LOI-MLOC method does not seem to be applicable, or the assumptions
established for the method break down for the PDMS samples. The method was
only accurate in its quantitative prediction of the extinction limit for high forced
flows (i.e. kinetic controlled regime). Therefore, the ultimate goal of predicting
the MLOC was not feasible for the PDMS samples. Thus, the limitations of the
method should be delimited. Consequently, other methods, or a combination of
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methods, should be used to assess flammability. Pressure modelling has many
limitations as it relies on reducing the buoyancy effects, but ignition and near-
limit conditions can also be affected by chemistry and Kkinetics. Thus, pressure
modelling is not applicable for those particular flammability phenomena. As
NASA is currently evaluating the LOI-MLOC method and pressure modelling, it
is worth pointing out the limitations of those methods. Using an array of methods
to predict the flammability behaviour and to provide fundamental properties to be
used on classifications should provide a more robust and holistic framework to
rate materials for spacecraft applications. If such a framework were to exist, the

limitation of each method should be clearly defined and its range of applicability.

With respect to PDMS and other siloxane-based products for spacecraft
applications — these materials are indeed very challenging to study. Because of
their thermal stability and apparently improved flammability behaviour, they are
widely used across various industries (including spacecraft). However, as shown
in the experimental study, the flammability behaviour of PDMS is very complex
and is strongly influenced by the environmental properties and heating rates.
Nonetheless, a clear picture of its flammability behaviour requires further studies
on various aspects. The first aspect is the formation of silica-ash in the gas-phase,
its transport and deposition. In turn, if the silica-ash deposition can be predicted,
then the flammability behaviour can be predicted more accurately (especially
flame behaviour). The other aspect that requires further attention is the formation
of silica in the solid-phase. These two aspects need to be understood in
experiments carried out under more controlled conditions. Another relevant
aspect is studying the effect of normoxic environments and microgravity

especially.
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APPENDIX A

Platform Name Rig Test time [s] Specimen size Sample area [cm?] Vol [L] Ref
2.2 10x11.5cm 115 20 [182]
2.2 5x15cm 75 20 [369]
2.2 10x11.5cm 115 20 [181]
Outer 2 0.953 cm,
NASA 2.2 2.2 Inner @ 0.6_35 cmx 14.5 13.81 25.5 [370]
cme=.16 cm
2.2 30.2 44.5 [196] [198]
2.2 3x15cm 45 44.5 [17][197]
2.2 5 cm X7.5cm 37.5 45 [371]
2.2 5x15 cm 75 113 [18] [372]
5.18 30.2 1.2 [196] [198]
5.18 3x15cm 45 1.2 [17]
5.18 5x10 cm 50 15 [373]
5.18 5x15 cm 75 20 [369]
NASAS.18 5.18 5.08x5.08 cm 25.8 100 [199]
5.18 10x3cm 30 113 [374] [278]
5.18 30x5cm 150 113 [180]
5.18 5x050rlcm 5 113 [227]
NASA 5;3; DROP 5.18 5x15 cm 75 299 [174] [173]
e =0.15mm
10 200 mm 0.9 1 [359] [375]
10 10x8.7cm 87 1.38 [30] [167]
Droptower 10 14x7.5cm 105 3.5 [167] [376]
JAMIC 10 9.5x5.6cm 53.2 5.9 [189]
100 mm x Core, e = 0.5
10 mm, 75 19.63 [377]
PE, e=0.075 & 0.15
mm
4.5 140 x 50 mm 70 1.47 [172]
4.5 9.5x5.6 cm 53.2 5.45 [189] [378]
4.5 70 mm x e=0.15mm 0.32 5.47 [351,379-381]
4.5 60x10 mm 6 6 [324]
4.5 60xW=5, 10, 20 mm 12 7 [119]
MGLAB 4.5 80x10 mm 8 10.6 [192]
4.5 6x1cm 6 10.65 [28]
200 mm x Core @ 0.5
4.5 mm 21.2 33.8 [382]
PEe=15mm
4.5 30x10 mm 3 175 [324]
HASTIC 3 70 mm x e=0.15mm 0.32 5.47 [351]
70 mm x €=0.15 mm,
COSMOTORRE 2.7 0.75 mm 0.32 1.38 [379] [380]
2.7 6 X 6mm 0.36 1.38 [33]
ZARM 4.7 50x50 mm 25 28 [19,20,255]
Key Laboratory of 3.6 5x14 cm 70 2.25 [121]
Microgravity China 3.6 50 x e =0.075 mm 2.87 3.15 [212]
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Core 2 =1 mm

3.5 50 mm x e=0.075 mm 0.11 5.62 [34]
3.6 2 3mm sphere 0.07 27 [184]
Drop system 2.3 25 8&10mm 0.01 98 [154]
FIST 25 30x30x10 mm 9 6.5 [65] [254]
Chamber 8 5x20 cm 100 22 [29] [383]
20 60 X @ 6 or 4 mm 3.6 25 [86,194,384,385]
60 X @ 4mm 24 &
20 Flat: 60x12 mm 7.2 25 [384]
KC-135 20 20x8 cm 160 25.8 [386]
20 8x7cm 54 26 [98]
GIFFT 20 12cmx1lor 2cm 24 27 [102] [101]
Small FIST 25 40x40mm 160 36 [31]
12 5x20 cm 100 65 [29]
20 2 2—6.4mm 0.32 24.5 [183]
DC.9 20 @ 2—6.4mm 0.32 24.5 [183]
Learjet SSCE Chamber 15 100x30 mm 30 39 [387]
99 20 cm x (rZT:JmWire 2 0.5 3 0.7 [22]
Parabolic flight 92 om
22 100 mm x NiCr e=0.8 18 2.54 [21,27]
mm
DAS 22 40x20 mm 8 3.62 [388]
20 9.5x5.6 cm 53.2 5.9 [189]
130 mm x
22 =075 & 1.65mm 6.44 7.84 [389]
22 6x1cm 6 10.65 [28]
FIRE WIRE 20 13 cm, e=0.3mm 1.17 33.8 [390]
22 80x20 mm 16 35 [195,241,243,244]
Carevelle 22 60 X 6 mm 3.6 25 [86,194]
20 13 cm, e=0.3mm 1.17 26 [390,391]
CNES DIAMONDS 20 12 cm x Core 2 0.5 mm 1.32 26 [175,177,178,225,392]
PE e =0.3mm
20 50x50x10mm 25 28 [19,20,255]
REXUS 2017 @ 15 mm 0.36 [88]
DARTFire 360 50x50x10 mm 25 1.5 [120]
Rockets Minitexus 6 180 60x50x10 mm 30 5.6 [20,156]
MiniTexus 3 180 140 X @ 6mm 25.2 6 [86,155]
TEXUS-38 2000 80 X @ 6mm, 14.4 7.53 [157]
)-8 3000 100 mm x e=0.1mm 0.3 5.79 [163,213]
3000 2150 x170 mm 255 7.95 [393]
40 mm x e=0.2t0 0.5 1L tunnel x8in 39 L
Satellite mm 0.6 chamber [213]
SJ-10 61.6 X 50 x 10 mm 8 flow tunnels (95 x95x
120 L =69 mm x 30.8 120 mm or 1L) [145,221,394]
2 10 mm ina 39 L chamber
90x20mm
Spacecraft BASS-1I 57.2 mm x 18 0.98 [70,80,114,170,171,226,395]

26.4,9.5 &12.7 mm
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BASS-I11 250 2 6.35 X 59 mm 3.7 0.98 [82]
BASS @2cm 3.14 0.98 [353]
USMP-3 10x4cm 40 1.2 [396]
10x4cm
MIR 100 X 2 7 mm 40 1.2 [7]
USMP-3 10 x 8.7 cm 87 1.4 [133]
STS-75 USMP-3 Space 10x4 cm 40 1.4 [166,167]
shuttle
USMP 10x8.7cm 87 14 [167]
STS 12 X 2 5 mm 0.6 1.52 [3]
MIR 60 X @ 4-5 mm 3 3.8 [83]
USML-1 110 mm x e = 0.375 mm 1.23 3.9 [397]
USML-1 glovebox 2400 80 mm x @ 50 mm 40 4.5 [398]
USML-1 2400 80 mm X @ 50 mm 40 4.5 [398]
USML 3000 140 mm X @ 132 mm 184.8 21.7 [223,224,399]
CYGNUS 1000 5x29cm, 41 x 94 cm 3894 121 [79,400-402]
MIR 300 12 X @ 5 mm 0.6 8 [3,7]
SKYLAB 6.67x9.2 cm 61.4 22 [15]
SSCE 70 10x3cm 30 39 [165] [90] [91]
SSCE 510 25.4 x 6.35 mm 1.61 39 [57,92]
MWT 400 16
SCEM (FLARE) 48 30
SOFIE 150 6
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APPENDIX B
PILOTED IGNITION

thermal Specimen | Scale _ .
) ) ) ] Rig/facility | Chamber vol. ] ]
ref. |year Goal Parameters behaviour | sample type material type sizecmz2, |time ) Diagnostics, Comments
size
orcm [s]
Paraffin (paraffin-
asbestos),neoprene,
Teflon, polyester, black
Experimental foam rubber, epon 828, _ _
[14] | 1966 ) - _ uG &1G _ - KC-135 22 L Ni-Cr wire
Time to ignition, species ERB ph film, silicone O-
ring, nylon cord, match,
tygon, phenol, paper
bleached (cellulosic)
_ Gravity level, forced flow,
Experimental _ ) KC-135
_ - quiescent, oxygen _ Cotton cloth strips (MIL-
[29] | 1968 | Flame spread, time to ignition, heat ) thin flat 5x20 cm & 65 L Camera
) concentration, pressure, C-5646C) )
transfer (solid-phase temperature) _ Centrifuge
diluent
_ _ _ KC-135
Experimental Gravity (>1G), ambient _ _ o )
[383]|1969 o ) thin Rod Cotton cloth strips 5x20 cm & 65 L Video imaging Hot wire
Ignition temperature pressure, diluent gas _
Centrifuge
Spacelab
Piloted ignition smouldering Gravity, forced flow, _ Open-cell Flexible 80 mm x o on the USML- | Glovebox, 0.15 x L
[398]|1997 ] o ) cylinder 2400 thermocouples | Ni-Cr igniter
Temperature, gas analysis ignition type (axial, plate) polyurethane 50 mm 1 0.15x0.2m
45L
Ignition delay time over thick fuels| Opposed flow, radiative .
. ] ] ] 40x40x12.7 Parabolic KC- Small FIST S ] )
[31] |2001| Ignition delay time, heat transfer heat, normal gravity and Thick Flat slab PMMA and PP/GL 20 135 361) Video imaging | Pilot flame
mm
(temp.), critical pyrolysate mass flux microgravity
Theoretical prediction Opposed flow, radiative ] Pilot flame,
N ) — ) ) 40x40x12.7 Parabolic KC- Small FIST )
[251]|2003| Ignition delay time, critical heat heat, normal gravity and Thick Flat PMMA and PP/GL 135 361) only solid
mm
flux, heat and mass transfer microgravity phase
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Two-sided ignition of thin fuel

12 x 16 cm
Piloted ignition, fuel mass fraction, ) ) ) )
[403]|2005 Sample thickness PMMA e=0.2mm JAMIC 3.46 L Video imaging CO: laser
gas-phase temperature, oxygen mass
] & 0.4 mm
flux, fuel mass fraction
Role of pressure and gravity
Ignition delay time, pyrolysis fuel | Gravity, pressure, radiative _ 30x30x10 )
[35] (2015 thick PMMA Pilot flame
mass flux, heat transfer, mass heat, flow mm
transfer
Microgravity
Science
Experimental over rods Oxygen concentration, (26.35t0 Glovebox (MSG)| Hot wire
[82] | 2017 il _ Rod PMMA 250 BASS-II Video camera )
Ignition delay time forced flow 12.7. mm) on ISS pyrolysis
(7.6x7.6x17cm).
098 L
) Oxygen Concentration,
Experimental, effect of forced flow )
__ forced flow, oppose, _ o 5.18 NASA, Color video _
2019 direction ] Thin Flat slab Kimwipe 5x10 cm 2 Kanthal wire
[111] . ] concurrent, ambient droptower Imag.
Ignition delay time
pressure
Heat flux, forced flow,
sample thickness, wire core
) ) o ) 13 cm x 300mm x @ 80 )
Experimental laser piloted ignition| (cupper and stainless steel), o Laser-induced
[373]]2019 . - ) Wire jacket | Black Polyethylene PE |e 1.62,0.75| 20 DAS mm Camera o
Ignition delay time, ignitability limit 0Xxygen concertation, 151 spark ignition
mm .
normal gravity and
microgravity
DIAMONDS
) o CCD Camera
) o _ Sample core (NiCr, Cu), Parabolic flight 26 L
Experimental ignition over wires ] o ) 13 cm, )
[390] (2020 applied heat, oxygen Wire jacket Low density PE 20 CNES FIRE WIRE 26 x How wire
heat transfer , pre-heat lengths ) e=0.3mm _
concentration DAS 26 x 50 cm Video camera
33.8L
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SPONTANEOUS IGNITION

Surface
thermal Specimen |Scale| .
] ] ) ) Rig/facility | Chamber vol. ) )
Problem | ref. |year Goal Parameters behaviour |sample type material type size cm2, | time _ Diagnostics, | Comments
size
orcm [s]
10 s droptower
Effect of forced flow on localised JAMIC (3
_ S - _ Forced flow, oxygen 0.00385 ] Tungsten-
Transient| [30] {1996 ignition and transition to flaming ] Flat sample |  Ashless filter paper 10x8.7cm | 4 Droptower | tests), 8.5x 9.5 Camera
- _ concentration g/cm2 halogen lamps
Ignition delay time x17.1cm
1.38L
JAMIC drop
tower (10s),
_ Experimental radiative ignition | Oxygen concentration, Filter paper (advantec), | 9.5x5.6 MGLAB drop IR camera, CO: laser
Transient|[189]|2000 — ) ) 0.2 mm | Flat sample 3 50L ) o
Ignition delay time, heat transfer ambient pressure 93 g/mm? cm tower (5s), interferometry ignition
Parabolic
flight DAS
Glovebox
(85x95x171mm
orl4lL)
USMP-3 STS-
_ Spot radiative ignition Forced flow, oxygen 0.00385 ] USMP / 75 Space Tungsten-
Transient|[167]|2001 — _ ) Flat sample |  Ashless filter paper 10x8.7cm | 4 o Camera
Ignition delay time concentration g/cm2 Droptower | Shuttle mission. halogen lamps
And 10 s
droptower
JAMIC (3 tests)
1.38L
Laser ignition: effect of incident | = _ Filter paper (advantec), 230 x 140 x 170 CO: laser,
] ignition system, applied ) 9.5x5.6 S ]
Transient [ [378] | 2005 angle ] 0.2 mm | Flat sample | 93 g/mm? coated with 4 MGLAB mm Video imaging | near-infrared
. ) heat, Incident angle, cm
Ignition delay time carbon black 545L laser
Numerical localised ignition )
) ___ - ___ Applied heat, sample
_ Time to ignition, minimum ignition _ ) )
Transient| [36] {2013 thickness, gravity, 9 mg/cm2 Flat 1:1 (cellulose and inert

energy, heat and mass transfer,

reaction rates

forced flow
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Conduction (solid-phase)

thermal Specimen |Scale _ .
Sub- ] sample _ ) ) Rig/facility Chamber vol. _ _
) ref. |year Goal Parameters behaviour material type size cm2, | time _ Diagnostics, | Comments
topic type size
orcm [s]
Effect of oxygen and gravity ]
] Gravity, oxygen
[32] [2000| Heat transfer , mass transfer, time ] Flat 0.4
o Concentration
to ignition,
] o Electric current oxygen
Experimental ignition due to ] ]
concentration, ambient ) Droptower ]
excess current ] Wire 70 mm X 23 x 14 x17 cm Video
[351]|2008 - L pressure, nickel-chrome, Polyethylene, 4 3s HASTIC & o Current
Ignition delay time, ignitability ) Jacket e=0.15mm 547 L imaging
limit normal gravity and MGLAB 4.5
imi
microgravity
_ Current overload, ) ) )
Pyrolysis temperature _ _ Wire |Polytetrafluoroethylene | 100 mm x Satellite 45X 232 cm Video, Pre-
[163] /2008 Current, silver-gilt copper ) 3000 )
Heat transfer ) jacket (PTFE) e=0.1mm SJ-8 579 L thermocouple | pyrolysis
wire
— S Droptowers:
8 Overloaded wire: ignitability _ 70 mm x 23 x 14 x17 cm
& - Excess current, oxygen ] Polyethylene nickel—- MGLAB,
= limits _ Wire ) e=0.15 547 L _
s [379]]2013 T concentration, sample ) chrome core wire COSMOTORRE Video camera | Current
= Ignitability limits, ignition delay _ jacket mm, 0.75 ) ) 1.38 L
3 _ thickness in Hokkaido
@ time, heat transfer , mass transfer mm 279 (COSMOTORRE)
= s
©
é Ignition under short excess Electric current, oxygen
3 electric current concentration, nickel- Wire Polyethylene 70 mm x 23 X 14 x17 cm Video
[381]|2011 . ] o ] 4 MGLAB o Current
Ignition delay time, minimum chrome, normal gravity Jacket €=0.15mm 547L imaging
ignition energy, ignitability map and microgravity
Numerical and experimental
ignition due excess electric _ 70 mm X 23 x 14 x17 cm
Excess current, oxygen ) Polyethylene nickel— Droptowers:
current ] Wire ] e=0.15 5.47L ]
[380] (2017 T concentration, sample ) chrome core wire MGLAB, Video camera | Current
Ignitability limits, ignition delay ] jacket mm, 0.75 1.38 L
) thickness COSMOTORRE
time, heat transfer , mass transfer, mm (COSMOTORRE)
minimum energy
Ignition due to hot surrounding ) 6x6,5x
] Heated air, normal _ Polyethylene COSMOTORRE| 44 x220cm CCD, Hot
[33] (2018 environment ) ) ) thin Flat plate 5,4 x4 )
o ) gravity and microgravity e =0.03 mm Drop tower, 3 s 1.38 L thermocouple. | environment
Heat transfer, ignition delay time, mm
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ignitability
_ _ ) Polytetrafluoroethylene ]
Current, silver-gilt copper Wire 100 mm x Satellite 45x 232 cm
) ) (PTFE) CCD, laser
o ) wire, jacket e=0.1 mm SJ-8 5.79L o
Ignition of overloaded wires extinction
[213]]2019 Heat transfer, bubbling jet 10 8 flow tunnels (95 imaging Current
mm X
behaviour material type, current, Wire PE, PTFE, PVC 021 Satellite x95x120 mm or (smoke),
e=0.2to
pressure, Crome-Niquel jacket 05 SJ-10 1L) thermocouples
5 mm
in a 39 L chamber
Video, laser
Forced flow, current ) o
o _ ) ) Fluorinated Ethylene | 50 mm x NML Beijing extinction
Effect of forced flow on ignition | 1g-microg, Ni-chrome Wire 15x15x25¢cm L
[34] | 2020 B ) ] Propylene e=0.075 | 2.2 droptower imaging Current
Ignition delay time, heat transfer core, normal and jacket 5.62 L
_ _ mm ,35s (smoke),
microgravity
thermocouples
[<B]
=}
2 S
re) o
7 &
Transition to flaming
thermal Specimen |Scale| -
Sub- _ ) ) _ Rig/facility | Chamber vol. _ _
o ref. | year Goal Parameters behaviour | sample type material type size cm2, | time ) Diagnostics, | Comments
opic size
orcm [s]
Ignition and transition to flaming
over a thin fuel
Velocity vector, gas-phase ) Thin, External
_ ) Quiescent, oxygen _ o
[132]| 1994 | temperature, reaction rate, solid- ) 0.0046 m, Flat Cellulosic radiation
concentration,
= phase temperature, flame structure, 0.6 g/cm® (spontaneous)
E heat flux (energy balance),
3+
[ transition limit
Ignition and transition to )
] Forced flow, quiescent, 1.998 x 2.2 External
flaming: effect of forced flow _ o ] o
[372]| 1996 ) simultaneous flame 10 3 Flat Kimwipe 5x15cm | 2 droptower Video radiation
Reaction rate, flame spread, flame
o spread g/cm? NASA (spontaneous)
structure, heat flux, transition time
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to steady flame

Effect of forced flow on localised 10s
o o ] ,8.5x95x17.1 Tungsten-
ignition and transition to flaming Forced flow, oxygen 0.00385 ] droptower
[30] | 1996 . ] - ] Flat sample | Ashless filter paper 10x8.7cm cm Camera halogen lamps
Ignition delay time, transition, char concentration g/lcm? JAMIC (3
o 138L (spontaneous)
front histories tests)
Numerical ignition and transition
to opposed forced flow Fuel thickness, , gravity ) ]
. ] o Thin | Vertical flat
[349]| 2003 | Ignition delay time, opposed Flame | level, incident heat flux, Spontaneous
0.0196cm | sample

spread, mass transfer, heat transfer,

near-limit

oxygen concentration

Smouldering
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APPENDIX C
FLAME SPREAD

NO FORCED FLOW

thermal Scale
Sub- _ sample _ ) _ ) _ _ | Chamber ] )
) ref. |year Goal Parameters behaviour material type Specimen size | time | Rig/facility ) Diagnostics |Comments
topic type vol. size
[s]
Styrene, foam
Cylindrical,| rubber, paraffin,
_ threaded | neoprene, silicone
W puG &1G, oxygen concentration, KC-135 (12 Camera
[13] 1966 ) ? over steel rubber, teflon, 22 L
Flame spread ambient pressure 5)
or ceramic polyurethane,
mandrel dracon-wrapped
polyurethane
Gravity level, forced flow,
_ _ ) KC-135
Experimental quiescent, oxygen ] Cotton cloth strips
[29] |1968 _ _ thin Flat 5x20 cm & 65 L Camera
Flame spread horizontal concentration, pressure, (MIL-C-5646C) _
_ Centrifuge
diluent
: . 30.2 cm? x
Experimental Oxygen concentration, ] 22&518 | 44.5L &
- [196] |1974 ] thin Flat Cellulose acetate e=0.025, Camera
o Flame spread pressure, sample thickness drop tower 1.2L
§ 0.051, 0.0122
o o 6.67x9.2 cm,
Aluminized mylar
e=0.0076 mm
2.54x2.54 cm,
nylon sheet
e=3.175 mm
Cylindrical, neoprene
. ] 6.67x9.2 cm
_ 65% Oxygen concentration, threaded coated nylon fabric
Experimental ) o SKYLAB
[15] [1974 5.2 psia pressure, sample Thin/thick |over steel 0.635x0.635cm 22 L Camera
Flame spread ) ) ) polyurethane foam
distance (discrete) or ceramic e=50.8 mm
mandrel bleached cellulose | 6.67x9.2 cm
paper e=0.23mm
Teflon fabric 6.67x9.2 cm
parallel pieces of | 6.67x9.2 cm
paper e=0.23mm
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(cellulosic)

Dacron thread,
neoprene rubber

foamed, neoprene

Cylindrical, )
rubber tubing,
threaded ]
paraffin,
over steel KC-135 22 L
] polyurethane
or ceramic -
rubber, silicone
mandrel
rubber, styrene
plastic, Teflon
tubing.
) Oxygen concentration, 30.2 cm? x 225 &
Experimental ) 44.5L &
[198] |1976 pressure, diluent gas, sample Flat Cellulose acetate e=0.025, 5.18s Camera
Flame spread _ 12L
thickness 0.051, 0.0122 droptower
Velcro: Nomex pile,
Experimental Oxygen concentration, Nomex hook, , 5.18s
[199] |1987 Flat ) 5.08x5.08 cm 100 L Camera
Flame spread pressure Nylon pile, Nylon droptower
hook
60 X 2 4 mm (2
) _ _ 2 hole) Combustion
1988 Experimental flame spread Oxygen concentration, ) Cylinder, Camera, IR
[384,385] ) Thick PMMA & KC-135 chamber
1989 Flame spread ambient pressure flat camera
60 x 12 mm x 25L
e=2mm
) ) KC-135 |Combustion
Experimental flame spread Gravity level, oxygen ) _ 60 X @ 6 mm X Camera, IR
[86,194] [1999 _ Thick Cylinder PMMA and ESA | chamber
Flame spread concentration e=21t00.2 mm camera
Caravelle 25L
Experimental and numerical results
from MIR tests Wick diameter, candle Candle (80% n- Camera,
_ ) ) _ ) 2 2 and 10 mm CFM
[7] 1999 | Flame spread, flame geometry (height, |diameter, wick length, oxygen Cylinder paraffin wax and 20 300 MIR - thermocouples,
X 20 mm
diameter), gas-phase temperature, flame concentration 20% stearic acid) radiometer
structure, consumption rate
Theoretical model Oxygen concentration, finite- ) ) No
[404] [1990 ) o ) Thin Flat Cellulosic o
Solid-phase temperature, gas-phase rate or infinite-rate chemistry, radiation
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temperature, velocity profile, flame atmospheres into
spread, flame structure account
Heat transfer from flame to solid Ashless filter paper,
] ] ) 10 x 3 cm x 5.18 Camera,
[374] [1991| Flame spread, solid-phase temperature, Oxygen concentration Thin Flat 4.28 x 10~2 kg/m2 113 L
) ) 0.1632 mm droptower thermocouples
density profiles, heat flux were
Effect of surface radiation Surface emittance, oxygen
flame spread, flame structure, gas-phase concentration, ambient ] ) Includes
[93] [1991 _ Thin Flat cellulosic o
temperature, fuel consumption rate, heat pressure, oxygen radiation
flux concentration
Comparison theoretical &
experimental
Solid-phase temperature, density ) ) 10 x 3x0.165 Camera,
[89] |1992 ) ) Oxygen and pressure Thin Flat Ashless filter paper
profile, fuel consumption, heat flux, mm thermocouples
oxygen mass fraction, gas-phase
temperature
Unsteady model for thick sample
. . Camera,
[405] |1993| Flame spread, gas-phase temperature, Surface radiation, pressure thick Flat PMMA
. . : thermocouples
solid-phase temperature, density profile
Intensified
array camera
. SSCE _
) Ashless filter paper,| 100x30 mm ] Xybion I1SG-
Flame experiments ] ] ) 10- |Combustion o
[387] [1994 Oxygen concentration Thin Flat laboratory wipers e=0.19mm, 39L 207, itisa
Flame spread rate ) 15 | chamber on
(cellulosic) e=0.076mm ) charge
Learjet S
Injection
device (CID)
Flame experimental results _
] Oxygen concentration, ] ) 10 x 3 cm x SSCE Camera,
[165] |1993| Solid-phase & gas-phase temperature, Thin Flat Ashless filter paper 70 39L
pressure 0.165 mm apparatus thermocouples
heat flux
Experimental and numerical flame
] ] ) ) No soot
spread over thin solid Oxygen concentration, ) Ashless filter paper, 3x11x SSCE Camera,
[90] [1995 ) Thin Flat 39 L model
(solid-phase & gas-phase temperature, pressure, 7 x 10-2 kg/m? 0.01645 cm apparatus thermocouples | luded
include
heat flux, flame structure
[91] |1996 | Experimental and numerical Effect of Oxygen concentration, Thin Flat Ashless filter paper 3x10x SSCE 39 L Camera, No
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ambient pressure pressure, radiation , 0.01645 cm apparatus thermocouples | radiation
Flame geometry, gas-phase 7 x 10-2 kg/m? from soot,
temperature, solid-phase temperature,
heat flux
Experimental & Flame spread over ) .
] Oxygen concentration, ] 25.4 X 6.35 X SSCE Camera, Radiation
[57] |1996 thick fuel o Thick Flat PMMA 9L _
pressure, radiation 3.18 mm apparatus thermocouples | included
flame spread, flame geometry
Experiment flame spread over thick
fuel Oxygen concentration, ) 25.4 X 6.35 x SSCE Camera,
[92] |1998 Thick Flat PMMA 510 9L
flame spread , gas-phase temperature, pressure 3.18 mm apparatus thermocouples
flame geometry
o Ethylene-
Wire diameters, oxygen o
_ _ _ tetrafluoroethylene 157 L (set | Hi-8 video
Experimental study on flame spread concentration, wire ] )
_ o ) ETFE insulated e =0.15mm Chamber at up) camera, still
[359] |1998 over wire temperature, wire diameter, Wire )
) o wire. 200 mm JAMIC 1L camera,
Flame spread ambient pressure, dilution )
Wire @ =0.61, 0.7, (Chamber) | thermocouple
gas,1G & pG
0.81 mm
Experimental study on flame spread
] __ Ethylene- o
over wire: effect of dilution gas on 157 L (set Hi-8 video
. . o rati tetrafluoroethylene 015 Chamber at ) il
emperature. Xygen concentration, e =0.15 mm amber a u camera, sti
[375] |2000 Y9 Wire ETFE insulated P
Flame spread, gas-phase temperature, dilution gas,1G & pG ] 200 mm JAMIC 1L camera,
wire.
solid-phase temperature ) (Chamber) | thermocouple
Wire @ =0.62
STS:
Experimental & numerical candle 11.5x11.5x
flames Oxygen concentration, Candle (80% n- 11.5cm
o ) 2 2 and 10 mm STS & )
[3] 2000| Heat & mass transfer (temperature, pressure, wick diameter, - Candle paraffin wax and 20 300 MIR (1.52L) | Video camera
X 20 mm
oxygen and mass fraction, fuel vapour candle diameter 20% stearic acid) MIR:
reaction rates) , flame geometry 20x20x 20
cm (8 L)
) Oxygen concentration, 10x11.5 cm,
Flame spread over thick fuel ) ) ) 2.2 drop CCD camera,
[182] [2002 pressure, fuel thickness, Thick Flat Polyphenolic foams| e=10and 2.2 20 L )
Flame spread, heat transfer ) ) ) Tower radiometer
diluents gases, 1 or 2 sided. variable mm
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Lightweight cotton | 20x8 cm, e =
Fabric flammability and predicted (144 g/m?) 0.43 mm Video camera,
] 1G and pG, gap between i ]
skin burn ) ) ] heavy weight cotton| 20x8 cm, e = infrared
[386] |2006 ) fabric and sensor, fabric type, thin Flat KC-135 25.8 L
Flame spread rate, flame heat flux, time ) (176 g/m?) 0.74 mm camera, heat
oxygen concentration : :
to 2" degree burn lightweight blend | 20x8 cm, e = flux gauge
(129 g/m?) 0.52 mm
Droplet combustion
3.6s drop _ Could be
Flame geometry (standoff), droplet High speed
Droplet| [184] |2020 ) ) Sphere Polyethylene 2 3mm tower at 1L used for m
diameter (mass loss), flame burning camera
NMLC and HRR
flux
FORCED FLOW
Parallel flow
Concurrent
_ | Scale _ .
_ thermal | sample _ Specimen size | Rig/facility | Chamber vol. _ _
Dim. | ref. | year Goal Parameters ) material type time ) Diagnostics, | Comments
behaviour| type cmz2, or cm s size
S
Experimental, numerical and
theoretical flame spread over a _ o
_ Oxygen concentration _ Kimwipe (1mg/cm?) 5.18 drop
2D | [95] | 1994 thin fuel Thin Flat ] 4.9x10cm 5.2 113 L Camera
and forced flow (cellulosic) tower
Flame spread, flame geometry,
consumption rate
Modelling flame spread over a thin
fuel
Gas-phase temperature, solid-phase
temperature, heat flux, flame Oxygen concentration, ] )
2D |[406]| 1994 Thin Flat Cellulosic
structure, flame geometry (stand-off, forced flow
thickness) , solid-phase characteristic
lengths (pyrolysis, pre-heat), fuel
consumption rate
[396]| 1998 | Preliminary findings from FEFT Forced flow Flat & | Cellulose flat sheets, 10x4cm USMP-3 FFFT Camera,
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aboard USMP-2 cylinder cast cylinders of mission 1.2L thermocouple
Flame spread, solid-phase& gas- cellulose
phase temperature, flame geometry
(length)
Experimental and numerical
results from MIR tests )
Fuel density, oxygen
Flame spread, flame geometry ] _ FFFT
2D [7] | 1999 ] ) concentration, 2 cm/s Thin Flat Paper sheets. 10x4cm MIR
(height, diameter), gas-phase 1.2 L
forced flow
temperature, flame structure,
consumption rate
Preliminary results in SKOROST | Oxygen concentration, o _ SKOROST on | 150x80x320
2D | [83] | 1999 Cylindrical| PMMA, PE, Delrin |60 X @ 4-5 mm Camera
on MIR Flame spread forced flow MIR mmor 3.8 L
Modelling for thin and thick fuels:
steady, limiting length and
transient growth _ _ _ 90% combustible
2D | [63] | 2010 ) Sample thickness Thick/thin Flat )
Flame structure, flame growth, solid- 10% inert
phase characteristic lengths
(pyrolysis), heat flux
Modelling for flame growth and
near-limit Fabric, 75% fabric
3D | [62] | 2015 | Solid-phase characteristic lengths 1G & uG Thin Flat 13.4 mg/cm2, 25% |e =0.3175 mm
(pyrolysis ), gas-phase temperatures, inert
reaction rate, flame structure
Experimental and numerical study
for growth, spread and gquenching | Oxygen concentration, 1.2x10 cm or 1SS, BASS & MSG
3D |[114]| 2016 Flame spread, flame geometry forced flows, sample thin Flat SIBAL 2.2x10 cm E;ASS | (7.6x7.6x17cm) Camera
(length), heat flux, HRR, radiative width e=0.32 mm 0.98 L
loss
Experimental Flame over wire Forced flow, oxygen
] ] _ ) 12 cm x Core CNES _ _
insulation concentration, core wire ] ) DIAMONDS rig| Tri-CCD
2D |[392]| 2018 ) Wire Polyethylene 2 0.5 mm 22 parabolic
Flame spread, flame geometry (Ni-Cr and Cu), 1G and ) 26 L camera
PEe=0.3mm flight
(length), heat flux, molten spread G
Numerical flame spread over thin Forced flow, oxygen ] SIBAL (18.02 Saffire | & 11 ) Video camera, | Validation of
2-3 D |[400]| 2020 _ ) Thin Flat 94x41cm | 460 6.6 L (Rig)
fuel: effect of environment concentration and mg/cm?) CYGNUS Thermocouple, | model and
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conditions pressure radiometer | parametric
Flame spread, characteristic solid- study
heat length (pyrolysis), heat flux,
mass burning rate, remaining mass
fraction, gas-phase temperature,
flame structure, flow profiles
Opposed
) ) Scale | -
) thermal | sample _ Specimen size | Rig/facility| Chamber vol. _ _
Dim. | ref. |year Goal Parameters ] material type time ] Diagnostics, Comments
behaviour| type cmz2, or cm s size
S
Experimental near-limit flame | Oxygen concentration , o
) ] Kimwipe (1. 998 X 3x15x 2.2&5.18 Camera,
2D | [17] |1988 spread over a thin fuels forced flows, sample Thin flat 445L&12L
_ _ 107 g/cm?) 0.0076 cm droptowers thermocouples
Flame spread, sample thickness thickness
60 X 2 4mm &
Experimental Flame spreading | Oxygen concentration, ) Flat & |PMMA cylindrical hole @22mm.
2D [[384]|1988 Thick o KC-135 25L Camera
Flame spread pressure cylindrical |and flat Flat:
60x12x2mm
Numerical flame spread: effect of
radiation (surface and gas-phase) | Forced flow, incident ) No soot
2D | [67] |1990 o Thin flat o
flame spread, heat flux, gas-phase radiation radiation
temperatures
Flame spread over a thin fuel:
effect of oxygen and forced flow
Flame spread, solid-phase Oxygen concentration, ) o 5x15 cm 2.2 drop Camera,
2D | [18] |1991 ) Thin flat Kimwipe 2.2 113 L
temperatures (surface), forced flow, thickness e=0.0076 cm tower Thermocouples
characteristic solid-phase length
(pre-heat, pyrolysis)
Numerical flame spread over Oxygen concentration, Evaluates
2D [[407]|1994 | thick fuel: surface radiation effect ambient pressure, thick flat PMMA radiation (no
Flame spread, gas-phase sample thickness, soot)
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temperature surface radiation
Numerical flame spread over thin
fuel Opposed forced flow,
ue
3D |[408]|1994 - oxygen concentration, Thin Flat Cellulosic
spread rate, gas-phase temperature,
_ pressure
gas-phase velocity
_ Two cylinders: o o
Experimental flame spread ) _ MiniTexus | MiniTexus
2D |[155]|1996 Forced flow Cylinder Hollow cylinder 140 X @ 6mm,
Flame spread 3 6L
e=2mm
Experimental and numerical
results from MIR tests 100 X @ 7 mm X
Flame spread, flame geometry ) _ ID=3mm, OFFS
2D | [7] |1999 _ _ Forced flow Cylinder Paper cylinder MIR
(height, diameter), gas-phase 2 12 x ID=8 mm 1.2L
temperature, flame structure, (half is solid)
consumption rate
60 x
o4 |NASAKC-
mm 135 and
25L
e=2& ESA
] Oxygen concentration, 0.2 | Caravelle.
Experimental flame spread ) .
2D | [86] |1999 forced flow, Sample Cylinder PMMA Cylinder mm, CCD camera
Flame spread )
thickness 140 x
1]
MiniTexus
6mm, 6L
3
e=2
mm
Experimental flame spread 80 X @ 6mm,
) PMMA hollow IR camera,
2D |[157]|2000| Flame spread, heat transfer (gas & Forced flow Cylinder ) e=2mm, o TEXUS-38 753 L
) cylinder Thermocouple
solid) 6mm, e= 0.5mm
Semi-analytical expressions Sample thickness, 1g & )
2D |[409]|2000 Cylinder PMMA
Flame spread nG
Experimental flame over thin Forced flow, oxygen 30x10mm MGLAR Combustion
2D |[324]|2000 fuel: effect of ambient concentration, sample thin Flat PMMA (combustion drop.t Chamber for CCD camera
rop-tower
Flame spread thickness, 1g & pG, chamber) & P quiescent (175
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pressure 60x10mm L.) Wind
(tunnel) tunnel (6L)
e=0.015, 0.05,
0.125 mm
Experimental flame spread over
wire: effect of flow ) 100 mm x Core,
- ) Sample thickness,
Flame spread, characteristic solid- ) e=0.5mm, Camera,
2D |[377]|2002 forced flow, oxygen Wire Polyethylene JAMIC 19.63 L
phase length (pre-heat), flame ] PE,e=0.075 & thermocouple
concentration
geometry (standoff), gas-phase 0.15 mm
temperature, heat flux
Numerical flame spread over thin
fuel: effect of pressure and
atmosphere (radiation Diluent gas, ambient ]
2D |[[410]|2004 ] thin No soot
reabsorption) pressure
Flame spread, flame structure, gas-
phase temperature, heat flux
Experimental flame spread over .
two mirror-
thick fuel: ) .
) Oxygen concentration, image flow )
Flame spread, mass loss, burning o ) ) UV video camera,
3D |[120]]|2004 forced flow, incident Thick Flat Black cast PMMA | 50x50x10mm 120 |DARTFire,| tunnels (each )
rate, flame geometry (stand-off, radiometer
heat flux 10x10x15cm or
flame length), gas-phase
1.5L)
temperature, heat flux
Semi-empirical prediction of Sample thickness,
2D |[325]|2005 flame spread and near-limit oxygen concentration, thin Flat PMMA, cellulose
Flame spread forced flow
Modelling and experimental
Flame spread over thick fuel: o Small FIST
— Forced flow, incident )
3D | [65] |2007| effect of forced flow and incident Thick Flat PMMA 30x30x10 mm KC-135 |(28.5x19x12cm IR camera
heat flux, 1G pnG
heat or6.5L)
Flame spread
Modelling and experimental
_ o PMMA, PPGL Small FIST
Flame spread over thick fuel: Forced flow, incident )
3D |[254]|2007 - Thick Flat (Polypropylene glass | 30x30x10 mm KC-135 |(28.5x19x12cm IR camera
effect of forced flow and incident heat flux, 1G uG )
fiber) or6.51L)

heat
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Flame spread

Experimental Flame spread over Outer 2 0.953
tubes cm, »
28
2D |[370]|2008| Flame spread rate, flame geometry | Pressure, forced flow Cylindrical PVC tubes Inner @ 0.635 2.2 dront 255L video camera
roptower
(length), characteristic, flame cm x 14.5cm P
structure, e=.16 cm
Correlations for flame geometry
) Close
Flame geometry (length, height), )
2D |[118]|2011 o ) Forced flow PMMA analytical
characteristic solid-phase length )
_ correlations
(pyrolysis)
o o Critical
Determination of a critical flow 76Xx7.6x17 )
) - O Forced flow, sample ) e=0.1,0.2,0.3 CCD camera, velocity for
2D [[193]|2016| velocity for radiative extinction ) Thin Flat PMMA 5 BASS-II cm ) o
B ) thickness & 0.4 mm radiometer radiative
Flame spread, critical velocity 0.98 L )
regime
Comparison between theory and ]
_ _ Oxygen concentration, 7.6x7.6x17
experiments: regimes of flame ) 90x20mm _
2D | [80] |2016 forced flow, flame Thin Flat PMMA 5 BASS-II cm Camera, radiometer
spread e=0.1 & 0.2 mm
geometry 0.98 L
Flame spread, flame structure
Flammability limits (LOC): effect
of ambient ) Rolling ) Similar to
o ] Oxygen concentration, ) CCD, infrared
[241]|2016| Flame spread, characteristic solid- ) Thin Flat PMMA 80x20x0.125mm| 8 DAS chamber fuel
forced flow, gas diluent camera _
phase lengths (pre-heat), LOC & 35L dispenser
MLOC
Effect of boundary layer on flame 100 mm
) Forced flow, sample 7.6x7.6x17 )
behaviour ) ) X(10,20mm), Colour video Boundary
2D | [70] |2017 thickness, entrance thin Flat PMMA 7 BASS-II cm )
Flame spread, flame geometry e=0.1,0.2&0.3 camera, Radiometer | layer effect
length (boundary layer) 0.98 L
(flame length) pum
MSG
Experimental flame spread over ) 57.2 mm x Glovebox
] Oxygen concentration, o 100 - )
2D |[[171]|2018 cylinder cylindrical Black PMMA 26.4,9.5 &12.7 BASS-Il | 7.6 x 7.6 x 17 | Camera, radiometer
forced flow 500
Flame spread mm cm
0.98 L
2D |[221]]2019| Experimental flame spread over | Oxygen concentration, Thick Flat PMMA 61.6 x 50 x 10 55 SJ-10 4 tunnels (12 | CCD camera, RGB
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thick samples forced flow mm cmx9.5x9.5 pyrometry
Flame spread, flame geometry orlL)in
(stand-off distance, inclination chamber
angle), gas-phase temperature, 39L
flamelet, heat flux
_ ) FIAT Matlab
Experimental and numerical:
- 100 mm x code to
radiation from flame Forced flow, oxygen 76x7.6x17
_ ) e=0.1,0.2,03 _ analyse
2D [[226]|2020| flame geometry (flame area), heat | concentration, sample Thin Flat PMMA 204 BASS cm Camera, radiometer "
4 mm ames.
transfer (flame radiation), burning | width, sample thickness ) 0.98 L
width=1, 2 cm No soot
rate, flame structure o
radiation
Experimental flame spread over _
] Cellulosic paper Concurrent-
ultra-thin fuels ) .
Sample density, forced ) (TENGU) , density = 5.18 Drop opposed
2D |[[180]|2020| Flame spread, flame geometry Ultra-thin flat 30x5cm 1 113 L Camera
_ flow, sample type 0.2 to 13 mg/cm2 tower reversed
(length), flame structure, burning
Cheesecloth phenomena
rate
4 tunnels (12
Experimental flame spread over ) cmx9.5x9.5
] Oxygen concentration, ) L =69 mm X ) Camera,
2D |[394]]2020 cylinder Cylinder PMMA 2 SJ-10 orlL)in
forced flow 2 10 mm thermocouples
Flame spread chamber
9L
Flame spread over wires 40 x 20 mm
Dripping, flame spread, flame Forced flow, oxygen LDPE e=
2D |[388]|2020| geometry (length), characteristic concentration, sample thick flat LDPE and HDPE 1.5mm 20 DAS 3.62 L Camera, IR camera
solid-phase length (pre-heat), heat type HDPE e= 2.5
transfer analysis mm
1G & pG, incident heat
o flux, core diameter, )
Flame spread and near-limit over o Standard & black 130 mm x Oscillatory
__ sample colour (radiation ) ) ) 39x28cm
2D [[389]|2020 electric wires ) wire LDPE with Cuwire | e=0.75& 165 | 20 DAS Camera, IR camera | flames were
absorption effect), 10 7.84 L
Flame spread (2 2.5 & 0.7 mm), mm observed
cm/s forced flow, 100
kPa
Radiation-kinetics interaction, flame Gravity, pressure, )
2D |[363]|2020 Thin Flat PMMA

geometry, flame spread,

radiation, kinetics
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Numerical flame spread:

radiation feedback (gas- and

solid-phase) Radiation effect (gas- No soot
2D |[[411]|2020 ) © thin Flat PMMA o
Gas-phase temperature, flame phase, solid-phase) radiation
structure, flame structure,
vaporisation temperature, heat flux
Experimental evaluation of flame
o 19% Oxygen Broadband
radiative feedback _ ] _
] concentration and 20 ) LDPE coated Ni-Cr Parabolic | DIAMONDS Modulated
2D |[175]|2020| Soot volume fraction, gas-phase wire ) ) ) o
o cm/s opposed forced wire flight 26 L Absorption/Emission
temperature, soot radiative loss, _
o ) flow technique
radiative feedback from soot to solid
Method to assess Soot radiative Broadband Modu-
feedback Opposed forced flow, ) LDPE coated Ni-Cr Parabolic | DIAMONDS lated Absorption
2D |[[176]|2020 ) Wire _ ) o
Soot volume fraction, gas-phase pressure wire flight 26 L Emission (BMAE)
temperature, radiative balance. technique
Soot production and radiative
heat transfer Broadband Modu-
Soot volume fraction, gas-phase ) LDPE coated Ni-Cr Parabolic | DIAMONDS lated Absorption
2D |[[177]|2020 Opposed forced flow wire _ ) o
temperature, flame geometry (stand- wire flight 26 L Emission (BMAE)
off distance, incident radiative heat technique
flux, radiative neat flux
Soot production and radiative
Broadband Modu-
heat transfer: pressure effect ] ] )
_ Opposed Forced flow, ) LDPE coated Ni-Cr Parabolic | DIAMONDS lated Absorption
2D |[[178]|2020| Soot volume fraction, spread rate, ) wire _ ) o
) o ambient pressure wire flight 26 L Emission (BMAE)
pyrolysis mass flow rate, radiation _
S o technique
fraction, incident radiative flux.
Opposed flame spread rate and
) Broadband Modu-
soot production Opposed forced flow, ) _ )
) _ ) LDPE coated Ni-Cr Parabolic | DIAMONDS lated Absorption
2D [[179]|2020| Flame spread rate, soot formation | oxygen concentration, wire ) ) o
) ) wire flight 26 L Emission (BMAE)
length, soot volume fraction, gas- ambient pressure )
technique

phase temperature, formation rate
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Flat plate case
) _ |Scale ) .
Sub- thermal | sample ] Specimen size| Rig/facility | Chamber vol. ] ]
_ ref. | year Goal Parameters ] material type time _ Diagnostics, Comments
topic behaviour| type cmz2, or cm s size
S
2 CCD cameras, 1
] o 0.4x 2 0.3m (28 intensified high
Experimental characterisation of )
_ ZARM L) in ZARM | speed camera, Planar
flame Oxygen concentration, _ )
[255]| 1999 thick Flat PMMA 50x50x10mm droptower, | Droptower and laser induced
Heat flux, flame geometry (length, forced flow ) )
CNES airbus | CNES airbus | fluorescence system
stand-off) i
A300 (Trace OH radicals)
thermocouple
Experimental results _
Combustion 2 CCD camera, IR
flame geometry (length, stand-off), ) o
[156] | 2000 ) ) Forced flow Thick Flat PMMA 60x50x10 mm | 160 | Minitexus 6 chamber camera,
flow dynamics, gas-phase & solid-
56L thermocouple
phase temperatures
) 2 CCD cameras, 1
Experimental results: flame ) o
N 0.4x 2 0.3m (28 intensified high
® geometry and stability of flame _
T _ _ ZARM L) in ZARM |speed camera, Planar
=2 Solid-phase temperature (surface), | Oxygen concentration, _ )
T [19] | 2000 o Thick Flat PMMA 50x50x10mm droptower, | Droptower and laser induced
[ heat flux estimation, flame geometry forced flow ) )
) CNES airbus | CNES airbus | fluorescence system
(stand-off distance, flame length), _
S A300 (Trace OH radicals)
extinction limits
thermocouple
0.4x 2 0.3m (28
L) in ZARM
Droptower and
_ ZARM CNES airbus
Experimental results: flame )
N Oxygen concentration, _ droptower, A30
[20] | 2001 | geometry and stability of flame Thick Flat PMMA 50x50x10mm )
T - forced flow CNES airbus, &
Stability limits, extinction limits o
& Minitexus 6| Combustion
chamber
Minitexus 6
56L
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Opposed and concurrent

Scale
_ thermal | sample ] Specimen size | Rig/facility | Chamber vol. ] )
Dim. | ref. | year Goal Parameters ) material type time ) Diagnostics, | Comments
behaviour| type cmz2, or cm 5] size
S
Wire insulation flammability
_ 10 cm/s forced flow, 110 mmxe =
experiment: USML-1 One year o )
. flow direction (opposed 0.375 mm, USML-1 WIF Video, and
post mission summary ) o )
2D [[397]]| 1994 and concurrent), 1G & Polyethylene onto Ni-Cr mission on the GBX still camera,
Flame spread, flame structure, gas- _ )
uG, electrical power wire (2 0.75 STS-50 39L thermocouple
phase temperature, gas-phase o
o (1.27 to 1.75 W) mm) mission
characteristic length (flame length)
Experimental and numerical
results from MIR tests
Flame spread, flame geometry ) ) FFFT
2D [7] | 1999 _ _ Forced flow Thin Cylinder PE 2 1.5mm MIR
(height, diameter), gas-phase 1.2L
temperature, flame structure,
consumption rate
Experimental flame spread: effect | Forced flow, oxygen 6.5 L (forced Thermal
2D |[137]] 2002 of radiation loss concentration, sample Thin Flat PMMA 60x10mm MGLAB flow) camera,
thickness 4.2 L (quiescent) | interferometry
Numerical flame spread and near-
limit: comparison of opposed and
] Entrance length, forced
concurrent over thin fuels ) o No soot
2D | [64] | 2003 _ flow, oxygen Thin flat Kimwipe o
flame spread, solid-phase _ radiation
concentration,
temperature, heat flux, flame
geometry
Experimental flame spread: effect )
] Oxygen concentration, ) 80x10x 37 x 12 x 24 cm | CCD cameras,
2D |[192]| 2007 of ambient ] Thin Flat PMMA 4.5 MGLAB )
diluent gas, forced flow 0.125 mm 10.6 L interferometer
Flame spread, heat loss
_ ) 100x50x0.25
Flame spread experiments: effect | Oxygen concentration, Ultem 1000
mm
of environmental conditions ambient pressure, forced ) 5.13
2D |[237]| 2008 . Thin Flat 100x50x0.3 1256 L Camera
Flammability index (Ultem, Nomex | flow (30 cm/s for Ultem, Nomex HT90-40 Droptower
mm
and Mylar G), flame spread Nomex and Mylar G)
Mylar G 100x50x0.13
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mm
Kimwipes 100x50
] ] PMMA, PMMA-
Overview of results from Saffire 11 o )
2D | [26] | 2017 Forced flow Thin/thick |  Flat Nomex, PDMS, 30x5cm Saffire Il Camera
Flame spread
SIBAL
Simultaneous
: _|Scale|
thermal | sample _ Specimen size | Rig/facility Chamber vol. ) )
ref. | year Goal Parameters ) material type time ) Diagnostics, Comments
behaviour| type cmz2, or cm s size
S
Plastic (Cellulose e=0.025 &
Experimental flame spread over thin Pressure, oxygen acetate) e=0.051 mm Hiah ’
igh spee
[197]| 1970 fuels concentration, sample Thin Flat Japanese tissue e=0.05 mm 2.2 s droptower 445 L nsp
camera
Flame spread orientation, 1g &uG Silkspan paper e=0.03mm
bond paper type Il e=0.1mm
Effect of ignition and forced flow on ) o
- _ Tissue paper (area* No radiation
the transition to flame Oxygen concentration, _ _ 2.2 sdrop ) _
[372] | 1996 Thin Flat density 1.998x10° 5x15cm 113 L included in the
Flame spread, flame structure, oxygen forced flows tower
_ _ g/cm?) model
mass fraction, gas-phase reaction
Flame spread along free edges
Flame spread, flame structure, fuel Ashless filter paper RITSI Glovebox
_ Forced flow, 33% Oxygen _ ) 10x4cm, STS-75 USMP-
[166]| 2000 | mass fraction, heat flux, oxygen mass _ Thin Flat (area* density 0.0077 8.5x9.5x17.1mm
concentration e=0.017 cm 3 Space shuttle
flux, gas-phase temperature, gas-phase g/cm?) 1.4L
reaction
_ o Glovebox)
Experimental of spot ignition and 3D
" 4 Eorced f USMP-3 STS- | 8.5x9.5x17.1mm
ame sprea orced flow, oxygen
[167]| 2001 ) Y9 Thin Flat Ashless filter paper 10x8.7cm 75. And orl4dL
Flame spread, flame geometry ( concentration
o droptower JAMIC35L
limiting angle), heat flux
JAMIC (3 tests)
Numerical ignition and subsequent
flame spread: effect of forced flow ) ) droptower 12x16x18 cm or
[376]| 2002 Forced flow Thin Flat Cellulosic sheet 14x7.5 cm Camera
Flame spread, flame structure, heat JAMIC 35L
flux, oxygen mass fraction, fuel mass
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fraction

Experimental simultaneous flame

spread: analysis of infrared imaging _ Camera, IR
N ] Force flow, oxygen _ Cellulose (area density 12x16x18 cm or
[412]| 2021 | flame spread, characteristic solid- _ Thin Flat 75 x 140 mm JAMIC camera,
_ concentration 60 g/m?) 35L
phase temperatures (pre-heating, thermocouples
pyrolysis), heat flux balance
Non-parallel flow
o _ | Scale ) .
i< thermal | sample ] Specimen size | Rig/facility | Chamber vol. _ _
2 | ref. | year Goal Parameters ) material type time ) Diagnostics, | Comments
< behaviour| type cmz2, or cm size
%) [s]
_ Two cylinders: o
Experimental flame spread ) ) o MiniTexus
[155]| 1996 Forced flow Cylinder Hollow cylinder 140 X @ 6mm, MiniTexus 3
Flame spread 6L
e=2mm
S Flame spread under oblique force
g Forced flow, oxygen
o Flame spread, flow structure, flame _ o
o o concentration, radiation ) )
[413]| 1999 | structure, spread limit , gas-phase o thick Cylinder PMMA
_ parameter, infinite/finite
temperature, oxygen mass fraction, )
_ reaction rates
fuel mass fraction, heat flux
Flame spread and near-limit
around a cylinder fuel
Flame geometry, gas-phase
temperature, velocity profile, fuel Forced flow, heat flux ) No gas-phase
[354]| 1998 ) _ _ cylinder PMMA o
reaction rate, surface temperature, into solid radiation
‘—3 burning rate, heat flux (gas-phase and
(&)
S radiative), flame geometry (stand-off
(B}
e distance)
Q
Flame growth and extinction
around a spherical solid: effect of o
] ) BASS Limiting
[353]| 2020 thickness Forced flow Thick sphere PMMA @2cm 0.98 L Camera )
GEL (prep) thickness
Heat transfer, flame geometry, Effect
of solid in-depth
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TANGENT ASPECTS

Sample size
thermal ) ~ |Scale| .
) ) sample ) Specimen size| Rig/facility| Chamber ) )
Sub-topic| ref. | year Goal Parameters behaviour material type time _ Diagnostics, | Comments
type cmz2, or cm vol. size
[s]
Numerical: effect of Le number on flame
= _ Le number, sample
B spread (width effect) ) ) )
@ |[356]| 2020 _ o width, oxygen Thin Flat Cellulosic
= Flame structure, flame spread, instabilities, )
& _ concentration
reaction rate, gas-phase temperature
Ignition and transition to flame: effect of
sample width
[134]| 2000 Flame spread, flame structure, gas-phase Sample width Thin Flat cellulosic
temperature, flow field, heat release rate (gas-
phase reaction)
Numerical flame spread over thin fuel: wall
) o Forced flow, sample
heat loss and oxygen side diffusion )
_ width, oxygen ) )
[59] | 2003 | Gas-phase temperature, flow profiles, flame _ Thin flat Cellulosic
concentration, forced
spread, flame geometry, oxygen mass flux, _ )
o i _ flow, tunnel insulation
& | B solid-phase profiles
© L
S | 5 ) _ _ 53
€| 8 Experimental and numerical upwards flame | Gravity, forced flow,
“ | S droptower
spread in 1g and nG pressure, oxygen ] ] 12cmx1or ] )
[102]| 2011 ] ] ) ] Thin Flat Cellulosic sample Parabolic | GIFFT 27 L Video
Flame spread, solid-phase profiles, solid-phase | concentration, sample 2cm fight KC
| -
temperature, surface emittance width :
135
Transient and steady flame spread over a
large sample
Flow profile, characteristic solid-phase length ) ) 5x29cm, 41 Saffire | & _ Camera, Effect of
[401]| 2018 ) ) Sample width Thin Flat SIBAL 6.6 L (Rig) )
(pyrolysis), solid-phase temperature, flow X 94 cm I thermocouple | flow profile
profile, oxygen mass flux, heat flux, mass
fraction, burning rate
= Flame spread over a thin fuel: effect of Forced flow, sample 6xWx0.125¢cm MGLAR CCD camera,
(b}
é [119]| 2009 sample width width, dilution gas, Thin Flat PMMA W=5, 10, 20 dron t 7L interferometer,
o rop tower _
S Flame spread, flame geometry, characteristic | 30% Oxygen, and 100 mm radiometer
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gas-phase lengths, heat flux (heat losses) kPa
Modeling of LOI apparatus Sample width, 1G
[245]| 2012 | Opposed Flame spread rate, LOI, extinction | &uG, opposed forced Thin flat Cellulosic
limits flow
Flame spread over thin fuels: effect of Radiation effect (gas,
radiation and sample width solid), 1G and pG,
[414]| 2012 Heat flux, flame spread, flame geometry oxygen concentration, Thin Flat Cellulosic
(length), flame structure , gas-phase sample thickness,
temperature, reaction rate sample width
FIAT
) ) o 100 mm x
Experimental and numerical: radiation from| Forced flow, oxygen Matlab code
_ e=0.1,0.2, 7.6 X7.6X
flame concentration, sample ] Camera, to analyse
[226]| 2020 ) Thin Flat PMMA 0.3&0.4mm BASS 17 cm _
flame geometry (flame area), heat transfer width, sample ) radiometer flames.
o ] ] width =1, 2 0.98 L
(flame radiation), burning rate, flame structure thickness No soot
cm
radiation
Flame spread over thin fuel: effect of )
. . Saffire I&III:
microgravity and scale
. . 94x40.6 cm
a Flame spread, heat flux , gas-phase and solid- | Sample width, forced ) ) CCD camera,
= o Thin, ) Saffire CYGNUS, _ _
S | [79] | 2018 | phase temperature, heat flux, characteristic flow, boundary layer ) Flat Sibal & PMMA 1000 _ 6.6 L (Rig) | radiometer,
S _ _ thick 11:29x5¢cm Saffire
O solid-phase length (pyrolysis), gas-phase effect OMMA. thermocouple
reaction rate, solid mass pyrolysis rate, flow '
. . 10x50x290mm
profile, burning rate, heat flux
Gravity level
Specimen Scale ) .
Sub- thermal | sample ) ) ) Rig/facility| Chamber ) )
) ref. |year Goal Goal ) material type sizecm2,or | time ) Diagnostics, | Comments
topic behaviour| type vol. size
cm [s]
2 Upward flame spread over a thin fuel
§ Flame spread, radiation flux, solid-phase
o
; [72] {1996 temperature, velocity profile, heat flux, flame gravity Thin Flat Kimwipe
% structure, fuel consumption rate, characteristic
§ solid-phase length (pyrolysis)
c
S |[102]]2011 | Experimental and numerical upwards flame| Gravity, forced flow, Thin Flat Cellulosic sample | 12cmx 1 or 5.3 GIFFT 27 L Video
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thickness, flame geometry

spread in 1g and nG pressure, oxygen 2cm droptower
Flame spread, solid-phase profiles, solid-phase | concentration, sample Parabolic
temperature, surface emittance width flight KC-
135
Numerical, effect of Kinetics on concurrent
flame spread in 19 and pnG
Flame structure, gas-phase temperature, solid- gravity, chemical ] o
[415]|2011 o Thin Flat Kimwipe
phase temperature, mass flux, flame geometry Kinetics
(length), characteristic solid-phase length
(pyrolysis), escaped fuel vapour
Gravity level, forced
: . KC-135
Experimental flow, quiescent, oxygen Cotton cloth strips (MIL-
[29] | 1968 _ ) 5x20 cm & 65 L Camera
Flame spread horizontal concentration, pressure, C-5646C) .
Centrifuge
diluent
Index cards
_ ) Card e=0.098
Experimental downwards flame spread over _ (thickness 0.019 cm
] Oxygen concentration, ) mm ) Chamber 37
[123]|1980 thin fuel ] Thin Flat & 0.75 g/cm3) Centrifuge Camera
pressure, gravity level ) Tape L
Flame spread machine tape (0.0086
€=0.043 mm
cm & 0.64 g/cm3)
Theoretical downwards flame spread over a
thin fuel
g [416]|1991| Flame spread, flame structure, heat flux, gas- Thin Flat Cellulosic
o
8& phase temperature, velocity profile, fuel
pyrolysis
Opposed flame spread: effect of natural and
[417]11992 forced convection Surface emittance Thin flat Cellulosic
Flame spread, velocity profiles
o Oxygen concentration, ) Simultaneous
Downward flame spread and extinction ) ) o Parabolic )
[98] (1994 forced flow, gravity Thin flat Kimwipe 8x7cm 26 L Schlieren
Flame spread KC-135
level camera
Downwards flame spread: radiative effects )
gravity level, oxygen Gas-phase
Flame spread, flame structure, gas-phase ) o ) ) o
[125]|1994 ) ) ] concentration, radiation|  Thin Flat Cellulosic radiation
temperature, velocity profile, heat flux, optical ) _
effect (gas, solid) included
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Numerical of ignition to steady downwards
flame spread
Flame spread, flame structure, solid-phase | Fuel thickness, , gravity
[349]|2003| temperature, solid-phase density, gas-phase level, oxygen thin Flat cellulosic
temperature, velocity profile, fuel mass concentration
fraction, oxygen mass fraction, solid-phase
characteristic length (pyrolysis)
Upward flame spread over thin fuel )
) _ Width=1 or
Flame spread, flame structure , solid-phase | Oxygen concentration,
) ) ) ) ) o 2cm GIFFTS (26
[101]|2002 | thickness, solid-surface temperatures, velocity | gravity level, pressure, Thin Flat Kimwipe Lenathe 12 KC-135 0 IR camera
ength=
profile, oxygen mass fraction, fuel reaction sample width :
cm
a rate, gas-phase temperature
(oR
S - MGLAB
S Sample orientation, 2
O
Flame spread over thin fuel: effect of oxygen concentration, ) _ )
_ _ _ ) Filter paper (density | 140 x 50 x Centrifuge | 7x7x30 cm | Camera, UV
[172]|2015 sample orientation and forced flow gravity level, 0.1 m/s Thin Flat _
140 g/m?) 0.25 mm (Rotating 1.47 L camera
Flame spread forced flow,
arm at
upwards/downwards.
JAXA)
Experimental diffusion solid combustion Drop CCD camera,
o0 : . . 25,8&10 _
; [154]|2016 during transition 19-ug Sphere Methenamine system (2.3 98 L image
mm
- Flame geometry, gas-phase temperature S) pyrometry
Confined space
thermal Specimen Scale ) - _
Sub- ) sample ) ) ) Rig/facility| Rig vol. ) )
) ref. |year Goal Parameters behaviour material type sizecm2,or | time ] Diagnostics, | Comments
topic type size
cm [s]
Modelling Flame spread over thin fuel: effect
of enclosure
= [418]|2002| Flame structure, flame spread, flow field, char Forced flow Thin Flat Cellulosic paper
% front spread, angle of char pattern, total heat
§ release
Modelling flame spread over a thin fuel: Forced flow, oxygen ) 80% non-charring & Surface
[60] {2000 ) ) Thin flat ) o o
effect of tunnel and sample width concentration, tunnel 20% inert (Kimwipe) radiation
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Flame spread , solid-phase thickness profile,

height, fuel width included,
velocity profile, gas-phase temperature but no gas
radiation
Experimental flame spread over thin fuel: Enclosure distance,
effect of confined space enclosure type )
[170]|2021 Thin Flat SIBAL 10x 2.2cm BASS 0.98 L Camera
Flame spread, flame geometry (length), flame (transparent, black,
structure metal), Forced flow
Flame spread over thin fuel: effect of confined droptower
= space 5x14 cm and at Key Lab. | 30x15x(1.5-
(B}
é [121]]2015| Flame spread, flame geometry (length), flow Tunnel height Thin Flat Laboratory wipe e =0.062 3.6 of 5cm) 2.25 L | Digital camera
S velocity pattern, heat release rate, gas-phase mm MicroG.,
temperature China
Surface features
thermal Specimen Scale _ . _
Sub- _ sample _ ) ) Rig/facility| Rig vol. ) )
) ref. |year Goal Parameters behaviour material type sizecm2,or | time i Diagnostics, | Comments
topic type size
cm [s]
Experimental upward flame spread over
cylinder Corrugation effect, 1 036L (3
[88] [2017|  Pyrolysis spread, solid-phase characteristic cm/s Cylinder Grooved PMMA @15 mm REXUS h bers) IR camera
= chambers
§ length Forced flow
>
§ (pyrolysis)
© ) Smoke
Flame spread over thick fuel Sample feature ) PMMA & grooved | 50 x 290 x _ _ Camera,
[402] 2020 _ _ Thick Flat 1000 Saffire Il | 6.6 L (Rig) ) detector
Flame spread, regression rate, CO; readings (groove) PMMA 10 mm radiometer et
es
Discrete position
thermal Specimen Scale ) .
Sub- ) sample ) ) ) Rig/facility| ) ) )
topi ref. | year Goal Parameters behaviour . material type sizecm2,or | time Rig vol. size | Diagnostics, |Comments
opic ype
cm [s]
o = Flame spread interaction of wires ) PE, coreNi-CrD 1.1 CNES |DIAMONDS CCD +
S o |[225]|2016 ) Forced flow Wire 10 cm ) o
O 5 Mass burning rate mm parabolic 26 L backlighting
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flight technique
Flame spread over thin discrete fuels
[419]/2018| Flame spread, gas-phase temperature, burning 1G & uG Thin Flat Paper
rate, heat flux
Experimental flame spread over discrete ] ]
Gap size, fuel ratio, 30
fuels ) 5x050r1 5.18s
[227]|2021 _ cm/s forced flow, Thin Flat Cellulose (TENGU) 113 L
Flame spread, burning rate, flame geometry cm droptower
segment length
(length)
65% Oxygen
) y9 Flat, )
Experimental concentration, o parallel pieces of
[15] |1974 cylindrical, ) SKYLAB 22 L Camera
- Flame spread pressure, sample paper (cellulosic)
o _ _ thread
2 distance (discrete)
o Interaction between flames on parallels thin Pressure, sample Parallel sheets of 55
23
[371]/1995 fuels separation, diluent Flat Kimwipe (1.9 5 cm x7.5cm 45 L Camera
droptower
Flame spread gases mg/cm?)
Fire extinguishment
thermal ) Scale ) . )
Sub- ) sample ) Specimen _ Rig/facility| Rig vol. ) )
) ref. |year Goal Parameters behaviour material type _ time i Diagnostics, |Comments
topic type size size
[s]
) Diluent gases, oxygen
Flame spread over thick fuels: effect of )
_ concentration, ) o 2.2&5.18
[369]/1998 ambient atmosphere Thin Flat Kimwipe 5x15cm 20 L CCD cameras
pressure, sample droptowers
Flame spread '
thickness, 1g & pG
- Flame spread over thick fuels: CO2 and He )
& ] — Oxygen concentration, ) Polyurethane foam 2.2
2 [181]|2006 comparison as flame extinguishment ] Thick Flat 10x11.5cm 20 L CCD cameras
2 diluent gas, pressure (0.03 g/cm®) droptower
= Flame spread
Gravity level, forced
) _ _ KC-135
Experimental flow, quiescent, Cotton cloth strips
[29] | 1968 _ _ 5x20 cm & 65 L Camera
Flame spread horizontal oxygen concentration, (MIL-C-5646C) )
) Centrifuge
pressure, diluent
o Experimental flame spread: effect of ambient | Oxygen concentration, ) 80 x 10 x MGLAB | 37x12x | CCD cameras,
S T |[192]|2007 _ Thin Flat PMMA _
o Flame spread diluent gas, forced 0.125 mm 45s 24 cm interferometer
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flow 10.65 L
Aluminised mylar,
nylon sheet,
neoprene coated
) nylon fabric,
Thin,
thick polyurethane foam, SKYLAB 22 L
ic
bleached cellulose
paper, Teflon fabric,
65% Oxygen parallel piece of
Experimental concentration, 5.2 psia paper
[15] | 1974

Flame spread pressure, sample (Dacron thread,
g; distance (discrete) neoprene rubber

g‘ Cylindrical,| foamed, neoprene

threaded rubber tubing,
over steel paraffin, KC-135 65 L
or ceramic | polyurethane rubber,
mandrel silicone rubber,
styrene plastic,
Teflon tubing.
Burning and extinction of thick fuel during
depressurisation 10 cm/s forced flow, ) ) 2.54x21.9 Parabolic )
[420]|1999 ] ] Thick cylinder PMMA ) 25L Video camera
Flame geometry, heat transfer, burning rate ambient pressure cm flight DC
(heat from gas to solid)
NEAR-LIMIT
POINT DIFFUSION STAGNATION FLAME
thermal ] | Scale ) .
Sub- ) ) Specimen size | Rig/facility Chamber ) )
) ref. | year Goal Parameters behaviour| sample type | material type time ) Diagnostics, |Comments
topic cm2, or cm s vol. size
S
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Radiative extinction

pressure & pressure), flame geometry
(stand-off), heat loss (surface re-radiation +

heat sink), flame spread

Surface
Gas-phase temperature, burning rate, Stretch rate, surface o
[100] | 1986 o o PMMA radiative
characteristic gas-phase length (stand-off radiation |
0SS
distance), flammability map
Near-limit of a stagnation-point diffusion
Q flame: effect of radiation and
©
= Extinction limits (oxygen concentration and Mixed-convection
(%2}
T [23] | 1987 | mixed-convection stretch rate), effect of | stretch rate, densimetric PMMA
§ radiation, effect of convection type (forced | Fr number, emissivity
8‘ and natural convection) on limits, heat flux
(energy balance), surface regression rate
Gas-phase radiative effects on burning Gas and
and flame extinction Stretch rate, radiation surface
[24] | 1998 ] o
Gas-phase temperature, burning rate, treatment radiative
extinction boundary, heat flux loss
Flammability boundary for rods in axial
stagnation flow
o ) Forced flow, oxygen 7.6X7.6x17 )
Boundary limits (oxygen concentration & _ _ 2 0.318, 0.476 Video camera,
[82] | 2017 concentration, pressure, Cylinder Black PMMA BASS-II cm )
stretch rate) , flame geometry (length), heat ] & 0.635 mm radiometer
) gravity 0.98 L
transfer (balance), regression rate, CO, CO>
& O3 readings, global equivalence ratio
é Flammability boundary for rods in axial
=
% stagnation convective flow: comparison
© between 1G low pressure and unG
Boundary limit (pressure and stretch rate, Pressure, 1G & pG, ) 5.18s drop
[278] | 2020 _ Cylinder PMMA 2 0.318 113 L
pressure and force flow, oxygen partial forced flow tower
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PARALLEL FLOW: quiescent, concurrent, opposed, opposed & concurrent

Quiescent
thermal ) | Scale ) .
) ) Specimen size | Rig/facility |Chamber vol. ) )
ref. |year Goal Parameters behaviour| sample type material type time ) Diagnostics, |Comments
cm2, or cm size
[s]
) ) Oxygen concentration, ) 25.4 X 6.35 X SSCE Camera,
[92] |1998| Experiment flame spread over thick fuel Thick Flat PMMA 510 39L
pressure 3.18 mm apparatus thermocouples
Forced flow
Concurrent
thermal ) ~ | Scale ) .
) ) Specimen size | Rig/facility |Chamber vol. ] )
ref. |year Goal Parameters behaviour| sample type material type time _ Diagnostics, |Comments
cm2, or cm size
[s]
Experimental, numerical and theoretical
flame spread over a thin fuel Oxygen concentration ) Kimwipe 5.18 drop
[95] [1994 o ] Thin Flat (1mg/cm?) 4.9x10cm 5.2 113 L Camera
Flammability limit (oxygen concentration and and forced flow (cellulosic) tower
forced flow)
Modelling flame spread over a thin fuel _
. ] Oxygen concentration, ] _
[406] | 1994 | Flammability limits (oxygen concentration and Thin Flat Cellulosic
forced flow
forced flow)
Forced flow, sample
Numerical flame spread over thin fuel: wall width, oxygen ] )
[59] |2003 ] — ) Thin flat Cellulosic
heat loss and oxygen side diffusion concentration, forced
flow, tunnel insulation
Fabric, 75%
Modelling for flame growth and near-limit ) fabric 13.4
[62] |2015 — __ 1G/uG Thin Flat e=0.3175mm
Radiative extinction mg/cm2, 25%
inert
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Experimental and numerical study for o rati
] Xygen concentration,
growth, spread and quenching ) 1.2x10 cm or (MSG) on ISS. | (7.6x7.6x17cm)
[114] | 2016 o _ forced flows, sample thin Flat SIBAL 2.2x10 cm Camera
Extinction limits (oxygen concentration and ) ~ BASS & BASS I 0.98 L
width €=0.32 mm
forced flow)
Opposed
thermal ) ) Scale ) .
) ] Specimen size | Rig/facility Chamber ] )
ref. |year Goal Parameters behaviour| sample type material type time ) Diagnostics, |Comments
cm2, or cm vol. size
[s]
Experimental near-limit flame spread over a o
] ] Kimwipe ( 1.
thin fuels Oxygen concentration , _ 3x15x 2.2&5.18 Camera,
[17] |1988 S ) Thin flat 998 X 10’ 5.18 113 L
Extinction limits (oxygen concentration and forced flows en?) 0.0076 cm droptowers thermocouples
cm
forced flow) :
Flame spread over a thin fuel: effect of
oxygen and forced flow Oxygen concentration, _ o 5x15 cm Camera,
[18] 1991 o ) ) Thin flat Kimwipe 2.2 | 2.2 drop tower 113 L
Extinction limits (oxygen concentration and forced flow, thickness €=0.0076 cm Thermocouples
forced flow)
2CCD
cameras, 1
0.4x 2 0.3m |intensified high
] (281L) in speed camera,
Experimental results: flame geometry and ) ZARM
N Oxygen concentration, ) ZARM Planar laser
[19] (2000 stability of flame Thick Flat PMMA 50x50x10mm droptower, )
L forced flow ) Droptower induced
extinction limits CNES airbus
and CNES fluorescence
airbus A300 | system (Trace
OH radicals)

thermocouple
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0.4x 2 0.3m

(281L) in
ZARM
Droptower
_ ZARM
Experimental results: flame geometry and ] and CNES
N Oxygen concentration, _ droptower, )
[20] |2001 stability of flame Thick Flat PMMA 50x50x10mm ] airbus A30
- forced flow CNES airbus,
extinction limits o &
& Minitexus 6 )
Combustion
chamber
Minitexus 6
56L
Semi-empirical prediction of flame spread )
__ Sample thickness,
and near-limit _ _ PMMA,
[325] | 2005 T ) 0xygen concentration, thin Flat
Extinction limits (oxygen concentration and cellulose
forced flow
forced flow)
Scale analysis: flame spread over thin fuel
) Chamber, CCD camera,
and LOC Oxygen concentration, _ MGLAB (4.5 Scale
[28] |2012 S ) ) Thin Flat PMMA 6xlcm, e=0.125| 1 37x12x24 cm | IR camera, )
Extinction limits (oxygen concentration and | forced flow, diluent gas s), DAS (20 s) ) analysis
10.65L interferometer
forced flow)
LOI of thin fuel in microgravity
- Forced flow, oxygen _ 9x2 cm x 0.125 13x14x14 cm
[27] |2013| Extinction limits (forced flow and oxygen ) Thin Flat PMMA DAS _
_ concentration mm 2.54 L (rig)
concentration)
o ) Core (NiCr & Cu), 1G & )
Near-limit over wires 100 mm x NiCr
o nG, oxygen ) 13x14x14 cm
[21] |2013| Extinction limits (forced flow and oxygen ) wire PE e= 0.8 mm DAS _
_ concentration, forced 2.54 L (rig)
concentration) Cue=0.5mm
flow
Scale analysis: flame near-limit over thin Chamber
fuel and LOC Oxygen concentration, ] CCD camera, | similar to
[240] | 2015 T ) Thin Flat PMMA 6x2cm, e=0.125 | 2.6 DAS Chamber 35 L
Extinction limits (forced flow and oxygen forced flow, diluent gas IR camera fuel
concentration) dispenser

233




Flammability limits of wires

Oxygen concentration,

20 cm X Cu wire

o ) o ) 2 0.5 mm, 25X @6 cm
[22] |2015| Extinction limits (oxygen concentration and |incident heat flux, 12 Wire EFTE DAS
) _ EFTEe=0.3 0.7L
external radiant flux) cm/s air flow
mm
Flammability limits (LOC): effect of o
_ ) ) ) Similar to
ambient Oxygen concentration, ) Rolling CCD, infrared
[241] (2016 o ) _ Thin Flat PMMA 80x20x0.125mm| 8 DAS fuel
boundary limits (Oxygen concentration and | forced flow, gas diluent chamber 35 L camera d
ispenser
forced flow) P
LOI for thin fuel ] ASTM D2863
o Oxygen concentration, ) PMMA, 8x2cm, e=0.125
[195] |2017| LOC & MLOC, boundary limits (Oxygen ] thin DAS chamber (35 | CCD camera
) forced flow, diluent Nomex HT-90 mm
concentration and forced flow) L)
8 flow tunnels
Comparison near-limit between nG & NCA | Oxygen concentration, 616% 50 (95 x95x 120
.6 x 50 x
[145] | 2018 | Flammability limits (oxygen concentration and | forced flow, 1G & uG, thick flat PMMA 10 SJ-10 mmor 1L) | CCD camera
mm
forced flow), flamelets comparison with NCA ina39L
chamber
MSG
) ) ) 57.2 mm x 7.6X7.6x17
Experimental flame spread over cylinder Oxygen concentration, o 100 -| Glovebox Camera,
[171] |2018| ) cylindrical Black PMMA | 26.4,9.5 &12.7 cm )
Limits (oxygen concentration and forced flow) forced flow 500 | (BASS-II) the radiometer
mm 0.98 L
ISS
LOI of thin fuels ) PMMA &
T _ Oxygen concentration,
[242] |2018| Flammability limit (oxygen concentration and Flat Nomex HT90- e=0.125 DAS
forced flow
forced flow) 40
_ _ 4 tunnels (12
Experimental flame spread over thick
| o rat 616 x 50 x 10 cmx9.5x | CCD camera,
samples Xygen concentration, .6 x50 x
[221] |2019 o ] Y9 Thick Flat PMMA 55 SJ-10 9.5)in RGB
Flammability limits (oxygen concentration and forced flow mm
chamber pyrometry
forced flow)
9L
LOI of retardant fuels Meta-aramid
o ] ] ] ) 8x2 cm x e=0.3
[243] |2019| Flammability limit (oxygen concentration and | Oxygen concentration Thin Flat fabric: NOMEX DAS 35L
mm
forced flow) HT90-40
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Para-amid
fabric: Kevlar

8x2 cm x e=0.35

mm
KE5847

polyimide film 8x2 cm X
(Kapton) €=0.125 mm

Polycarbonate

8x2 cm x e=0.25

CARBOGLASS
mm
c110C
62 x 18 x 32
Flame spread over flat samples Forced flow, oxygen 40x20 mm
- _ ) _ LDPE and cmor36L Camera, IR
[388] |2020| Flammability limit (oxygen concentration and | concentration, sample thick flat LDPE =1.5mm | 20 DAS _
HDPE (effective camera
forced flow) type HDPE =2.5mm
chamber)
Polycarbonate:
8x2 cm x e=0.25
CARBOGLASS
mm
c1i10C
Polyether ether
8x2 cm x e=0.2
ketone:
mm
PEEK4000
Poly-
8x2 cm x €=0.03
phenylsulfone:
mm
PPSU U1-1
_ 62 x 18 x 32
LOI of retardant fuels Polyimide: 8x2 cm X
T _ Forced flow, oxygen _ cmor36L
[244] |2020| Flammability limit (oxygen concentration and ) Thin flat Kapton 500H €=0.125 mm DAS ] CCD camera
concentration _ i (effective
forced flow) Silicone resine: | 8x2 cm x e=0.5
chamber)

SR-50 mm
Meta-aramid
] 8x2 cm x e=0.3
fiber: NOMEX
mm
HT90-40
Meta-aramid | 8x2 cm x e=0.3
fiber: CONEX mm
Para-aramid
8x2 cm x e=0.3
fiber: KEvlar
mm
KE5847

235




silicone rubber: | 8x2 cm x e=1
SH144YA mm
Near-limit: effect of pressure for a wire
o ] Pressure, oxygen ) ] DIAMONDS
Flammability limit (oxygen concentration and ) Ni-Cr Wire D 0.5 _
[391] | 2020 ) ) concentration, 10 cm/s LDPE e=0.3mm A310 CNES rig
ambient pressure, oxygen partial pressure and mm
i opposed forced flow 26 L
total ambient pressure)
1G & uG, incident heat
) Standard & )
o _ flux, core diameter, Oscillatory
Flame spread and near-limit over electric o black LDPE 130 mm x 390 x 2 80
) sample colour (radiation ) ] ) Camera, IR flames
[389] | 2020 wires ) wire with Cuwire | e=0.75& 1.65 | 5-10 DAS mm
o _ absorption effect), 10 camera were
Flammability limits (oxygen concentration and (225 & 0.7 mm 7.84L
o cm/s forced flow, 100 observed
external radiation) mm),
kPa
Opposed/Concurrent
thermal _ _ |Scale _ .
) ) Specimen size | Rig/facility |Chamber vol. ) )
ref. |year Goal Parameters behaviour| sample type material type time ) Diagnostics, |Comments
cm2, or cm size
[s]
Numerical flame spread and near-limit:
_ Entrance length
comparison of opposed and concurrent over
] (boundary layer), forced _ o No soot
[64] |2003 thin fuels Thin flat Kimwipe o
S _ flow, oxygen radiation
Flammability limits (oxygen concentration and ]
concentration,
forced flow)
NON-PARALLEL FORCED FLOW
thermal _ _ |Scale _ .
) ) Specimen size | Rig/facility |Chamber vol. ) )
ref. |year Goal Parameters behaviour| sample type material type time ) Diagnostics, | Comments
cm2, or cm size
[s]
Flame spread and near-limit around a
cylinder fuel ) No gas-
o Forced flow, heat flux into )
[354]| 1998 Flammability limits ( forced flow/ Da, lid cylinder PMMA phase
soli
Surface loss parameters and heat flux into the radiation

solid)

236




Burning and extinction of thick fuel
during depressurisation 10 cm/s forced flow, _ _ Parabolic flight ]
[420] | 1999 o _ Thick cylinder PMMA 254 x21.9 cm 25L Video camera
Flammability limit (heat transfer from gas to ambient pressure DC
solid & pressure )
Flame growth and extinction around a
spherical solid: effect of thickness _ BASS Limiting
[353]|2020 _ Forced flow Thick sphere PMMA @2cm 0.98 L Camera )
Heat transfer, flame geometry, Effect of solid GEL (prep) thickness
in-depth
TANGENT ASPECTS:
Sample width
thermal ) ~ |Scale ) N
Sub- _ ] Specimen size | Rig/facility Chamber _ _
| ref. |year Goal Parameters behaviour| sample type | material type time ) Diagnostics, |Comments
topic cm2, or cm vol. size
[s]
Modeling of LOI apparatus
2 o Sample width, 1G &uG, ] ]
S |[245](2012| Opposed Flame spread rate, LOI, extinction Thin flat Cellulosic
o3 o opposed forced flow
o limits
Surface
] ) 80% non- o
Modelling flame spread over a thin fuel: Forced flow, oxygen harring & radiation
] ) ) charring _
[60] [2000 effect of tunnel and sample width concentration, sample Thin flat 20% inert included,
o iner
= Quenching extinction width o but no gas
L (Kimwipe) o
§ radiation
LS) Experimental and numerical study for
growth, spread and guenching Oxygen concentration, ) 1.2x10 cm or (MSG) on ISS. (7.6x7.6x17cm)
[114]|2016 o ) ) thin Flat SIBAL 2.2x10 cm BASS & BASS Camera
Extinction limits (oxygen concentration and |forced flows, sample width 620.32 mm ! 0.98 L
forced flow)
o Upward flame spread over thin fuel Oxygen concentration, Width=1or 2
9 — _ ) o GIFFTS (26
s |[101]|2002| Flammability boundary ( pressure and gravity level, pressure, Thin Flat Kimwipe cm KC-135 0 IR camera
c
S gravity level) sample width Length= 12 cm
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Gravity level

thermal ) ~ |Scale| -
Sub- ] _ Specimen size | Rig/facility | Chamber _ _
| ref. |year Goal Parameters behaviour| sample type | material type time _ Diagnostics, |Comments
topic cm2, or cm vol. size
[s]
Downward flame spread and extinction _ Parabolic KC- Simultaneous
O ) Oxygen concentration, _ o
[98] 1994 | Boundary limits (oxygen concentration and _ Thin flat Kimwipe 8x7cm 135, 26 L Schlieren
_ forced flow, gravity level _
gravity) centrifuge camera
Downwards flame spread: radiative
] Gas-phase
D effects gravity level, oxygen _ _ o
S |[125](1994 o ) _ Thin Flat Cellulosic radiation
oy Boundary limits (oxygen concentration and concentration _
o _ included
gravity)
o o _ Gravity, pressure, _
[363] 2020 Radiation-kinetics interaction, flame o o Thin Flat PMMA
radiation, Kinetics
geometry, flame spread,
Upward flame spread over a thin fuel ) o ) o
Conc. | [72] |1996 ___ ) Gravity, radiative effect Thin Flat Kimwipe
Quenching limit (gravity level)
) _ Width=1or 2
o Upward flame spread over thin fuel Oxygen concentration,
S - _ _ o cm GIFFTS (26
o |[101]|2002| Flammability boundary ( pressure and gravity level, pressure, Thin Flat Kimwipe Lenathe 12 KC-135 0 IR camera
o) : . engtn=
S gravity level) sample width
cm
Oscillations & flamelets
thermal ) | Scale ) o
Sub ] ] Specimen size | Rig/facility | Chamber ) ]
ub- | ref. |year Goal Parameters behaviour| sample type | material type time ) Diagnostics, |Comments
topic cm2, or cm vol. size
[s]
= Oxygen concentration,
o Experimental & numerical candle flames Y9 S n-paraffin wax | @ 2 and 10 mm x 115 cm or _
§ [3] |2000 __ ) __ pressure, wick diameter, - Candle 300 | STS & MIR 1.52 L Video camera
= Extinction behaviour (oscillations) _ and 20% X 20 mm _
& candle diameter o MIR: 20 x 20 x
stearic acid) 20 cmor 8 L
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Dynamic behaviour of near-limit flame )
] Sample width, oxygen _
[421]|2017 (oscillatory) ] Thin
concentration
Spread rate, flame structure, flamelet
structure
Flame oscillation alongarod in a
= ) ] 7.6X7.6x17
@ stagnation flame Oxygen concentration, ]
S |[395]|2019 o Cylinder PMMA BASS-II cm
e Flame spread, number of oscillations, forced flow
8 0.98 L
frequency
8 flow
Comparison near-limit between nG & ) tunnels (95
Oxygen concentration,
NCA ) 61.6 x 50 x X95x 120 mm
[145]|2018 o _ forced flow, 1G & pG, thick flat PMMA SJ-10 CCD camera
S Flammability limits (oxygen concentration ] ] 10mm or 1L)
% comparison with NCA _
S and forced flow), flamelets ina39L
o
© chamber
Near-limit spread behaviour: flamelets Sample width, oxygen _ No soot
[422]|2019 ] thin Flat o
Flamelets, flame spread, flame geometry | concentration, forced flow radiation
Confined spaces
thermal _ ) Scale ) -
Sub- ) _ Specimen size _ Rig/facility| Chamber ) )
| ref. |year Goal Parameters behaviour| sample type | material type time _ Diagnostics, |Comments
topic cm2, or cm vol. size
[s]
Surface
) ] 80% non- o
E Modelling flame spread over a thin fuel: Forced flow, oxygen ) radiation
L _ ) _ charring & _
5 |[60]]2000 effect of tunnel and sample width concentration, sample Thin flat ) included,
e _ . ] 20% inert
8 Quenching extinction width o but no gas
(Kimwipe) o
radiation
" Establishing the thermal regime
D o
= ¢ |[352]|2016 (thickness limit) PMMA
% E Transition thickness
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APPENDIX D

thermal Specimen |Scale| .
_ ) ) sample ) _ ) Rig/facility | Chamber vol. _ _
Topic| ref. |year Goal variables behaviour . material type size cm2, | time ) Diagnostics, | Comments
e size
P orcm [s]
Modeling concurrent smoldering _
[423]| 1987 Opposed Cylinder
Influence of buoyancy
Buoyancy effect on smouldering
[263]|1986 Theoretical and low pressure
experiments
_ o _ Spacelab
Experimental: transition from piloted )
L ] Gravity, forced flow, _ ) 80 mm x @ on the Glovebox, 0.15 L
[398]| 1997 ignition to smouldering o _ cylinder Open-cell Flexible 2400 thermocouples | Ni-Cr igniter
) ignition type (axial, plate) 50 mm USML-1 x0.15x0.2m
Temperature, gas analysis
45L
) ) ) MSC (microg.
Experimental smouldering Quiescent, forced, ) (STS-69 and
] _ flexible polyurethane | 140 mm X Smold. Thermocouple,
[399]11999| temperature, smolder velocity, gas opposed forced flow, cylinder 3000 STS-77 _
) ) foam 2 132 mm o Combustion) TGA
S analysis gravity missions )
= 21.77 litre
>
= _ _ _ Thermocouple, o
S Experimental smouldering Gravity, concurrent _ 140 mm x STS-105 and _ _ Cylindrical
o> |[223]|2004 _ ) Cylinder polyurethane foam 2000 MSC 21.7 litres | ultrasonic o
£ Reaction temperature , smolder velocity forced flow 2132 mm STS-108 S disc igniter
5 imaging
=
3 Experimental smouldering
S ) Thermocouple, o
w Opposed smolder flow, reaction Opposed forced flow, _ Unretarded 140 mm @ STS-69, STS- _ Cylindrical
[224]| 2004 - ) cylinder 2000 MSC 21.7 litres |  ultrasound o
temperature , char permeability, O> gravity, pressure polyurethane foam 120 mm 77, STS-105 ) nd dat disc igniter
imaging data
mass flux, heat loss, gas mass flux ging
Modelling_forward smouldering
[424]| 2005 temperature, smolder propagation Concurrent forced flow Polyurethane foam 1200
velocity
Modelling forward and opposed
smouldering Opposed and concurrent
[425] | 2007 ) PP Polyurethane foam 1200
reaction temperatures, smoulder forced flow
propagation velocity, heat release rate
Experimental smouldering Opposed and concurrent _ White flexible 2150 x170 45 mm x @ 15 Cylindrical
[393]|2008 ) cylinder 3000 SJ-8 thermocouples | =~
reaction temperatures, opposed forced flows, smoulder polyurethane mm cm disc igniter
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Instability

smoulder velocity velocity 7.95L
Finger-like smouldering Cellulosic sheet RITSI _
) 10 x Non-piloted
downstream and upstream smolder (Whatman ashless filter Glovebox on |(85x95x171mm) | Thermocouple,

[133]]1998 _ ) _ Forced flow Flat _ 8.7x0.017 ) (external

propagation velocity, population paper ) + potassium STS-75 1.38 L video camera o
cm radiation)

acetate USMP-3

studies, heat transfer, oxygen fraction

Porous solid (cellulosic
fuel)

Finger instability )
[426]| 2011 Concurrent forced flow Thin

Heat transfer, growth rate

Modelling forward smouldering
[424]| 2005 Concurrent forced flow Polyurethane foam 1200

Extinction limit

Modelling forward opposed

[425]| 2007 smouldering
Extinction limit

Opposed and concurrent
Polyurethane foam 1200

forced flow
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APPENDIX E

SOOT
Specimen |Scale| .
Sub- thermal _ ] _ Rig/facility | Chamber vol. ] ]
_ ref. |year goal Parameters _ sample type | material type |size cm2, or | time _ Diagnostics Comments
topic behaviour size
cm [s]
Smoke-point properties of jet
diffusion flames in microgravity | 1gto ug, burner diameter, Ethylene-air, )
[203] 1994 ) _ _ Jet ) KC-135 87L Colour video camera
Luminous flame length, residence ambient pressure, fuel propane-air
time, fuel flow rate
Transmission
Soot morphology: effect of _
[222] ) " | st Propane, 2.2 s drop electron microscope
microgravity gtoug e
_ ethylene tower (TEM) + CCD for
Soot morphology (diameter) _
post-processing
Soot-field structure ) 2.2 sdrop full-field laser
[208] 1996 _ lgtoug Jet Acetylene-air o
Soot volume fraction tower extinction
Quantification of Soot volume _
_ ) 2.2 sdrop Full-field laser
[209]|1997 fraction lgtoug Jet Acetylene-air o _
) tower extinction technique
Volume fraction
Soot laminar flames: effect of
Jet flame _ o o
environmental parameters Dilution gas, additives, )
[358]/1998 ] ] Jet Ethylene Review
(literature review) pressure
Soot volume fraction
Diffusion flame in quiescent
environment: effect of radiative Model
heat loss (Counterflow flame) includes gas
[355](1998 ] ]
Maximum reaction rate, soot and soot
volume fraction, , radiative heat radiation
loss, soot radiation
Soot-field structure: effect of fuel )
Acetylene- 2.2 sdrop Full-field laser
[210]|1999 preheat lgtopug Jet ) o )
_ Nitrogen tower extinction technique
Soot volume fraction
Soot aerosol properties Acetylene - 2.2 sdrop Soot distribution:
[211]]1999 ] lgtoug Jet ) ] ]
Soot volume fraction, soot Nitrogen tower Full-field laser-light
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extinction

morphology

(thermophoretic soot

electron microscopy)

Soot morphology

sampling and
transmission

Effect of gravity on sooting

Fuel fraction, oxygen fraction, gas- ] )
[427]|1996 gravity Jet Ethylene-air
phase temperature, soot volume
fraction, velocity vectors,
Smoke-point properties of jet
diffusion flames Ambient pressure, burner Ethylene, 100-
[204] 2000 _ _ ) _ ] ) o STS Colour CCD camera
flame residence time, luminous diameter, jet velocity, propane in air 230
flame length, smoke point
Evaluation of extinction factor Forced flow, oxygen ) ZARM drop CCD Camera +
[185] 2005 L ) Thick Flat plate PMMA )
Extinction factor concentration tower green LEDs emitter
Chemiluminescence
(Laser Extinction
Methodology to measure soot measurement) with a
volume ) tri-CCD camera and
) _ Parabolic _ _ ]
[215]12006| CH* intensity and local spectral Forced flow Flat plate burner Ethylene flight line-of-sight light
i
absorption coefficient, soot volume . attenuation
fraction technique
Soot morphology:
Flat plate
SEM
Interactions between soot & Laser-induced
chemiluminescence (CH*) Parabolic incandescence LII
[217]]2007 ) Forced flow Flat plate burner Ethylene ) 50L )
Soot volume fraction, CH* flight (soot vol. fraction) +
spontaneous emission Chemiluminescence
Sooting behaviour dynamics: soot paraboli Full-field laser-light
arabolic
[216]|2007 trajectory Forced flow Flat plate burner Ethylene 22 flight extinction same as
: ights
Soot volume fraction [215]
Numerical Soot deposition
[336] (2009 Forced Flat plate burner Ethylene
process
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Reaction temperature, soot
deposition length, soot volume

fraction

Transport mechanisms

controlling soot production over a

flame length

Full-field laser-light

[428]|2009 ] _ Forced flow Flat plate burner Ethylene o
Soot volume fraction, velocity extinction
gradients, temperature, soot
oxidation characteristic velocities
Modelling of soot production laser-induced Not for
[429]|2015 Flame structure, soot volume Forced flow Flat plate burner Ethylene incandescence signal | blow-off
fraction trapping regime
Microgravity
o Santoro coflow Methane- Science SLICE Color-ratio
[220]|2015| Soot formation in a coflow flame ) _
flame Nitrogen glovebox on | experiment pyrometry
ISS
Validation of new method to Santoro coflow )
[218]|2018 Ethylene/air
study soot flame
_ ) Soot distribution:
Soot particles agglomeration _
) Paper sheet and Videocamera
[205] (1994 Soot morphology and soot Flat & jet flame 10 JAMIC 51L
o o butane Soot morphology:
distribution (characterisation)
TEM & SEM
Morphology and concentration of 3.5sdrop
smoke: Jet bursting flame wire Fluorinated tower
. e . i ) Chamber 3.15
[212]|2016| Particle size distribution, particle Forced flow Wire ethylene National L SEM
_ size diameter, smoke particle propylene wire Microgravity
Solid fuel _ o o
concentration, extinction coefficient Lab.
Compares
with the
Ignition and combustion of o low
o ] ] Laser extinction
[213]]2019 overloaded wire insulation Pressure wire PE, PTFE, PVC SJ-10 hod pressure
metho
Smoke emission, smoke distribution narrow
channel
method
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Experimental evaluation of flame

radiative feedback

_ _ Broadband
Soot volume fraction, gas-phase | 19% Oxygen concentration _
o _ LDPE coated Parabolic | DIAMONDS Modulated
[175]|2020| temperature, soot radiative loss, and 20 cm/s opposed wire ) _ ) ) o
o Ni-Cr wire flight 26 L Absorption/Emission
radiative feedback from soot to forced flow ]
] technique
solid
Method to assess Soot radiative Broadband
feedback Opposed forced flow, ] LDPE coated Parabolic | DIAMONDS Modulated
[176]|2020 ] Wire ) ] ] ] o
Soot volume fraction, gas-phase pressure Ni-Cr wire flight 26 L Absorption Emission
temperature, radiative balance. (BMAE) technique
Soot production and radiative
heat transfer Broadband
Soot volume fraction, gas-phase _ LDPE coated Parabolic | DIAMONDS Modulated
[177]]2020 Opposed forced flow wire ) ) ) _ o
temperature, flame geometry (stand- Ni-Cr wire flight 26 L Absorption Emission
off distance, incident radiative heat (BMAE) technique
flux, radiative neat flux
Soot production and radiative
Broadband
heat transfer: pressure effect _ Novel
_ Opposed Forced flow, _ LDPE coated Parabolic | DIAMONDS Modulated o
[178]|2020| Soot volume fraction, spread rate, _ wire ) _ ) _ o radiative
) o ambient pressure Ni-Cr wire flight 26 L Absorption Emission
pyrolysis mass flow rate, radiation ) model
o o (BMAE) technique
fraction, incident radiative flux.
Opposed flame spread rate and
] Broadband
soot production Opposed forced flow, _
) _ _ LDPE coated Parabolic | DIAMONDS Modulated
[179]|2020| Flame spread rate, soot formation oxygen concentration, wire ) ) ) ) o
_ ) Ni-Cr wire flight 26 L Absorption Emission
length, soot volume fraction, gas- ambient pressure )
) (BMAE) technique
phase temperature, formation rate
Opposed flame spread: soot )
o ] Broadband Finds the
oxidation guenching and smoke Opposed Forced flow, ]
) ) LDPE coated Parabolic | DIAMONDS Modulated smoke-
[430] /2020 release oxygen concentration, wire ) ) ) ) o )
) . ) Ni-Cr wire flight 26 L Absorption Emission point
Quenching temperature, transitional ambient pressure ) o
(BMAE) technique | transition

limit between open tip and close tip

flame (smoke point curve)

245




SMOKE AND GAS ANALYSIS

Specimen |Scale| -
) thermal sample ] ] ) Rig/facility | Chamber vol. ] )
Topic ref. |year goal Parameters ) material type size cm2, or | time ) Diagnostics Comments
behaviour type size
cm [s]
Experimental smoldering combustion ] ) Gas chromatography
[431]|1997 _ Thick Flexible polyurethane USLM
Gas-sample gases (post-flight) / mass spectrometry
Experimental smoldering combustion ) ) Gas chromatography
[399]/1999 ) ) Thick Flexible polyurethane STS
Gas-sample gas analysis (post-flight) / mass spectrometry
MSG working
volume dilution
used.
Oxygen and CO readings during BASS CSA-CP=
11 Opposed, o Rod, flat, Compound specific
[432]]2015 ) o o Thin/thick PMMA, SIBAL BASS |1 )
CO & COg readings, Stoichiometric ratio, | concurrent sphere analyser-combustion
heat release rate, global equivalence ratio products
Gas MCA= Major
analysis Constituents
analyser
MSG working
volume dilution
Flammability boundary for rods in axial used.
] Forced flow,
stagnation flow CSA-CP=
o ) oxygen 2 0.318, .
Boundary limits (oxygen concentration & ) _ 7.6x7.6x17 cm | Compound specific
[82] | 2017 concentration, Cylinder Black PMMA 0.476 & BASS-II )
stretch rate) , flame geometry (length), heat 0.98 L analyser-combustion
) pressure, 0.635 mm
transfer (balance), regression rate, CO, CO> " products
ravi
& O readings, global equivalence ratio : y MCA= Major
Constituents
analyser
Transmission
Characterisation of smoke particles: Fluorinated wire electron microscope
Smoke ) ) ) ) 2.2 drop
) [334]11997 pyrolysis products Wire insulation, TEFLON, (TEM) and Energy
particles ) ) ] - tower ) )
Particle diameter, particle size distribution TEFZEL dispersion
spectroscopy (EDS)
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BURNING RATE

Scale
] thermal sample _ Specimen size| Rig/facility | Chamber vol. ] )
Subtopic| ref. |year goal Parameters ) material type time _ Diagnostics Comments
behaviour type cmz2, or cm 5] size
S
Combustion of thermoplastic Sphere diameter, bubble
_ PMMA, PP, PS DC-9 and )
[183] {2000 spheres ambient pressure, Sphere 22 —6.4mm 245 L CCD camera bursting
] _ (polystyrene) KC-135
Soh Burning rate 0xygen concertation phenomena
ere
P Combustion of PE droplet Method to
droplet ] 3.6 drop )
Burning rate, flame geometry _ _ estimate
[184] | 2020 ) ) Droplet diameter PE tower at 27 L High-speed camera
(stand-off ratio), flame burning mass loss
NMLC
flux rate & HRR
Burning and extinction of thick
fuel during depressurisation _ )
forced flow, ambient _ ) 2.54x21.9 Parabolic _
[420] |1999| Flame geometry, heat transfer, Thick cylinder PMMA _ 25L Video camera
) pressure cm flight DC
burning rate (heat from gas to
solid)
Experimental flame spread over
thick fuel: _ DARTFire,
_ Oxygen concentration, ) (each _
Flame spread, mass loss, burning _ two mirror- UV video camera,
[120] (2004 opposed forced flow, Thick Flat Black cast PMMA | 50x50x10mm | 120 | 10x10x15cm _
rate, flame geometry (stand-off, o image flow radiometer
) incident heat flux or 1.5L)
Side flame length), gas-phase tunnels
objective temperature, heat flux
in these Flame spread interaction of ) CNES CCD +
. ] ] PE, core Ni-CrD 1.1 ) DIAMONDS o
studies | [225] |2016 wires Concurrent forced flow Wire 10 cm parabolic o6 L backlighting
mm
Mass burning rate flight technique
Flame spread over thin fuel:
effect of microgravity and scale Saffire 1&III:
Flame spread, heat flux , gas- 94x40.6 cm
) ] ] CCD camera,
phase and solid-phase Sample width, forced ) ) ) Saffire CYGNUS, ) )
[79] |2018 Thin, thick Flat Sibal & PMMA 1000 ) 6.6 L (Rig) radiometer,
temperature, heat flux, flow [1:29x5¢cm Saffire
- : thermocouple
characteristic solid-phase length PMMA:
(pyrolysis), gas-phase reaction 10x50x290mm

rate, solid mass pyrolysis rate,
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flow profile, burning rate, heat

flux

Numerical flame spread over

thin fuel: effect of environment

- Validation
conditions )
o ) Forced flow, oxygen ) Video camera, |of model
Flame spread, characteristic solid- _ _ SIBAL (18.02 Saffire | & )
[400] {2020 _ concentration and Thin Flat 94 x41cm | 460 6.6 L (Rig) Thermocouple, |and
heat length (pyrolysis), heat flux, mg/cm?) I CYGNUS _ _
_ o pressure radiometer parametric
mass burning rate, remaining mass wd
. study
fraction, gas-phase temperature,
flame structure, flow profiles
) _ FIAT
Experimental and numerical: 100 mm x
- Opposed forced flow, Matlab code
radiation from flame ) e=0.1,0.2, 7.6 xX7.6x17
oxygen concentration, _ _ to analyse
[226] |2020| flame geometry (flame area), heat ] Thin Flat PMMA 0.3&0.4mm BASS cm Camera, radiometer
o ) sample width, sample ) flames.
transfer (flame radiation), burning _ width=1, 2 0.98 L
thickness No soot
rate, flame structure cm o
radiation
Experimental flame spread over )
] Cellulosic paper Concurrent-
ultra-thin fuels ) _
Sample density, opposed ) (TENGU) , density = 5.18 Drop opposed
[180] |2020| Flame spread, flame geometry Ultra-thin flat 30x5cm 1 113 L Camera
) forced flow, sample type 0.2 to 13 mg/cm? tower reversed
(length), flame structure, burning
Cheesecloth phenomena
rate
Experimental flame spread over ) )
] Gap size, fuel ratio, 30
discrete fuels _ 5.18s
[227] | 2021 _ cm/s concurrent forced Thin Flat Cellulose (TENGU) [5x0.50r1cm 113 L
Flame spread, burning rate, flame droptower

geometry (length)

flow, segment length
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HRR & OTHER

Specimen |Scale| .
) thermal sample _ _ _ Rig/facility | Chamber vol. _ _
Subtopic | ref. |year goal Parameters ) material type size cm2, or | time ) Diagnostics Comments
behaviour type size
cm [s]
Modelling Flame spread over
thin fuel: effect of enclosure
Flame structure, flame spread, _ )
[418] | 2002 ] Force flow Thin Flat Cellulosic paper
flow field, char front spread,
angle of char pattern, total heat
release
Flame spread over thin fuel:
effect of confined space droptower at
5x14 c¢cm and 30x15x(1.5-
Flame spread, flame geometry Opposed forced _ ) Key Lab. Of o
[121] | 2015 ) ) Thin Flat Laboratory wipe e=0.062 | 3.6 _ 5cm) Digital camera
(length), flow velocity pattern, | flow, Tunnel height MicroG.,
mm ] 225L
heat release rate, gas-phase China
HRR temperature
MSG working
volume dilution
used.
Oxygen and CO readings CSA-CP=
during BASS II Rod. flat Compound specific
od, flat,
[432] | 2015 CO & CO readings, Opposed, concurrent | Thin/thick ] PMMA, SIBAL BASS II analyser-
_ . sphere .
Stoichiometric ratio, heat release combustion
rate, global equivalence ratio products
MCA= Major
Constituents
analyser
] ] Core 2 0.5
Molten insulation volume .
_ ) ) ) ) mm Digital camera,
[382] {2012 | change during flame spreading |Opposed Forced flow Wire LDPE Ni-Cr wire MGLAB 338L )
Molten ] PEe= high speed camera
_ Volumetric change rate
formation 1.5mm
Experimental Flame over wire | Concurrent Forced ] Core 20.5 CNES DIAMONDS )
[392] | 2018 ] ] Wire Polyethylene 22 ] ) Tri-CCD camera
insulation flow, oxygen mm parabolic rig
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Flame spread, flame geometry | concentration, core PEe=0.3 flight 26 L
(length), heat flux, molten spread | wire (Ni-Cr and Cu), mm
1G and uG
Poo| Transition from opposed to fuel | Forced flow, oxygen
00
) regression and blowoff concentration, 1G BASS-II
burning | [433] | 2019 ] rod PMMA 0.98 L
) Flame spread, fuel regression &uG, pressure,
behaviour o
angle incident heat flux
FLAMMABILITY INDEX
Scale| .
. thermal |sample ) ] ] ) Rig/facility | Chamber vol. ] ]
Subtopic| ref. |year goal Parameters ) material type Specimen size | time ) Diagnostics Comments
behaviour | type size
[s]
) _ 20x8 cm, e = Canadian
Lightweight cotton (144 g/m?)
0.43 mm General
) . 1G and pG, gap
Fabric flammability and ) 20x8 cm, e = _ Standards
) _ between fabric and heavy weight cotton (176 g/m?) Video camera,
_ predicted skin burn ) ) 0.74 mm _ Board
Skin burn| [386] | 2006 sensor, fabric type, thin Flat KC-135 25.8 L infrared camera,
Flame spread rate, flame heat (CGSB)
) oxygen heat flux gauge )
flux, time to 2" degree burn _ _ _ 20x8 cm, e = Vertical
concentration lightweight blend (129 g/m?) .
0.52 mm Flammability
Test
] Polyetherimide (PEI) ULTEM 5.18
) o Martian, lunar )
Material flammability index: ] _ 1000, retarded aromatic nylon droptower
) gravity, gravity, 30 ] ]
[237]|2008 effect of gravity Thin Flat (NOMEX HT90-40), 5x15 cm DROP Bus 299 L Video camera
cm/s concurrent
ULOI & MOC Polyethylene terephthalate Droptower
forced flow )
ULOI & (Mylar G) + centrifuge
MOC 5.18
) o 1G and lunar
Material flammability index: ) droptower
) gravity, 30 cm/s ) Ultem 1000, Nomex HT90-40, )
[174] |2011 Lunar gravity thin Flat 5x15 cm DROP Bus 299 L Video camera
concurrent forced Mylar G
ULOI & MOC Droptower
flow )
+ centrifuge
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) Polyetherimide (PEI) ULTEM 5.18
) o Martian, lunar )
Material flammability index: ) _ 1000, retarded aromatic nylon droptower
] gravity, gravity, 30 ] ]
[173]|2012 effect of gravity Thin Flat (NOMEX HT90-40), 5x15 cm DROP Bus 299 L Video camera
cm/s concurrent
ULOI & MOC Polyethylene terephthalate Droptower
forced flow )
(Mylar G) + centrifuge
) Sample width, 1G
Modeling of LOI apparatus _ _
[245]|2012 &uG, opposed Thin flat Cellulosic
Opposed Flame spread rate, LOI
forced flow
Scale analysis: flame spread Oxygen
] ) MGLAB Chamber, CCD camera, IR
over thin fuel and LOC concentration, _ Scale
[28] |2012 D _ Thin Flat PMMA 6xlcm, e=0.125| 1 (455s), |37x12x24 cm camera, )
Extinction limits (oxygen forced flow, diluent ) analysis
_ DAS (20 s) 10.65 L interferometer
concentration and forced flow) gas
LOI of thin fuel in
icrogravity Forced flow, 9x2 0.125 13x14x14
microgravit x2 cm x 0. x14x14 cm
[27] |2013 o oxygen Thin Flat PMMA DAS )
Extinction limits (forced flow ) mm 2.54 L (rig)
) concentration
and oxygen concentration)
Scale analysis: flame near- Oxygen Chamber
limit over thin fuel and LOC concentration, _ CCD camera, IR | similar to
[240] (2015 . _ Thin Flat PMMA 6x2cm, e=0.125 | 2.6 DAS Chamber 35 L
LOI/LOC Extinction limits (forced flow |forced flow, diluent camera fuel
& MLOC and oxygen concentration) gas dispenser
Flammability limits (LOC):
_ Oxygen . .
effect of ambient _ Rolling ) Similar to
o concentration, ] CCD, infrared
[241]|2016| Flame spread, characteristic Thin Flat PMMA 80x20x0.125mm| 8 DAS chamber fuel
_ forced flow, gas camera _
solid-phase lengths (pre-heat), ) 35L dispenser
diluent
LOC & MLOC
Flammability limits (LOC): Oxygen o
] _ ) ) Similar to
effect of ambient concentration, _ Rolling CCD, infrared
[241] [2016 o Thin Flat PMMA 80x20x0.125mm| 8 DAS fuel
boundary limits (Oxygen forced flow, gas chamber 35 L camera "
_ _ ispenser
concentration and forced flow) diluent
LOI for thin fuel
o Oxygen ASTM D2863
LOC & MLOC, boundary limits ) ) PMMA, 8x2cm, e=0.125
[195] (2017 _ concentration, thin Flat DAS chamber (35 CCD camera
(Oxygen concentration and ) Nomex HT-90 mm
forced flow, diluent L)

forced flow)
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LOI of thin fuels Oxygen
[242] [2018| Flammability limit (oxygen concentration, Thin Flat PMMA & Nomex HT90-40 e=0.125 DAS
concentration and forced flow) forced flow
Meta-aramid fabric: NOMEX
HT90-40
LOI of retardant fuels Para-amid fabric: Kevlar
L Oxygen :
[243] [2019| Flammability limit (oxygen ] Thin Flat KES847 DAS 35L
_ concentration _
concentration and forced flow) polyimide film (Kapton)
Polycarbonate CARBOGLASS
Cl10C
Polycarbonate: CARBOGLASS
C1l10C
Polyether ether ketone:
PEEK4000
Poly-phenylsulfone: PPSU U1-1
— 62 x 18 x 32
LOI of retardant fuels Forced flow, Polyimide: Kapton 500H 36 L
cm or
[244]12020| Flammability limit (oxygen oxygen Thin flat Silicone resine: SR-50 DAS (effecti CCD camera
effective
concentration and forced flow) concentration Meta-aramid fiber: NOMEX
chamber)

HT90-40

Meta-aramid fiber: CONEX

Para-amid fabric: Kevlar
KE5847

Silicone rubber: SH144YA
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