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Abstract

Diffusion flame behaviour and silica ash (SiOy) production were experimentally studied for various
Polydimethylsiloxane (PDMS) membrane thicknesses (0.125 mm to 1.0 mm) in normal gravity and during
microgravity flight experiments. The flames were established on vertical samples (300 mm in length) and
subjected to either opposed or concurrent forced flows (both laminar and turbulent), assimilating the NASA Test
1 that is in use for spacecraft material selection. The opposed flame spread rate was observed to be steady and
could be estimated using classical theory. Under concurrent flow, the flame spread rate was only steady for very
high forced flows. The opposed flame-spread rate ranged from 0.5 to 1.5 mm/s, while the concurrent case
ranged between 0.1 and 12 mm/s. The transport of silica ash (SiO,) was found to affect the heat balance of the
concurrent flame spread in a manner that resulted in unsteady flame spread. For opposed flame spread, on the
other hand, the transport of silica ash showed to be irrelevant. The extinction behaviour for the concurrent flame
spread was heavily dominated by the transport of silica-ash, while for opposed flames, extinction was due to
kinetics (at high forced flows). In microgravity environments, the transport and deposition of silica ash is
anticipated to dominate flame spread and near-limit as well. These results suggest that silica-based products
might be less flammable in microgravity than other similar materials such as common thermoplastics (PP or PE)
used as wire jackets.

Keywords: silicone burning, spacecraft fire safety, flame spread, near-limit, silica-ash

Nomenclature
4, (stg-/pﬁgsse) pre-exponential factor T, Flame temperature (K)
ag  Mass diffusivity (m?/s) T,  Gastemperature (K)
@,, Thermophoretic parameter T,  Ambient temperature (K)
c;  Constant (See Equation 3) T,  Pyrolysis temperature (K)
c,  Constant (See Equation 3) tenem  Chemical time (s)
. Specific heat of the PDMS membrane . Flow time (s)
(/kg - K) flow
Csio, Specific heat of silica-ash (J/kg - K) T Half-thickness of PDMS membrane (mm)
Da  Damkohler number (-) Tsi0, Half-thickness of PDMS membrane (mm)
p,  Gas density (kg/m?) V4, Forced flow velocity (mm/s)
p,  Density of PDMS membrane (kg/m3) V¢  Concurrent flame spread rate (mm/s)
Psio, Density of silica-ash (kg/m?) Vio  Opposed flame spread rate (mm/s)




E,  Gas-phase activation energy (J/mol) V,, Buoyancy-driven flow (mm/s)
Ratio of Solid-heat conduction to the heat . :

® conduction through the gas-phase Uy Thermophorefic velocity (mm/s)
Gravity (m/s?) v Dynamic viscosity (kg/m s)

I,  Characteristic pre-heat length (m) Y,  Mass fraction of oxidiser (-)

A, Gas-phase thermal conductivity (W/m K) Yrs  Mass fraction of species (-)

. Solid-phase thermal conductivity (W/m K) AHg  Heat of combustion(k] /kg)
R Universal gas constant (j/mol - K) Yot (Dr:]sr:]a)nce to the point of extinguishment

1. INTRODUCTION
Due to their range of useful properties, such as inherent fire retardancy, silicone-based products have a wide
application, including use in spacecraft [1]. The term silicone covers a large group of polymers containing silicon
atoms. The material is often simply referred to as silicone, which results in a range of material parameters [1].
Silicones have high thermal stability, are non-corrosive, are gas permeable and electrically resistant [2].
Therefore, not all silicones have the same properties. In addition, silicone-based materials are known to be less
flammable than other materials with similar use.

During thermal decomposition of silicone in oxidative environments, the combustion products react to form
amorphous silica ash (SiO.), water, carbon dioxide and other compounds. The amorphous silica ash (SiO,) is a
by-product that forms during thermal degradation and during the gas-phase near the combustion field. During
flaming, the silica-ash production is significant [3]. The silica-ash deposits on the unburnt fuel form a protective
layer that inhibits further decomposition [4]. Such a layer acts as an insulation barrier; thus, the fuel is protected
from any heat (especially from the flame), and the fuel does not reach the pyrolysis temperature. This is a
behaviour that has similarities with those reported for charring materials such as wood. However, silica ash
differs from charring materials as the ash forms in the gas-phase, whereas char forms in the solid phase.
Additionally, during thermal degradation, silicones or siloxanes can form silica in the solid-phase as well [5].

Due to the abovementioned properties, especially the fire retardancy, silicone-based materials or materials with
silicone coatings have a particular interest in spacecraft applications. On spacecraft, silicones are used for wire
insulation, as filters, for life-support systems, and as coatings for other materials. To assess the fire retardancy,
or more appropriately the flammability, of any material for spacecraft applications, these undergo the NASA-STD-
6001B Test 1 and Test 2 [6]. In Test 1, the material is subjected to an upwards flame spread based on a buoyant
scenario. The criterion to pass or fail the test is defined by the burnt length (15 ¢cm). A particular silicone sheet,
the polydimethylsiloxane (PDMS) membrane, used for spacecraft life support systems, passes the criterion
successfully for specific thicknesses [7]. However, such a test has been subjected to criticism since it does not
represent microgravity scenarios. Hence, a direct extrapolation from Test 1 to microgravity should be done
cautiously.

Testing in microgravity environments is both challenging and costly and has in the past primarily been completed
in drop towers and parabolic flights [8]. These platforms limit the size of the sample significantly and the time
frame over which testing can be conducted. Recently, NASA's Spacecraft Fire Experiments (Saffire) test series
was designed to address the knowledge gaps identified in two recent papers [9,10]. Specifically, these tests
focused on testing materials over long periods and with larger dimensions than had previously been possible in
microgravity experiments. PDMS membranes were tested along with other materials in microgravity during
Saffire 1I, where four samples were subjected to opposed and concurrent forced flows. The goal was to study the
corresponding opposed flame (travels against the flow) and concurrent flame (travels along with the flow).
Contrary to expectation based on ground experiments, the PDMS samples did not develop self-sustained flames,
but were rather extinguished in all cases. These results highlight the need for additional fundamental information
about PDMS and silicone-based materials' flammability for spacecraft applications.



Although the silica ash production and deposition on the unburnt fuel provide a positive outcome (fire
retardancy), it is incredibly challenging for established models to predict the opposed and concurrent flame
spread when silica ash is produced. As mentioned, there is a vast range of silicone materials whose properties
depend on the molecular weight and additives for each silicone-based product [11]. Consequently, the exact
composition of any specific product and its fundamental combustion properties remains unknown; one clear
example is the PDMS membrane sheets. Furthermore, the silica ash deposition can affect any attempt to
measure combustion properties, such as heat of combustion, activation energies and pre-exponential factors in
oxidative environments [3]. In literature, one can find many articles on the thermal decomposition of silicone in
non-oxidative environments [5,12-18], but a few focus on the burning and flammability behaviour of silicones
[3,19-22]. It is expected as thermal degradation studies are important for manufacturing silicone products.

The transport and deposition of amorphous silica ash can be affected by the direction of the forced flow
interacting with the flame spread. Flame spread under opposed or concurrent forced flows are fundamentally the
same, independently of the material type or environmental conditions. In other words, the mechanisms driving
the flame remain the same in both scenarios, and these mechanisms are the heat transfer (due to conduction,
convection and radiation), diffusion of gases and the chemistry in the gas-phase. However, for practical reasons,
many authors provide a different theoretical approach for each of the two scenarios (opposed or concurrent) [23].
Although the three modes of heat transfer (convection, radiation and conduction) all play a role in both scenarios,
the importance of each heat transfer mode can differ with environmental conditions, the flame geometry and the
flow directions [24].

The contrast between both flame spread cases is the magnitude of the characteristic lengths and the dominant
heat transfer. For flame spread under opposed forced flows, the heat transfer at the leading edge (due to heat
from the gas-phase to the solid-phase, radiation from the flame and surface re-radiation), is the dominant
mechanism, and this heat exchange can be quantified in the pre-heat zone (length), see Figure 1 (A). On the
contrary, for flame spread under concurrent forced flows, the heat transfer occurs along the entire length of the
flame. The characteristic lengths are thus much shorter for the opposed flame than for the concurrent flame, as
shown in Figure 1 (B). Thus, one can intuitively expect that opposed flame spread rates are much slower than
concurrent flame spread rates, as more energy is transferred back to the solid surface in the latter case.
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Figure 1 — Schematic of a flame spread in opposed (A) and concurrent (B) forced flows with the characteristic
lengths for each case based on the scaling approach from previous studies [25-28].

For the PDMS silicone in this study, where silica (SiO,) ash is produced during the combustion process, the ash
and its deposition on the unburnt fuel can alter the heat transfer mechanisms in both flame cases. Under
concurrent forced flows, silica ash has been noted to have a more significant effect [7]. However, under opposed
forced flow, the impact of the silica ash remains unclear [7]. During the Saffire Il tests, the flame spread could not
be self-sustained without the aid of the heating coils [29]. It is interesting to elucidate the leading mechanisms
behind the flammability behaviour of PDMS in microgravity. Thereby, the goal of the current study is to
understand the effect of flow dynamics on the flammability behaviour (flame spread) of PDMS membranes in
normal-gravity and microgravity environments. Particularly, the transport and deposition of silica-ash are of great
importance. To achieve this goal, PDMS samples of various thicknesses were tested in a tunnel flow in normal
gravity where forced flows were imposed on concurrent and opposed flames. In addition, the microgravity results
from Saffire Il tests are also analysed and are used to make comparisons with the normal gravity results.



2. EXPERIMENTAL METHOD

The microgravity results were obtained in the Saffire Il experiments. The sample cardholder occupied the entire
width of the chamber. The distance from the top edge of the sample cardholder to the samples igniter (where the
flame starts) was 720 mm, so it is expected that a boundary layer was formed as the incoming forced flow of 20
cm/s encountered the sample card. With the kinematic viscosity of air at 20 °C being 1.516x10° m?/s, the
laminar boundary layer thickness is then 37 mm. Thus, the forced flow over the PDMS samples (at the ignition
location) was slightly lower than 20 cm/s. Further description of the Saffire Il experiments can be found in
Jomaas et al. [9].

The normal-gravity experiments were conducted in a purpose-designed rig to study the flame spread behaviour
under varied flow configurations. Also, these experiments could be compared to the Saffire Il tests as the forced
flow and gravity level are the only parameters changing between the microgravity and normal-gravity
experiments. The tunnel flow rig consists of three sections, and the lower- and middle-parts 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, see Figure 2. The holder can accommodate samples of 300 mm x 50 mm (same dimensions as
used in Saffire Il and NASA STD-6001 Test 1). The velocity flow 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, and the results of
these measurements are shown in Figure 3. These flow measurements show that the flow was laminar up to 60-
70 cm/s, and a Reynolds number equivalent to 4000 further proves such a limit. After that, the force flow started
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 for flame spread would occur. The flame spread behaviour could then
also be evaluated through extinction limits (where the flame no longer propagates).
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Figure 2 — Schematic of the tunnel flow rig used  Figure 3 — Flow velocity measurement inside the flow tunnel
for the experimental work. The total height of the rig. The location of the measurements is provided in the
tunnel is 1 metre. The inner size of the top part legend. The values for each data point are an average of
and of the bottom part are 0.25 m x 0.25 m and  three measurements.

0.35m x 0.36 m, respectively.

A sample PDMS was placed vertically inside the sample holder. Two different ignition mechanisms were used for
the laminar flow or turbulent flows. A 23-gauge AWG Nickel-Chromium resistant wire was used for laminar flows,
and the wire 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 seven holes closely spaced across the sample width.
For turbulent flows, or where the coils did not achieve ignition, a premixed 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 is applied to the bottom; then, the flame travels upwards (concurrent). The
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sample thicknesses were 0.125 mm, 0.152 mm, 0.20 mm, 0.25 mm, 0.36 mm and 0.61 mm. A thermally-thin
0.125 mm PMMA (Acryplen HBS006) sample was also tested, and it was used as reference material to validate
the experimental method.

The experiments 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. Since two modes of flame spread were studied, a clear distinction has to be made on how the
flame spread is defined for each case. For opposed flame spread, the flame length and flame are constant.
Thus, the flame spread rate can be taken as the slope of the curve (leading edge position as a function of time).
In the concurrent flame spread, the flame length is not necessarily constant, and the flame spread might not be
steady during all the process. Therefore, the flame leading edge was monitored, and the flame spread rate was
taken when the leading edge showed steadiness.

A minimum of three repetitions was carried out for each set of test conditions. The flame spread rate varied little
between repetitions, whereas the burn lengths varied significantly. The standardised pass/fail criteria of 15 cm
flame propagation in NASA STD-6001 was used to define whether flame spread belongs to extinction or not. It
was expected that the silica ash deposition would affect the concurrent flame spread more than it affected the
opposed flame spread.

In the tests where the sample did not fully burn or extinction occurred, 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 to 10 ym — 500 ym and can be used to quantify the deposited silica-ash. For the concurrent
experiments, the samples were taken at the point of extinguishment and at various distances (x,,;) of 20 mm to
80 mm downwards from that point. 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 when then processed in 'InfraView' in order to quantify the silica ash thickness.

2.1. Validation of methodology

The flow rig had to be validated, and it was particularly important to ascertain the control of the forced flow
parameters in the experimental apparatus. Opposed flame spread is studied since it allows attaining 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.
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 [23]. Based on the thin-sheet problem,
de Ris [30] derived an expression for the opposed flame spread on thermally-thin fuels

_ A (TrT )
Vio = V2 psCpT (Tp—T:) Equation 1

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 (i.e. for increasing
forced flows or reduced oxygen concentration). Using de Ris' theoretical expression with the properties of the
fuel found in the literature, the flame spread rates were estimated in air under atmospheric conditions. The
results of this are presented in Figure 4. In the same illustration, the flame spread result conducted in the rig and
the data point from other investigations [23] are 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 1 cannot be
applied.



The data from Takahashi et al. [31-33], only one point coincides with the current data. In the experimental work
conducted by Takahashi et al. [31-33], the sample width tested was either 10 mm or 20 mm. As a consequence,
their flame spread was three-dimensional in nature and was affected either by side oxygen supply or cooling
(three-dimensional effect) [34]. In contrast, the sample used herein was 50 mm in width, and it was not affected
by those three-dimensional effects as the flame front only bent closer to the sample's edges. These results
confirm that the forced flow provided by the tunnel rig met the initial goal and yielded relevant resullts.
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Figure 4 — Theoretical and experimental flame spread velocities for the 0.125 mm thick PMMA sample as a
function of the opposed forced flow velocities. The data is from the current study and from Takahashi et al.
(2009) [31], Takahashi et al. (2012) [32], and Takahashi et al. (2007) [33].

3. RESULTS AND DISCUSSION

In the following, the experimental results are presented in three sections. In the first sub-chapter, the results from
the Saffire Il tests are explored and discussed. In the second sub-chapter, the flame spread results in normal
gravity are discussed, taking into account the direction of the flow (opposed and concurrent). Additionally, the
silica ash residues are discussed quantitatively and qualitatively in the previous sections. Finally, the normal
gravity and microgravity flammability limits are compared.

3.1. Flame spread in microgravity (Saffire Il)

Images taken during the Saffire Il tests for all PDMS samples can be seen in Table 1. From the pictures, it is
clear that all the samples achieved ignition as flaming combustion occurred. Nonetheless, the flame could not be
self-sustained once the ignition wires were turned off. These results were not anticipated [7]. From the extinction
images shown in Table 1, two main observations can be made. First, the area around the ignition coil is much
brighter than the rest of the unburnt sample. These areas clearly 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 a white-smoke plume travelling along the forced
flow direction; see extinction images for the 0.61 mm and 1.02 mm thick samples in Table 1. This white smoke is
presumably agglomerated silica-ash (SiO,) that is transported by the convective forces. Finally, in extinction
images, the trail of likely silica-ash is more extensive in the concurrent experiments than in the opposed
experiment. Such an observation indicates that the direction of the forced flow might affect the transport of silica-
ash in microgravity.



Table 1 - Frames are taken from video recordings of PDMS tests during Saffire Il. Each sample had dimensions
of 50 mm x 300 mm. The frames are taken during three key events: energising of the ignitor, ignition of sample
and diffusion flames, and extinction. In all experiments, the forced flow direction is from right to left, and the flame
spread is concurrent and opposed to the forced flow in the corresponding experiments.

Flow
direction

Sample
thickness

Event

Concurrent

0.25 mm

Coil energising
(at2s)

Ignition and flames
(at11s)

Extinction
(at43s)

Post burnt
(at52s)

0.61 mm

Coil energising
(at0s)

Ignition and flames
(at0.26 s)

Extinction
(at0.48s)

Post-burnt
(at78's)

1.02 mm

Coil energising
(at3s)

Ignition and flames
(at405s)

Extinction
(at68 s)

Extinction
(at825s)

Opposed

0.36 mm

Coil energising
(at125s)

Ignition and flames
(at46's)

Extinction (at 66 s)

Video frame



Post-burnt
(at 84 s)

The corresponding burnt lengths obtained during the Saffire Il test, listed in Table 2, are minimal and comply with
the NASA Test 1 pass criterion. These results cannot be used to make a certain claim that silicone-based
samples are not flammable in microgravity environments. In fact, other polymeric thermally-thin materials have
been shown to be more flammable in microgravity conditions [35]. Despite the unexpected outcome of the Saffire
[l experiments with PDMS, lessons can still be learnt from the little information obtained from the videos. These
videos offer interesting information on the flammability 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.

Table 2 - Burn length results from a preliminary study [7] and from Saffire Il [29].

Spread direction PDMS membrane Burn length [mm]
thickness [mm] | 1 g[7] | Saffire I, ng [29]
0.25 275 0.0
Upwards/concurrent 0.61 7.6 0.0
1.00 0.0 0.0
Downwards/opposed 0.36 30 10

The flame tip position and the coil position are plotted as a function of time for all samples in Figure 5. The
warping or displacement of the coils was only significant for the opposed test. Thus, the energy provided by the
heating coil was similar in the other tests. The energy provided by the heating coils was 80 J/s or equivalently 80
W. Knowing that the ignition coil covered 13 mm breadth of the 50 mm sample width, the computed heat applied
to the edge of the sample was 12.3 W/ecm? or 123 kW/m?2. The convective losses due to the forced flow were
identical for each test as the forced flow velocity was the same (20 cm/s). As seen in Figure 5, the flame tips
exhibited a linear increase over time when the heating coil was energised. Based on the slope of the flame tip
position, an increment rate can be extrapolated. The increment rate under concurrent forced flow exhibits a linear
dependency as a function of the sample thickness. Such a dependency is expected as the heat loss through the
material increases with increasing sample thickness.

For all samples, the flame's leading-edge reached a peak and declined afterwards and eventually extinguishes.
Despite the large energy initially received by all the samples in the Saffire Il experiments, it is plausible that the
deposition of silica-ash was quite substantial, and the flame spread could not continue beyond the initially ignited
area without further external energy input. 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. A discussion on the transport and deposition of the silica-ash in microgravity is required, though
there are no investigations on such a topic. In the following, the behaviour behind the silica-ash transport and
deposition will be compared with soot particles.
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The dominant mechanisms of soot formation in microgravity are defined by residence time and oxidation [36]. 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 in turn form larger conglomerates [37].
In addition, the primary particle size diameter for soot and silica-ash are in the same order of magnitude, see
Table 3. Thus, the thermophoresis process attributed to soot deposition can be used to describe silica-ash
transport and deposition in microgravity.

Table 3 - Particulate size length for soot and Silica-ash.

Mean primary particle
Type size diameter [nm] Problem Reference
Hg 19
46 Liquid diffusion flames (toluene, 138]
benzene, n-heptane, diethyl ketone)
Flame forming on fluorinated ethylene
Soot 70 30 propylene wire jacket under [39]
330 150 Pyro[ysw pf ethyltetrafluoroethylene 140]
wire insulation
SiO; <100 Amorphous silica ash [37]

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 [36,41,42]. 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 [36] to estimate the thermophoretic velocity is

U. = 3v E .
E T 1+(/8)ay) T Equation 2

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 [36,38,42).

A reduction in gravity has been shown to result in the increased mean size of soot particles two-fold compared to
normal gravity [39,40]. Likewise, the agglomerate sizes have been reported to increase three-fold, which is
attributed to thermophoretic forces and long residence times in microgravity [39,43]. The thermophoretic velocity
increases with smaller soot particles sizes [38]. For soot deposition, estimated thermophoretic velocities in
microgravity were reported to be more than three times larger than estimates based on normal-gravity semi-
empirical relation [44].

There is a proportional dependency of the thermophoretic velocity of soot particles on the temperature gradient
in microgravity [38]. In open-structure aggregates, the thermophoretic forces are dependent on the primary
particle size. However, if the morphology of the aggregates is different (closely bound), then these behave as
large particles [38]. Silica-ash agglomerates produced in pyrogenic processes can achieve sizes up to 600 nm
and have open-fractal morphology [45]. Since silica-ash aggregates might behave akin to soot aggregates in
microgravity, the thermophoretic forces can be a dominant factor in the deposition of soot in normal gravity and
microgravity scenarios. Thus, soot behaviour will be used to discuss the behaviour of silica-ash in the following
sub-chapters.

3.2. Flame spread behaviour in normal gravity

Snapshots taken from the videos of the experiments in normal gravity and microgravity are compared in Table 4.
Ignition is attained as diffusion flames emerge from both sets of experiments. In the microgravity case, flames
were only visible when the heating coil was energised. Once ignitors were off, the flame in microgravity was not
self-sustained. On the contrary, in the normal gravity experiments, flames could be established and travelled
beyond the region of the igniter.

Table 4 — 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-seconds intervals thereafter. Note: the length of the sample was cut to
accommodate all samples in the table, so the width of the samples is 5 cm.

Flow direction CONCURRENT OPPOSED
Sample thickness 0.25mm 0.36mm 0.36mm
Gravity MG 1G MG 1G MG 1G
Time frame =

Ignition

10s

10



20s

30s

The results obtained in the flow tunnel for flame spread under opposed and concurrent forced flows are
presented in the following. In addition, quantification of the silica-ash deposition is also presented in each sub-
chapter.

3.2.1. Opposed flow Results

Figure 6 shows a SEM image from a sample taken at the extinction edge from the opposed experiments.
The silica-ash thickness appears to be thin compared to the sample thickness. For opposed forced flows,
the silica-ash residues measurements are shown in Figure 7. In all cases, the thickness of silica-ash was
less than 10 ym, and no dependency is observable at this scale. These results indicate a negligible
deposition of silica-ash at the leading edge of an opposed flame in normal gravity scenarios. Gas expansion
is the leading mechanism controlling soot motion at the leading edge, and thermophoretic velocities are
absent [42]. Thus, only very small quantities of silica-ash deposit on the sample burnout tip.
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Figure 6 — SEM image of a 0.152 mm sample cross-
section from the flow tunnel experiments under
opposed forced flows.

Figure 7 — Silica ash thickness as a function of
the opposed, forced flow velocity at the point of
extinguishment for various PDMS membranes.

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. [46] proposed an

expression to compute the characteristic buoyancy-driven flow as V,, = [(az9(T4 — To)/ To]l/ 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 (V,,;, + V).

The flame spread rates as a function of the opposed forced flows for various PDMS samples is plotted in
Figure 8. The flame spread rate decreases with increasing sample thickness, as expected according to the
de Ris expression for the flame spread [30]. The flame spread rates exhibit a very small linear dependency
for all the samples thicknesses as the forced flow increases. Such behaviour is not consistent with other
observations for thermally-thin fuels [23]. In the work of Fernandez-Pello et al. [23], 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 a 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 8 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 for flame
radiation is dominant and can become prominent under turbulent flows.

Figure 8 also shows the extinction limit for high forced flow velocities. For extinction conditions where the
kinetic effects are important, Fernandez-Pello [47] proposed that V¢, = Vf] /Tehem- The expression is
very similar to the Damkdhler number, which is the ratio of the flow time to the chemical time. If the thermal
diffusivity is considered unity, then V¢ < 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 (10, = @ /V?2). 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 8. Such behaviour cannot
be explained by the Damkéhler number alone as it only reflects gas-phase chemistry. Intuitively, increasing
the sample thickness increases the amount of heat required to decompose the fuel. T'ien, Endo and co-
workers [48,49] evaluated the quenching limit of thermally-thick fuels by evaluating the ratio of solid-heat
conduction to the heat conduction through the gas-phase, ® = [4,(9T;/dn)s]/[A4(dT,/0n)s]. In that
expression, the heating via the temperature gradient is with respect to the normal of the sample surface
(0n) since the sample was spherical. They demonstrated that near-limit phenomena (quenching) are also
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dependent on the 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 will affect the heat transfer through the solid-phase. Such a hypothesis most
likely explains the behaviour seen in Figure 8.
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Figure 8 — 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).

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 most likely higher for the PDMS. This implies
that a diffusion flame established over PDMS or other siloxane products are much harder to blow-off.

. . . . A Tf_Tv
In Figure 8, the theoretical predictions are also plotted. The equation V¢, = e (TV_—TOO
is based on the an extended simplified theory (EST) developed by Bhattacharjee, Takahashi and co-workers
[28,32,50]. The flame temperature (1200 °C) and the pyrolysis temperature (444 °C) were taken from the
literature [3,7]. These do not foresee extinction conditions and were plotted to cover the thermal regime only
(before kinetic 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.

) was used and

3.2.1.Concurrent flow results

An SEM image of the post-burn samples collected after extinction occurred in the concurrent flame spread
experiments are depicted in Figure 9. The picture shows a very thick SiO; layer in the order of half-thickness
of the PDMS sample. The SEM image only shows silica ash on one side, as the other side was removed
due to mechanical manipulation during SEM measurements. The silica-ash deposition is very significant and
more detrimental for the concurrent flame spread case than the opposed case (as seen in the previous sub-
chapter). There appear to be no studies on the transport and deposition of silica-ash emerging for diffusion
flame spread in normal gravity. Most studies looking at the fire behaviour of silicones and polysiloxanes
focus on the overall behaviour or the effect of silica ash on burning parameters [3,19-22]. Lipowitz [3]
claimed that silica-ash was deposited on the silicone pool due to the cooling down of the particles emerging
from the plume (buoyancy).
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Figure 9 — SEM images of the cross-section of various samples from the flow tunnel experiments under
concurrent forced flow. Image A: 0.125 mm PDMS sample under 10 cm/s forced flow at 20 mm distance
from the point of extinguishment (Xex). B: 0.125 mm PDMS sample under 10 cm/s forced flow at 40 mm
distance from the point of extinguishment (Xex). C: 0.25 mm PDMS sample under 65 cm/s forced flow at 00
mm distance from the point of extinguishment (Xex). D: 0.25 mm PDMS sample under 65 cm/s forced flow at
40 mm distance from the point of extinguishment (Xex).

The profiles of silica-ash thickness for a 0.36 mm PDMS sample are plotted in Figure 10. In the left panel,
the silica-ash thickness is at a maximum at the point of extinguishment, and downstream from that point, the
thickness decreases in an exponential manner. The deposition process is transient in nature, but as the
flame travels upwards, the largest accumulation of ash will occur where the temperature gradient and the
flame temperature is highest. According to Equation 2, the thermophoretic velocities are greatest, where the
temperature gradient is largest.

By imposing concurrent forced flow, the ash profiles diminish in thickness. The left panel of Figure 10 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 10 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 10 — 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. 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) depicts the silica-ash thickness as a function of the
forced flow velocity for various distances from the point of extinguishment (Xex).

The normalised silica-ash thickness is plotted as a function of the forced flow for various PDMA sample
thicknesses in Figure 11. 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 11, 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 11 indicate that the convective forces affect the silica-ash deposition.

With increasing sample thickness, the results in Figure 11 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, in this case, air, the number
of moles of SiO, per mole of fuels remains invariable with respect to the stoichiometric ratio [3]. 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, and the oxidiser level would have to increase significantly
near the combustion zone to yield more silica-ash.
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Figure 11 - Normalised silica-ash deposition as a function of the forced concurrent flows at various distances
from the point extinguishment (X,,:) for various PDMS thicknesses. 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 (X, = 40 mm). Panel (D) represents the data at 60 mm from the point of extinguishment
(Xoxt = 60 mm). Finally, Panel (E) represents the data at 60 mm from the point of extinguishment
(Xoxt = 60 mm).

The flame spread rates as a function of the concurrent forced flows for various PDMS samples are plotted in
Figure 12. 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 is determinant to the heat and mass transfer processes. The transport and deposition
of the SiO, 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 [23] will be used to establish discussions. The modified expression is the following:
-1
[(pgiOZCSiOZTSiOZ) + (pSCsT)](Tp - To) CyX

— Equation 3
v q

tchem
g

Vi=t 1/2
(cl)lgpp Vg/x) (Ty—T,) + 9 T4, — Gy

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

1/2 " "
convection (clkgpg v,/ x) , flame radiation ¢ £, OF any externally applied heat g,. Moreover, surface

re-radiation q:s is also affected by any deposited silica-ash. Another effect of the ash is its deterrent

mechanism on pyrolysates and oxidisers' diffusion at the fuel surface. This reduced diffusivity effect can be
accounted via the chemical part in the above equation. In Fernandez-Pello’s definition of the Damkéhler
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As seen in Figure 12, the flame spread rate at low laminar forced flows is considered a "near-limit" condition
as the flame did 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. Previously, it was shown that
silica-ash deposition was nearly exponential concerning distance and laminar forced flows. 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 0.125 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 limit in Figure 12 is thus dominated by the transport and deposition silica-ash and the
sample thickness.

O 0.125mm P
1241 ¢ 025mm

A 0.36mm o

O 0.61mm
10 1 ——Extinction limit

[oc]
!
[ ]

Vf [mm/s]
[o>]
°
°

0 50 100 150 200

Vg + Vnb [cm/s]
Figure 12 — 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.

3.3. Flammability map

The flammability map with data points from normal gravity and microgravity experiments is shown in Figure 13.
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 material. 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 I are also plotted in Figure 13. For the concurrent case, the
microgravity data lies within the extinction flammability region obtained in normal-gravity scenarios. This
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suggests that concurrent flame spread over a PDMS sample is primarily dominated by silica-ash transport and
deposition in microgravity as well. However, the single data point obtained in microgravity disagrees with the
normal-gravity flammable region when comparing the opposed case. This behaviour might also suggest that
silica-ash transport dominates opposed flame spread in microgravity, but it is not clear to which extent. From
Figure 13, 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 were available before designing Saffire |l 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 13 — 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 Il). The closed and open symbols represent
propagation and extinction conditions, respectively.

18



4. Conclusion

Experimental work was carried to investigate the flame spread behaviour on polydimethylsiloxanes (PDMS)
membranes under concurrent and opposed forced flows. The experiments were predominantly conducted in
normal gravity but can provide relevant information on the PDMS membranes in microgravity conditions through
comparison with spacecraft experiments.

Under concurrent forced flows, the flame spread was heavily dominated by the transport and deposition of silica-
ash, which greatly affected the heat balance. The concurrent flame spread was only viable when the forced flow
was sufficiently high to depress the silica-ash deposition (convective momentum much larger than
thermophoretic forces). Consequently, the concurrent flame rates were very unstable at low forced flows but
stable at high forced flows, with estimates ranging from 0.1 to 12 mm/s. For opposed flame spread, the silica-ash
deposition can be deemed negligible under normal-gravity conditions. Opposed flame spread rates were stable,
with values ranging from 0.5 to 1.5 mm/s.

The effect of the forced flow intensity on silica-ash deposition was dominated by concurrent flames' near-limit
behaviour. By contrast, the extinction behaviour of opposed flame spread was dominated by two phenomena.
For high velocity forced flows, kinetics was the dominant mechanism for extinction, while for increasing
thickness, the formation of silica via the solid-phase dominated the extinction of opposed flame spread.
Therefore, the microgravity results from the Saffire |l experiments can also be explained by the silica-ash
deposition and transport, as these effects become even more relevant in the absence of gravity through the
altered heat and mass transfer in such conditions.

From the flammability map created in the current study, it is clear that the most critical scenario for PDMS
membranes occurs under opposed forced flows and if they are thermally-thin. Thus, PDMS membranes might
offer an improved flammability behaviour in microgravity for a range of scenarios where the sample is not falling
under the category of thermally-thin behaviour.

Under the experimental conditions seen, the Saffire Il test might indicate that the PDMS might be less flammable
in microgravity than in normal gravity due to the transport and deposition of silica-ash. If such a postulate were
accurate, then PDMS and other silicone-based materials could be considered safer for spacecraft applications.
Materials for spacecraft applications could be improved (reducing their flammability) using silicone composites or
silicone coating as a passive strategy. Thus, more work is required to fully understand the formation of silica-ash
and its transport and deposition in normal and microgravity environments.
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