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ABSTRACT

The influence of environmental conditions on the flammability of combustible solids is of importance to
spacecraft fire safety because of the differences with the conditions encountered on Earth. In a manned
spacecraft there is reduced gravity and low velocity flows. Additionally, the environment is maintained at
Normoxic conditions, which is the combination of ambient pressure and oxygen concentration that results in
a partial pressure of oxygen equal to that of normal atmosphere at sea level (Po, = 21kPa). Future spacecraft
will have atmospheres with reduced pressures and oxygen concentrations at Normoxic conditions (Space
Exploration Atmospheres - SEA), designed to reduce preparation time for spacewalks. This work studies the
effect of ambient pressure and oxygen concentration, on opposed flame spread and mass burning in
cylindrical samples of polymethyl methacrylate (PMMA). Experiments in normal gravity are conducted
using ambient pressures ranging between 100 and 60 kPa and oxygen concentrations between 21% and 35%
by volume, while maintaining Normoxic conditions. Results show that moving to Normoxic environments
with reduced pressure and increased oxygen concentration increases the flammability of the PMMA
cylinders. The data presented here provide information about the flammability of spacecraft materials in
future SEA, yielding insight for future designs when considering fire safety in spacecrafts.
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1. INTRODUCTION

Fire safety in spacecraft environments is an important concern for space travel [1,2] particularly because of
the criticality of such an event. Inside a spacecraft cabin or a space facility there are combustible materials,
and conditions that can be favorable for ignition, thus posing the risk of initiating a fire. Also, the enclosed
nature of space facilities, where egress is difficult or almost impossible, means that the consequences of a
fire could be catastrophic for the crew’s safety. The fire risk associated with these environments will increase
as the time spent in space is increased with the operation of proposed long space missions, and the
establishment of facilities on the Moon and Mars. Consequently, understanding solid material flammability
in the environments expected in space facilities is of importance to better characterize the fire risk.
Flammability of a material is typically characterized by its ease of ignition, flame spread rate, heat release
rate, and toxicity [3]. The most effective fire safety strategy is to prevent ignition. However, following
ignition, flame spread presents a significant safety risk to space travel. Thus, experiments on flame spread
are often used to determine the fire hazard of a material and the corresponding fire-extinguishing strategy

[4].

A problem with testing on Earth the flammability of materials to be used in space facilities is that
spacecraft/space facilities ambient conditions are very different from those encountered on Earth since they
include microgravity, or reduced gravity, low velocity flows, and potentially low pressure and elevated
oxygen concentration, while maintaining Normoxic conditions in manned spacecraft [5]. These atmospheric
conditions are referred to as Space Exploration Atmospheres (SEA) and are designed to reduce the
preparation time required before Extra Vehicular Activities (EVA) while keeping the partial pressure of
oxygen acceptable for human respiration (Normoxic conditions) [5]. However, because of these new
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environmental conditions, material flammability may be affected, resulting in an even higher fire risk. So far,
because of the restrictions inside of a spacecraft and the very few opportunities available, most of the
microgravity testing has focused on normal or lower oxygen concentrations and standard ambient pressure
and has addressed the limiting conditions for burning [6—8]. There have been a few studies focusing on
environments with higher oxygen concentrations, however most of them focused only in thermally thin
samples [9—-12] and do not include reduced ambient pressure. Other researchers have devoted some efforts
to study the effect of these types of environments on piloted ignition [13], spread rate [10,14,15],
flammability boundaries [16—18], among others.

The new SEA cabin environments planned by NASA will not only affect the spreading of the flames over a
solid fuel surface, but they will also influence the burning of the solid fuel behind the flame front. These two
processes, flame spread and mass burning, although different, are coupled through energy and mass balances
during the spread of the flame. The spread of the flame is a surface process where the flame transfers heat to
the unburnt solid ahead of the pyrolysis region, heating and pyrolyzing it, and subsequently igniting the
pyrolyzate, which continues the spread of the flame. In the case of opposed flame spread, the gas flow and
the flame spread are in opposite directions. The flame heats and pyrolyzes the solid upstream of the pyrolysis
front, which subsequently mixes with incoming oxidizer to form a flammable gas mixture that is then ignited
by the flame. Thus, flame spread can de described as a creeping process where the flame acts both as a source
of heat to pyrolyze the fuel, and a pilot to ignite the flammable mixture ahead of the flame front. The flame
basically consists of a premixed flame that anchors a diffusion flame downstream of the pyrolysis front. The
solid burning behind the flame front is a process where the established diffusion flame transfers heat to the
already pyrolyzing solid continuing its pyrolysis and burning. The solid pyrolysis and resulting mass loss
cause the solid burning surface to regress at a rate that depends on the environmental conditions. The
combination of the flame spread rate and regression rate forms an inclined surface downstream of the
pyrolysis front, whose angle depends on the relative value of the flame spread rate and regression rate (Fig.
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Fig. 1. Schematic representation of the rod burning process.
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Some previous studies have analyzed the relation between flame spread and fuel regression behind the flame.
Burning rate has been measured and described through theoretical models using boundary layer
approximations [19-23]. These studies determined that the burning rate was proportional to the B number
and the Grashof number or Reynolds number, depending on whether free or forced convection was
considered. Sibulkin and coworkers [24,25] studying the downward burning of PMMA cylinders observed
that the cylinder would form a cone behind the pyrolysis front, the angle of which would increase as the
oxygen concentration was reduced. The researchers also noticed that the flame spread was directly
proportional to changes in the oxygen concentration; however, those changes were not observed in the surface
regression rate. Carmignani et al. [26] have also studied the angle generated when flames spread downward
over flat PMMA samples. They observed that the angle would be a function of material thickness and it
would be related to the burning rate. They also showed that, for thermally thick solids, the angle eventually
reaches an asymptotic value. Huang et al. [27] showed that, depending on the environmental conditions,



either a flame spread dominated regime or a mass burning dominated regime would characterize the
opposed/downward burning of PMMA rods. The transition between the two regimes could be related to the
burning angle formed. The results of these works suggest that in opposed flame spread there is an intrinsic
relation between flame spread and surface regression, that is strongly influenced by the environment in which
the solid fuel is burning. In fact, there are questions regarding whether what is usually referred as flame
spread is actually flame spread or surface regression [27]. Currently, there is insufficient understanding of
the relation between these two processes, not to mention their role in environments similar to those expected
in future spacecraft. Thus, further research is needed to better understand how these new spacecraft
environments will affect material flammability.

This work presents experiments conducted to study the effect of Normoxic ambient pressure and oxygen
concentration in the burning behavior of PMMA rods in an opposing gas flow in normal gravity. A normoxic
environment is considered as the combination of ambient pressure and oxygen concentration that results in a
partial pressure of oxygen equal to that of normal atmosphere at sea level (Po, = 21kPa). The tests are
conducted with the cylindrical samples positioned vertically, such that the gravity vector is parallel to the
sample centerline and the forced gas flow moves upward, such that the flame spreads downward in an
opposed mixed (free and forced) gas flow. A few tests conducted in microgravity in the International Space
Station (ISS) are also compared with the normal gravity tests to infer the effect of microgravity on the flame
spread process.

2. EXPERIMENT DESCRIPTION

Normal gravity experiments were conducted in an apparatus previously developed to study the flammability
of solid combustible materials under varied ambient conditions [18]. The apparatus consists of a laboratory
scale combustion tunnel that has a 125 mm by 125 mm cross section and is 600 mm in length. The first
section of the duct serves as a flow straightener while the other segment of the duct is used as the test section.
The tunnel is inserted in a 105 L pressure chamber as shown in Fig. 2. The chamber has a flow system that
provides constant supply and exhaust of gases to keep the pressure constant and to avoid vitiation problems.
Compressed house air or nitrogen and oxygen are supplied through critical nozzles (O’Keefe Controls) to the
bottom of the duct while at the same time evacuating to maintain constant pressure inside the chamber. The
chamber pressure is controlled by a high-capacity vacuum generator (Vaccon JS-300) and a mechanical
vacuum regulator. The chamber pressure is monitored continuously with an electronic pressure transducer
(Omega Engineering, Inc. PX303-015A5V). The tests were conducted at Normoxic conditions with pressures
ranging between 100 and 60 + 2 kPa, and oxygen concentrations determined by the corresponding Normoxic
value. The forced flow velocity was fixed to 100 mm/s in all the tests, a value which is similar to that induced
by the HVAC in spacecraft.
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Fig. 2. (a) Schematic of experimental apparatus and (b) normal gravity experimental setup.



The sample was placed vertically in the center of the test section, supported on a metal cylinder of the same
diameter to prevent flow disturbances. Sample ignition was induced with a 26-gage Nichrome wire coil on
top of the upstream edge of the sample under normal ambient pressure as shown in Fig. 3. The igniter was
energized using a variable transformer (STACO Energy model 3PN1210B). Once the sample was in position
and ignition was achieved, the chamber was sealed to adjust the system to the desired conditions. Two 9000
lumen LED were installed with an operating electronic circuit to act as a strobe light to visualize the pyrolysis
region and measure flame spread rates, surface regression rates, and cone angle, and to observe the flame
appearance. Each test was video recorded with two different cameras: a Nikon D3200 with a resolution of
1280 by 720 at 59 frames per second and a Sony RX10-III with a resolution of 1920 by 1080 at 120 frames
per second. For each test condition, at least 5 experiments were conducted to address the experimental
uncertainty.
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Fig. 3. PMMA samples tested.

The samples used in the experiments were made of cast black polymethyl methacrylate (PMMA). Sample
length was 90 mm and sample diameters were 12.7, 9.5, and 6.4 mm (Fig. 3). The sample material and
geometry were selected following previous experiments conducted in the ISS under the BASS-II project [7].
In addition, PMMA is typical of non-charring thermoplastics and has been widely used in the past because
of its well determined properties. Furthermore, PMMA is potentially going to be used in some components,
such as windows, in future spacecrafts.

3. RESULTS

Opposed flame spread over the surface of the PMMA rods was investigated under different Normoxic
environments by using reduced ambient pressure and increased oxygen concentration combinations. The
primary data collected from the video recordings was the flame spread rate, surface regression rate and the
surface regression angle (Fig. 1). Once ignition was obtained, the flame was observed as it propagated
downward over the sample. The rate of flame spread was determined by tracking the position of the leading
edge of the flame with time. Regression rate was measured by tracking the position of the PMMA surface.
The regression angle was measured at the end of the spread to get a value as close to the steady state as
possible. The rate of spread of the flame was observed to approach steady state soon after the sample was
ignited (~ 1 min). The mass loss rate, however, took longer to reach steady state and the time was dependent
on the environmental conditions tested. For example, for the 21% O, and 100 kPa conditions it took about 3
min for the regression rate to reach steady state, while for the 35% O, and 60 kPa steady state was not reached
after the flame spread over the whole sample and the experiment terminated.

Figure 4 shows still frames from videos taken in normal gravity with various Normoxic environments, with
ambient pressure ranging from 100 to 60 kPa and oxygen concentration increasing from 21% to 35%. As the
ambient pressure is reduced and the oxygen concentration is increased the flame gets longer and brighter. At
higher oxygen concentrations, significant vapor jetting of bubbles of PMMA bursting at the surface are also
observed, causing distortions in the flame as the test progresses [28].
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Fig. 4. Photo sequence of normal gravity flame appearance in Normoxic environments with different
ambient pressure and oxygen concentration. Sample diameter was 12.7 mm.

Figure 5 shows the progress of the leading edge of the flame as it propagates over the PMMA surface for
representative tests in the same Normoxic environments presented in Fig. 4. From the figure, it is seen that
the flame spread is fairly steady over time. It is also seen that, as the pressure is reduced and oxygen

concentration is increased, the spread of the flame is faster.

20.0

7 7

_— o P

= g /

E 17.5 ' 7

o . f / /s

S 15.0 1 / ; /

=] /

(¥ / 7/

=] 4 , . rd

2 12.5 I. P ,

< [ I. /

I ] F

g 10.0 I, p

- i

P / ‘

< 75 Sl 'l s

=] . i y

e I,

= iy /

g 501 & P ’ — 100 kPa - 21% O,

= 7 ‘:, 90 kPa - 23% 0,

B3 254 57 -.- 80kPa - 26% O;

g - ;’,‘ 4 -.. 70kPa - 30% O
" 60 kPa - 35% O,

0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time (s)

Fig. 5. Position of the leading edge of the flame as a function of time in different Normoxic environments.
Sample diameter was 12.7 mm.

The progress of the flame’s leading edge can be used to determine the flame spread rate. Figure 6 shows the
average flame spread rate as a function of ambient pressure as obtained from the data of Fig. 5. Error bars
are included and calculated from the standard deviation among tests done at similar conditions. The
downward flame spread process was steady and uniform, and the highest standard deviation between
comparable tests was negligible (error below 5.4%). It is seen from Fig. 6 that, as environments are changed
to reduced ambient pressure and increased oxygen concentration, the rate of spread of the flame over the
solid surface increases. Since at constant oxygen concentration the spread rate decreases with pressure [29],
this indicates that, in Normoxic atmospheres, the changes in oxygen concentration have a stronger effect than
the changes in pressure, and that there is an increase in material flammability at Normoxic conditions with
higher oxygen concentrations. Also, it is seen that as the diameter of the sample is reduced the opposed flow
flame spread rate increases. This is due to the faster heating of the thinner samples and to the heat transfer
from the flame to the solid being enhanced by the increase in the curvature of the surface [30]. The observed
dependence of the spread rate on the rod diameter indicates that the samples tested are not thermally thick.
This is enhanced as the oxygen concentration is increased and the pressure reduced. Data obtained during the
BASS-II experiments [29], at similar conditions of oxygen and pressure, have also been included in Fig. 6



for comparison purposes. Form the figure it is seen that, at least at 100 kPa in normal air, in microgravity the
flame spread is smaller than in normal gravity, with the flame spread rate also increasing for decreasing
sample diameters.
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Fig. 6. Flame spread rate as a function of ambient pressure in different Normoxic environments.
Microgravity data obtained from BASS-II experiments [29] at similar conditions are included with empty
markers.

Figure 7 shows the data presented in Fig. 6 but as a function of the sample diameter. It is seen from the figure
that the dependence of the flame spread rate on the sample diameter changes depending on the environmental
conditions. For 100 kPa and 21% O, the flame spread rate is almost independent of the sample radius,
indicating that the rods behave as thermally thick solids [31]. However, the thickness dependence changes
for the lower pressure Normoxic environments such as 60 kPa and 35% O,, where a dependence of the radius
on7r~ %% ig found, closer to the 7~ ! observed with thermally thin solids [31]. Thus, the cylinders used in
this work appear to transition from a thermally thick to a thermally thin solid type of flame spread as the

pressure is decreased and the oxygen concentration increased.
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Fig. 7. Flame spread rate as a function of the sample diameter.

Along with flame spread rate, the surface regression rate was also measured. The results are presented in Fig.
8 for the three sample diameters tested. Error bars in these figures are also obtained from the standard
deviation between comparable tests. From Fig. 8 it can be noted that, as ambient pressure is reduced and
oxygen concentration is increased, the regression rate decreases with pressure but becomes almost constant
for pressures lower than 80 kPa. The dependence at lower pressures appears to be the result of the surface
regression rate not achieving steady state at oxygen concentrations larger than 26% due to the faster spread
of the flame reaching the end of the sample before the regression rate reaches steady state. It is seen that the



flame spread rate and regression rate have opposite dependences on pressure, or oxygen concentration, at
Normoxic conditions. This is somewhat surprising since the heat transfer mechanisms, particularly the heat
transfer from flame to fuel, are similar for flame spread and regression rate. Also interesting is that the
sensitivity of the spread rate to changes in oxygen concentration is significantly higher than that of the surface
regression rate, in agreement with the observations of Sibulkin and Little [25].

The regression angle is obtained either from the ratio of the flame spread rate and regression rate, or directly
from the videos of the flame spread. From the results presented in Fig. 9 it is seen that the regression angle
decreases as the ambient pressure is decreased and the oxygen concentration is increased in Normoxic
conditions. Although the decreasing trend with pressure seems to follow that of the regression rate, the
dependence of the regression angle with pressure is more sensitive to environmental changes than the
regression rate. This seems to be due to the strong variation of the flame spread rate along the Normoxic
pressure and oxygen conditions. Also, the angle of the cone is almost independent of the diameter of the
sample.
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4. DISCUSSION

The behavior of opposed flow flame spread is the result of a complex process controlled by the interaction
between the solid phase (heat transfer, thermal decomposition, gasification) and the gas phase (transport,
mixing, chemical kinetics) [31-34]. As the flame propagates it heats up the solid fuel ahead from its initial
temperature to its pyrolysis temperature, and then pyrolyzes it. The pyrolyzate mixes with the ambient



oxidizer forming a flammable mixture that is ignited by the flame causing it to propagate along the solid
surface. Because of the complexity of the problem, analytical models of flame spread have been traditionally
divided into two subcategories, thermally thick or thin solids [35]. Thermally thick solids are characterized
by having a varying temperature profile along their cross section that does not penetrated the whole solid
thickness, whereas in thermally thin solids the temperature profile across the thickness of the fuel is uniform.
The characteristics of the solid temperature profile depend on the problem parameters (solid thermal
properties and surface heat flux), thus a solid may behave as thermally thin or thick regardless of its physical
thickness. In most practical cases the solid is not either thin or thick.

Several theoretical models have been developed [30-32,36-38], following the thermally thick and thin
classification. Despite of the simplification these theoretical models provide a useful tool to understand from
a phenomenological point of view how the variables of interest influence the rate of spread of the flame for
both, thermally thin and thermally thick solids. The analysis developed by Delichatsios [30] for a cylindrical
geometry provides analytical expressions for the opposed flame spread rate over a solid rod for a thermally

thin solid as:
k Te-T
g f=1'r
V= chyl(_ps CST) (Tp — Too) (1)

and for a thermally thick solid as:

ko(T) - Tn) ) - 1(kgpgcg)(Tf - Tp)zUm
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Vf = fcyl(l - (2)

where [y is a geometrical factor that accounts for the curvature effect of the surface and is defined as
cLy
Feyt=clLy/r)/n (1 +7) )

In the equations V is the flame spread rate and U, is the air flow velocity. ps, ks and c; are the solid density,
thermal conductivity and specific heat. pg and ¢, 4 are the gas density and specific heat, and kg is the gas
thermal conductivity. Tf, T and T, represent the flame, pyrolysis and ambient temperature, respectively. Lg
is the diffusion length, ¢ is a numerical constant, and r is the cylinder radius. It should be mentioned that Eq.
(1) and (2) describe the spread of flames in the thermal regime, and thus they do not include the influence of
any chemical kinetics effects. Nevertheless, these equations are still applicable at the ambient conditions in
this work, i.e. elevated oxygen concentrations and ambient pressures not lower than 60 kPa, where chemical
kinetics are not expected to be dominant [13]. The primary predictions of the analysis are that for thermally
thin rods the flame spread is inversely proportional to the rod radius and independent of the flow velocity.
For thermally thick cylinders the flame spread rate is weakly dependent on the rod radius, and proportional
to the gas flow velocity.

From the experimental results presented in Fig. 6 it appears that the rods tested behave between thermally
thick and thin, depending on the ambient conditions, since the flame spread rate depends on the rod radius
but not inversely proportional to the radius. Furthermore, since Egs. (1) and (2) predict a different dependence
on the gas flow velocity for thin or thick solids, it is of interest to plot the experimental data in terms of the
flow velocity Ue. In the present experiments the gas flow is mixed, free and forced, and the free (buoyant)
flow velocity depends on the environmental conditions, thus U is defined as

U =Up+Up=Us+ (gLcApg/pg) '/ “

where g is gravity and L. is the characteristic buoyant length, and Apg is pg — ps. Determining L is complex
since it should depend on the flow and sample configuration, so for simplification purposes in the present
work it is assumed to be a constant value. From Eq. (4) it is seen that the mixed flow velocity to which the
flame is exposed changes as a function of oxygen and pressure through changes in the gas phase density due
to changes in the flame temperature. For the purpose of the analysis, the flame temperature was considered
as the adiabatic flame temperature at each condition.



Figure 10 presents the flame spread data of Fig. 6 as a function of the mixed flow velocity, U, for the three
rods and Normoxic conditions tested. From Fig. 10 it is seen that the flame spread depends linearly on the
flow velocity for all the rods tested. This is an interesting result since, according to Eq. (2), the dependence
on the flow velocity of the flame spread rate shown in Fig. 10 would indicate that the rod samples are
behaving as a thermally thick solid. However, the results of Fig. 7 indicate that the samples do not behave as
thermally thick since the spread rate depends on the sample diameter. Furthermore, both the results from Fig.
7 and Fig. 10, together with Egs. (1) and (2) suggest that the characteristics of the flame spread rate may
transition from those of a near thermally thick solid toward a thermally thin one as the Normoxic conditions
are changed to lower pressures and higher oxygen concentrations. This behavior between the two regimes
poses a challenge particularly when trying to use simplified analytical models to predict flame spread
behavior over practical materials.
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Fig. 10. Flame spread rate as a function of the mixed flow velocity in different Normoxic environments.

The present results provide a phenomenological interpretation of the flame spread in the present experiments.
Analyzing the solid heating by the flame when the Normoxic conditions change, as the oxygen concentration
increases the flame temperature increases and so does the heat flux from the flame to the solid. Consequently,
the flame spread rate increases as observed in the experiments (Fig. 6). However, as the flame spreads faster
a thinner layer of the solid fuel is been heated up. This causes the material to behave as a thermally thick
solid since, in practice, only a thin layer of the solid is being heated. Thus, the spread rate should be
independent of the rod radius, contrary to the present results. Similar arguments can be made as the mixed
flow velocity is increased. Thus, it appears that the simplification of classifying a solid combustible as
thermally thick or thermally thin for the purpose of predicting opposed flow flame spread may be limited
only to some environmental conditions, but it might not work to predict the variation of the spread rate at
different Normoxic environments.

Figure 11 presents the regression rate experimental data of Fig. 8 as a function of the mixed flow velocity
Uc. Tt is seen that the surface regression rate depends on the mixed flow velocity for all the rods tested,
decreasing as the flow velocity is increased, at least for the steady state conditions. This result is surprising
since as the flow velocity is increased the flame moves closer to the solid surface, and consequently the heat
flux from the flame to the solid should increases, which should result in an increase of the regression rate. It
is also surprising that the regression rate decreases in Normoxic environments with higher oxygen
concentrations, since the flame temperature should increase, and in turn the heat flux on the surface. At the
higher oxygen concentration, the spread of the flame becomes faster (reducing the characteristic time of the
process), and the time for heat to penetrate into the solid is reduced. Consequently, the surface regression
rate is reduced, and it may reach the point that steady state is not achieved within the length of the samples
tested.
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Fig. 11. Surface regression rate as a function of flow velocity in different Normoxic environments.

5. CONCLUSIONS

This work has studied the opposed flame spread and fuel regression of black cylindrical PMMA samples of
different diameters under different Normoxic environments (with reduced ambient pressure and increased
oxygen concentration) following NASA’s interest for future space exploration vehicles. The flame spread
rate is found to increase in Normoxic environments with elevated oxygen concentration, and with the mixed
convection flow velocity that the flame is exposed to. The surface regression rate shows a decreasing trend
in Normoxic environments with higher oxygen concentration and mixed flow velocities. It is also found that
the dependence of the flame spread rate on the rod diameter depends on the environment conditions, with a
transition to a stronger dependence as the Normoxic conditions are changed to lower pressures and higher
oxygen concentrations. Similarly, the observation that the surface regression rate decreases as the Normoxic
conditions are changed to lower pressure and oxygen concentration appears to contradict phenomenological
arguments of the process, indicating that caution should be taken when applying simplified analyses of flame
spread and surface regression to spacecraft environments.

Also, worth noting is that the current tests suggest that as spacecraft cabin environments are changed to
include reduced cabin pressure and increased oxygen concentrations (Normoxic environments) an increased
in the fire risk could occur from the higher flammability of combustible materials at those conditions.
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