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Abstract

E ect of Environmental Variables on the
Flammability of Fire Resistant Materials

by
Andres Felipe Osorio
Doctor of Philosophy in Engineering { Mechanical Engineering
University of California, Berkeley

Professor A. Carlos Fernandez-Pello, Chair

This work investigates the e ects of external radiation, ambient pressure and microgravity
on the ammability limits of re-resistant (FR) materials. Future space missions may require
spacecraft cabin environments di erent than those used in the International Space Station,
21%0,, 101.3kPa. Environmental variables include ow velocity, oxygen concentration,
ambient pressure, micro or partial-gravity, orientation, presence of an external radiant ux,
etc. Fire-resistant materials are used in astronauts, re ghter, and racecar driver suits, cable
harnesses, airplane components, etc. However, their re resistant characteristics, including

ammability limits may depend on the environmental conditions and require further study.

The addition of an external radiant ux is able to extend the ammability limits of
materials. Based on the results, there is a Limiting Oxygen Concentration (LOC) above
which ame spread occurs without the aid of an external radiant ux. Below this critical
oxygen concentration ame spread may occur if there is an external radiant ux large enough
to allow the fabric to continue the pyrolysis process. Experiments with four di erent kinds
of fabrics showed that FR material content a ects the value of the minimum external radiant

ux for ame spread. As FR material content increases, so does the value of the minimum
external radiant ux.

Regarding the e ect of ambient pressure, pressures above 70 kP a result in small changes
in the LOC. However, as ambient pressure drops below 70 kP a reducing ambient pressure
results in an increase in the LOC. This ammability behavior can be phenomenologically
explained in terms of factors such as heat transfer between the ame and unburned solid,
buoyancy induced ows, and chemical kinetics. A reduction in ambient pressure decreases
the heat transfer from the ame to the unburned fuel while at the same time reducing
buoyancy induced ows and the associated heat losses. Examining the Flame/No-Flame
spread boundaries in terms of the ambient pressure and oxygen partial pressure revealed a
nearly linear relationship between p and po,. The reduction in po, as a function of p suggests



that is possible for materials to exhibit signi cantly di erent ammability behavior when
following a constant oxygen partial pressure curve, like for example normoxic atmospheres
similar to those suggested for future spacecraft.

The combination of microgravity and/or addition of an external radiant ux are able
to extend the ammability limits of ETFE insulated wires. Under no external radiant ux
microgravity conditions resulted in a 6% decrease in the Limiting Oxygen Concentration
(LOC) for opposed ame spread. When microgravity conditions were combined with an
external radiant ux of 25 kW=m? the decrease in the LOC was 12%. Microgravity limits
heat losses, making possible to reduce the oxygen concentration and ame temperature
while maintaining a critical solid decomposition rate. External radiation is able to further
compensate for reductions in ame temperature, resulting in a noticeable reduction between
the 1lgand g LOC. The 1g and g LOC values of ETFE insulated wires were also compared
to those of polyethylene (PE) insulated wires. This comparison showed that ¢ results in
a bigger change in the LOC of ETFE than PE. This observation is explained in terms of
thermal parameters, critical mass ux and chemical kinetic e ects.

Adoption of testing methodologies similar to those described in the present work can
produce ammability maps that provide more information than Pass/Fail methods while
presenting a clearer picture of the ammability of materials. The results of this work are
important given that the ammability of materials is routinely tested without considering the
e ect of environmental variables, which according to the results presented in this dissertation,
may not be indicative of the absolute ammability limits of materials.



Para la familia Osorio y
la familia Gonzalez
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CHAPTER 1
INTRODUCTION

1.1 Problem Overview

There is enough evidence to suggest that humans used re 400,000 years ago, with some
evidence suggesting its use as early as 1.5 million years ago[1, 2]. The use of re by humans
resulted in signi cant advancements such as an increased caloric intake thanks to cooking of
food[3] and manufacturing of more e cient hunting tools through heat treatment of stones[4].
Though times have changed and humanity has come a long way since the stone age, re still
remains an important part in modern life. In the same way that harnessing re has had

a positive impact, re can also take a more destructive personality and result in undesired
consequences such as property destruction and loss of life. The need to better understand
re, its potential applications, and how to better protect against its negative consequences
has captured the interest of many bright minds throughout time.

Our understanding of re has greatly improved over the years[5], and according to Em-
mons[6] re research holds a promising future. This improved knowledge about re, in
combination with government policies has resulted in steady decrease in the total number
of re incidents and re related deaths over the last three decades[7]. One scenario in which
reducing the risk of res remains extremely important is space exploration. Future space
exploration missions by NASA and other space agencies together with commercial space ex-
ploration have the potential to encourage the design of a new generation of spacecrafts and
increase the number of humans traveling to space. An increased human presence in space
also poses many challenges, particularly in re safety. Fire in a spacecraft environment rep-
resents a particularly dangerous situation given the combined e ects of extended periods of
time, con ned space, and microgravity.

The current re safety strategy in space exploration relies on selecting materials not
likely to be ammable inside a spacecraft. In an ideal situation it would be possible to
test the ammability of materials used in a spacecraft directly in space, however this is



an expensive and very unlikely possibility. A more reasonable alternative is to develop
testing methodologies intended to represent worst-case scenarios that can provide some useful
information regarding the ammability behavior of a particular material in space. One of
such testing methodologies is NASA Standard 6001, which establishes guidelines for testing
the ammability, odor, and o gassing characteristics of materials used in spacecraft[8]. In
this standard, criteria such as burn length, burn propagation, self-extinguish and dripping
behavior are used to determine if a material can be considered for use in a spacecratft, or if
additional considerations are required.

On earth ammability standards are used to regulate a wide number of products in-
cluding building materials, textiles, furnishings, and consumer electronics to name a few.
These standards are developed by a combination of government agencies, and international
standards and certi cation organizations such as ASTM International or Underwriters Lab-
oratories (UL) among others. The main purpose of these standards is to characterize and
classify the behavior of products during a re. Standardized testing makes possible to de-
termine important ammability indicators such as ignition delay time, minimum oxygen
concentration for sustained burning, critical heat ux for ignition, ame spread rate, etc.
These indicators can be used to make inferences regarding the behavior of materials during
a re. An actual prediction is a di cult task given that each re is unique and may not
necessarily replicate the conditions stipulated in standardized testing methodologies.

The primary goal of this research is to understand the e ect that environmental variables
such as oxygen concentration, environmental pressure, external radiation, and microgravity
have on the ammability limits of re-resistant (FR) materials used in space applications.
One important aspect of the present research is the use of FR materials that have been
used in space applications. Traditionally, well characterized materials such as polymethyl-
methacrylate (PMMA), or polyethylene (PE) insulated wires have been used, whereas only
a few number of studies have used FR materials actually used in space applications. In
this research, experiments under a di erent combination of environmental variables are used
to determine ammability maps in terms of the minimum conditions that result in ame
spread over FR materials. Characterizing ammability behavior in each possible scenario is
a taunting task. However, a better understanding of the relationship between environmental
variables and material ammability can greatly bene t re safety in both space and earth
applications.

1.2 Background

In space exploration as well as more traditional earth instances it is impossible to completely
eliminate the risk a re, however there are alternative methods for reducing the risk of a re
to an acceptable level. One method that is routinely used in space applications is limiting
the potential fuel sources through the use of FR materials. As their name indicates, FR
materials are not expected to be ammable in the expected cabin environment because they

2



may be dicult to ignite, or once ignite self-extinguish. Some examples include the use
of FR fabrics for astronaut spacesuits, FR wire insulations, FR polymeric materials, etc.
Fire-resistant materials are not only reserved for space applications, re ghters and race car
drivers use suits made of Nomex, aircraft interiors and tray tables are made Kydex, a FR
polymeric material, to name a few examples.

Determining whether materials are ammable in a selected environment is di cult since
ammability can be easily a ected by numerous variables. For example, two identical sam-
ples may exhibit di erent ammability behaviors as a result of exposure to di erent envi-
ronmental conditions. Environmental conditions is a general term used to describe variables
such as oxygen concentration, ambient pressure, surrounding air velocity, material orienta-
tion, and gravity ,among others. Some of these conditions may enhance the ammability,
some others may decrease it, and in occasions they may result in an initial decrease followed
by an increase, or vice versa.

There is also the pending issue of de ning ammability. Flammability may be inter-
preted as the ease of ignition, the ability for ames to propagate, or a combination of both.
Depending on the application one de nition may be more convenient than another. For
example, in order to reduce potential source of res one may be interested in studying the
ease of ignition of materials, whereas in buildings one may be more interested in the rate at
which ames propagate. NASA ammability testing uses an upward ame propagation test
in order to assess the ammability of materials used in space applications[8]. Flame spread
in FR materials is a complex process that involves solid and gas phase combustion, subject
to the surrounding environment. The following sections will introduce relevant literature
pertaining ame spread, the relationship between ammability and environmental variables,
and a brief review of re-resistant materials.

1.2.1 Flame Spread in Thin Fuels

Flame spread in solid fuels has been extensively studied as evidenced by the comprehensive
reviews in[9{13]. Flame spread can be viewed as a solid ignition process in which the ame
acts as both, the heat source for the solid pyrolysis and the pilot[10]. A propagating ame
will transfer heat to a region ahead of the pyrolysis front of the ame heating the fuel to

its pyrolysis temperature. The time required to bring the heated region to its pyrolysis
temperature is analogous to the ignition time in a solid. Thus, the ame spread rate can be
interpreted as the ratio of the heated region ahead of the ame to the solid ignition time,

i.e. Vi = Ip=ty. Depending on the ame, ow and fuel thickness characteristick, and tq

will take on di erent forms.

Generally speaking, ame spread can be categorized in terms of the fuel thickness and
the direction of ame propagation with respect to the oxidizer ow as shown in Figure 1.1.
The classi cation in terms of solid fuel thickness is based on the limiting cases of heat



Figure 1.1: Generalized classi cation of ame spread over solid fuels.

Figure 1.2: Schematic of concurrent ame spread in solids.

transfer to the solid fuel. For thermally thick fuels, the thickness is greater than the heat
penetration layer at a particular time[10], whereas in thermally thin fuels it is assumed
that temperature across the fuel thickness is uniform[9]. Within a particular fuel category
ame spread can once again be broken into two categories, concurrent and opposed ame
spread, which are schematically shown in Figure 1.2 and Figure 1.3. In concurrent ame
spread ames propagate in the same direction as the ow, while in opposed ame spread
they propagate against the ow. It is worth mentioning that the ow can be forced ow

or buoyancy driven ow, since the fundamental process is the same except that forced ow
expressions are replaced by natural convection ones.

The rst and perhaps one of the most known ame spread theories is the deRis[14]
model. Recognizing the importance of heat transfer from the ame to the solid fuel deRis
made speci ¢ assumptions that allowed him to analytically solve the ame spread problem.



Figure 1.3: Schematic of opposed ame spread in solids.

In the deRis model it is assumed that the gas phase has constant properties and a uniform
velocity pro le, also known as the Oseen ow assumption, i.eu = u; ; v = 0. The solid
fuel is treated as a vaporizing solid that does not vaporize until reaching a vaporization
temperature, T,, and that once it reaches this temperature it continues to vaporize at this
constant temperature. Mass transfer is assumed to occur by convection parallel to the fuel
surface and by di usion perpendicular to the fuel surface. The combustion reaction results
in a diusion ame that is assumed to occur in nitely fast in the gas phase only. Solving
the corresponding governing equations results in the following expression for ame spread in
thermally thin fuels:

sCpss Kg ks sCps T To

(1.2.1)

where V; is the ame spread rate, k is the thermal conductivity, is the density, Cp is
the heat capacity, s is the fuel thickness,T; is the ame temperature andT; the ambient
temperature. Subscriptss and g denote solid and gas respectively.

A similar expression was obtained by Williams[15] using the fundamental re spread
equation shown in Equation 1.2.2. In this equationg is the total heat transferred from
the ame to the solid, and h is the thermal enthalpy change between the fuel at ignition
and ambient conditions. Equation 1.2.2 can be applied over a wide range of applications by
properly specifyingg. In this model it is assumed that gas phase conduction is the dominant
heat transfer mode resulting in an expression analogous to Equation 1.2.1. This assumption
is valid given that for thin fuels the path for heat transfer through the solid phase is limited[9]



and was veri ed by the heat ux calculations conducted by Hirano et al.[16].

q= % h (1.2.2)

The biggest limitation of the deRis[14], Williams[15] and similar models is that they fall
to incorporate chemical e ects. For low ow velocities and/or high oxygen concentrations
and temperatures the chemical time is very short and heat transfer to the solid dominates
rendering chemical kinetic e ects negligible. On the other hand, for high ow velocities
and/or low oxygen concentrations and temperatures the delay of the gas phase chemical
reaction takes over. Accounting for chemical e ects results in the ame spread expressions
obtained by Fernandez-Pello and Williams[17] and Fernandez-Pello[10]. The ame spread
expressions in [10] still retain a similarity to Equation 1.2.1 although they incorporate more
elaborate expressions of the heat transfer from the ame to the solid and ignition time.

1.2.2 Environmental Variables

Material ammability does not only depend on the nature of the material and its physical
and chemical properties, but also on its surrounding environment. For example, two identi-
cal samples may exhibit di erent ammability behaviors as a result of exposure to di erent
environmental conditions. Environmental conditions is a general term used to describe vari-
ables such as external radiant heating, oxygen concentration, ambient pressure, oxidizer ow
velocity, material orientation, and gravity among others. For example, a material may be
considered re resistant if it does not burn in ambient conditions, i.e.P = 101:3 kP a,
[0,]=21%. However, this does not imply that the material is re resistant for all conditions.
Increasing the oxygen concentration, exposing the material to an external heat source, or
reducing gravity to name a few are possible changes in the environmental variables that can
turn re resistant materials into ammable ones. In normal ambient conditions, Nomex, a
fabric used for re ghters clothing, race car driver suits and astronauts suits is re-resistant.
But if the oxygen concentration is raised high enough ames can spread along the surface of
the fabric as seen in Figure 1.4.

1.2.2.1 Oxygen Concentration

Oxygen concentration is one of the most studied environmental variables given that without
oxygen combustion cannot take place. Numerous studies including [18{23] to name a few,
have investigated the e ect of oxygen concentration on ame spread. As Fernandez-Pello and
Hirano point out in [9] early research on the combined e ects of oxidizer ow velocity and
oxygen concentration resulted in contradicting results. According to some researchers ame
spread rate remained nearly constant for low velocities up to a limiting velocity, and beyond
this velocity the ame spread rate decreases sharply. However, some other researchers found
that ame spread increased with increasing oxidizer ow velocity. In experiments with thick



Figure 1.4: Example of the e ect of environmental variables in the ammability of Nomex
HT90-40. In (a) [0,]=21% whereas in (b) [Q]=40%. p = 101:3 kP a in both cases.

PMMA samples, Lastrina et al.[20] were able to observe the apparently contradictory results,
however it was not until the work of Fernandez-Pello et al.[18] that a more comprehensive
investigation was conducted. Fernandez-Pello et al.[18] conducted opposed ame spread
experiments with thick PMMA sheets and thin paper sheets over a wide range of oxidizer
ow velocities and oxygen concentrations.

When analyzing the results Fernandez-Pello et al.[18] noted that the observed behavior
could not be explained in terms of heat transfer alone. Instead, they proposed that ame
spread is controlled by heat and mass transfer processes in addition to chemical kinetic
e ects. Moreover, they suggested that by considering the extreme cases it was possible to
understand their combined e ect. The approach taken by Fernandez-Pello et al.[18] consisted
on correlating the non-dimensional ame spread ratey;, to the Damkohler number, Da.
Plotting the experimental results in terms of the non-dimensional spread rate ari?gk showed
that the results “correlate extremely well' as evidenced by the results in Figure 1.5 and
Figure 1.6. Altenkirch et al.[24] also observed a similar correlation in experiments with thin
paper sample over a wide range of oxygen concentrations, ambient pressures and gravity
conditions.

Correlating V; to Da was an important step towards understanding the interaction be-
tween thermal and chemical kinetic e ects. For lonDa numbers, that is low oxygen con-
centrations and high oxidizer ow velocities, chemical kinetic e ects dominate ame spread.
As Da increases, chemical kinetic e ects start becoming less important to the point that at
high Da, high oxygen concentration or low ow velocity, the reaction rate is fast and thermal
e ects dominate ame spread.

Oxygen concentration can also a ect the solid decomposition. Hirata et al.[25] studied the
solid decomposition of PMMA in pure nitrogen and air environments. Their results showed
that at low temperatures degradation in air increases the stability of PMMA, whereas at
high temperatures it destabilizes PMMA by shifting the peak mass loss rate to a lower
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Figure 1.5: Non-dimensional ame spread rate over thick PMMA sheets (Fernandez-Pello et
al.[18]).

Figure 1.6: Non-dimensional ame spread rate over thin paper sheets (Fernandez-Pello et
al.[18]).



temperature when compared to degradation in pure nitrogen. Kashiwagi and Ohlemiller[26]
conducted similar solid degradation experiments with PMMA and PE under di erent levels

of external radiation and oxygen concentrations. Results from these experiments showed
that external radiant uxes and oxygen concentration a ect the mass loss rate of PMMA
and PE. Based on these results Kashiwagi and Ohlemiller concluded that transient solid
decomposition cannot be described just in terms of surface temperature, but that oxidative
chemical reactions need to be included among others. One example of such models is the
one developed by Lautenberger and Fernandez-Pello[27]. This generalized pyrolysis model
provides good agreement with the experimental results of Kashiwagi and Ohlemiller[26] and
other more complex solid decomposition cases including charring and intumescent materials.

1.2.2.2 Ambient Pressure

There are numerous situations in which it is desired to know how changes in ambient pressure
may a ect the ammability of materials. Within the eld of material ammability several
studies have focused on understanding how ambient pressure a ects ignition delay time and
ame spread. Restricting to the ammability of thin materials, Altenkirch[24] was among
the rst researchers to investigate the role of environmental variables, including ambient
pressure, in ame spread over thin materials. His results showed that ame spread had
a slight dependence on ambient pressure, but most importantly showed that ame spread
could be analyzed in terms of a non-dimensional spread rate and Damkohler number in the
same way that was proposed by Fernandez-Pello[18]. In his work, Altenkirch concluded that
changes in ambient pressure a ect buoyancy and the rate at which the gas phase reaction
proceeds.

The design of the next generation of space exploration vehicles has resulted in a renewed
interest in the e ect of reduced ambient pressure on the ammability of materials[22, 28{
37]. The e ect of ambient pressure in the ammability of materials has been studied using
di erent approaches. Kleinhenz and T'ien[28], Olson et al.[31] and Olson and Miller[33]
studied the e ect of ambient pressure on the ame spread characteristics and of thin fuels
and determined ammability boundaries in terms of ambient pressure and limiting oxygen
concentration for ame spread. Their ndings showed that ame spread has a weak depen-
dence on ambient pressure and revealed that downward propagating ames spread faster
than upward propagating ones. These results were also used to develop ammability bound-
aries in terms of ambient pressure and oxygen concentration. Such boundaries showed that
a reduction in ambient pressure results in an increase in the minimum oxygen concentration
required for ame spread. Moreover, by de ning the Limiting Oxygen Index (LOI) and
Maximum Oxygen Concentration (MOC) in terms of NASA Standard 6001 pass rate, Olson
et al.[31] and Olson and Miller[33] were able to quantify the e ects of ambient pressure,
oxygen concentration and microgravity on the ammaubility limits of materials.

Nakamura and Aoki[22] studied the ammability of thin cellulosic sheets irradiated with



a CO, laser and found that the ammability boundary in terms of the oxygen partial pressure
showed a nearly linear decrease with a reduction in ambient pressure. During the experiments
they observed that as ambient pressure was reduced ignition occurred further away from the
fuel surface and that ignition was observed for ambient pressures belowK®a. Nakamura

et al.[32] followed this work by studying ame spread over electrical wires in reduced ambient
pressures. The results from this work di ered from previous reduced ambient pressure studies
in that ame spread rate did not decrease when ambient pressure was reduced. A possible
explanation for such behavior was given in terms of the e ect of pressure on the ame edge
length and conductive wire length. Depending on their relative lengths two ame spread
modes were proposedame driven and wire driven. When the ame edge length is greater,
the primary heat input source is the ame. On the other side, when the conductive wire
length is greater, heat conduction through the solid is the main mode of heat input.

Hirsch et al.[29, 30] studied the ammability limits of di erent kinds of common polymeric
thin materials used in aerospace applications. The materials studied included rigid plastics,
fabrics, composites/laminates and foams. Flammability limit experiments were conducted
in three di erent ambient pressures, 48.2, 85.3 and 101K® a. The ammability boundaries
followed a behavior similar to that found by Nakamura and Aoki[22], a nearly linear decrease
in the oxygen partial pressure with a reduction in ambient pressure. One interesting nding
was that materials with higher initial limits showed a greater decrease in the oxygen partial
pressure when ambient pressure was reduced.

At UC Berkeley the FIST project has studied the e ect of ambient pressure on the
ammability of thick PMMA sheets. McAllister[34, 35] studied the ignition delay character-
istic of PMMA in reduced ambient pressures and found that the ignition delay time had a
\U-shaped" dependence on ambient pressure. This non-monotonic behavior was explained in
terms of three regimes, a transport controlled regime near atmospheric conditions, a chemical
kinetic regime at at low ambient pressures, and an overlap regime where both, transport and
chemical kinetic e ects are important. The decrease in the ignition delay time was attributed
to a reduction in the convective heat losses of the sample, which results in an increase in the
net heat ux at the sample surface. Fereres[36, 37] continued the PMMA piloted ignition
work in reduced ambient pressures and experimentally and numerically studied the critical
mass ux at the moment of ignition. Results showed that the critical mass ux at ignition
decreases with a reduction in ambient pressure. Therefore, as ambient pressure is reduced
smaller amounts of fuel and oxygen are required to attain a ammable mixture suggesting
that a reduction in ambient pressure increases the ammability of materials.

1.2.2.3 External Radiant Flux

Heating and gasi cation of a solid fuel require the presence of a heat ux whether it may
be conductive, convective, radiative or a combination of all. The total heat ux at the
surface raises the temperature of the solid to the point that it starts decomposing into vapor
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fuel. Vaporized fuel produced at the solid surface mixes with an oxidizer gas and if the
temperature is high enough a combustion reaction occurs. Though not completely accurate,
it can be assumed that pyrolysis occurs at a constant surface temperature called the pyrolysis
temperature, T,[10]. A propagating ame must supply enough heat to the solid in order to
raise the surface temperature td@, and overcome any heat losses such as conduction through
the solid, convective heat losses and surface reradiation. This balance between total heat
input and output gives basis for the use of a critical heat ux for ignition. In piloted ignition,
heat uxes below this critical value will not result in ignition, whereas heat uxes greater or
equal than this critical value result in ignition of the fuel if an ignition source is present.

An external radiant ux may come in the form of nearby ames, heated walls, hot smoke
layers etc. and its presence enhances ame spread rate due to an increase in the solid
temperature. The e ect of an external radiant ux on the ame spread over solid fuels has
received signi cant attention as pointed out in [9, 10]. Some examples include the works
of Fernandez-Pello in upward[38] and downward [39] ame spread subject to an external
radiant ux, and Quintiere et al.[40] in ames subject to external irradiance. Based on
these results it has been concluded that for low radiant ux values the addition of external
radiation is reduced to the correct estimation of the surface temperature, whereas at high
heat uxes fuel gasi cation and gas-phase kinetics make estimating the e ect of an external
radiant ux more di cult. Depending on the magnitude of the external radiant ux the
ame spread rate may be constant, acceleratory, or none. When an external radiant ux
balances the solid heat losses the ame spread rate is constant, if it is greater than the heat
losses the ame spread rate accelerates, and in some other cases a ame may not spread
until a minimum external radiant ux is provided.

Accounting for the presence of an external radiant ux has led to development of amma-
bility tests that determine the critical heat ux for ignition or the minimum heat ux for
ame spread. Such tests allow the development of ammability diagrams that capture the pi-
loted ignition and ame spread characteristics of solid fuels. For example, ASTM E 1321[41]
is an standardized ammability test to determine material properties related to the piloted
ignition and lateral ame spread when exposed to an external radiant ux. Similar standards
exists for determining the minimum heat ux for ame spread in attic oor insulations[42]
and horizontal oors[43]. An apparatus based on ASTM E 1321, referred as FIST has
been developed at UC Berkeley under NASA sponsorship[44]. This apparatus was origi-
nally designed to test piloted ignition and opposed ame spread characteristics under varied
environmental conditions and produce ow dependent ammability diagrams. Protocols
for ammability testing under external radiant uxes can be used to determine heat release
rate, peak heat release rate, and other important material properties in complex re-resistant
materials such as foams, fabrics[45] among others.
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1.2.2.4 Microgravity

Fire in microgravity ( g ) is dierent to re in normal gravity (1 g) due to the elimination

of natural convection and changes in transport processes that make di usion dominant. A
candle burning in Ig will appear very di erent than in g as it can be seen in Figure 1.7[46].
A 1g candle ame will be elongated and have a bright orange color, whereas o it will

be spherical shape and have a blue color. Microgravity can a ect more than the physical
appearance of ames and as a result a signi cant number of researchers have studied com-
bustion in microgravity environments. Since the focus of this work is ammability limits for
ame spread, the remainder of this section will introduce literature speci c to ame spread
over thin fuels in microgravity environments. For a more generalized take of micrograv-
ity combustion the reader is referred to the reviews of Law and Faeth[47], Kono et al.[48],
and Ronney[49]. Though not completely up to date, these reviews showcase the variety of
microgravity combustion research projects and major ndings up until the late 1990's.

Figure 1.7: Candle ame in normal (Left) and microgravity (Right) conditions[46].

Microgravity ame spread in thin and thick fuels has been extensively studied experimen-
tally and through the use of numerical simulations[31, 33, 50{59]. Current understanding
of ame spread over solid fuels in microgravity is based on the experimental work by OI-
son et al.[54] and Olson[55] and the numerical simulations of Bhattacharjee et al.[50] and
Bhattacharjee and Altenkirch[51].

Olson and collaborators (Olson et al.[54] and Olson[55]) conducted opposed ame spread
experiments using thin fuels and identi ed two types of extinction, a \quenching" and a
\blowo " limit. The \blowo " limit had been previously identi ed by Altenkirch[24] and
Fernandez-Pello and Hirano[9] had previously identi ed the existence of the \blowo " limit
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and attributed it to the decrease of the Damkohler number below a certain critical value.
The \quenching" limit is unique to microgravity and is a result of limited oxygen transport
to the ame when the oxidizer ow velocity is reduced below values typically attained in
1g. Limited oxygen supply found along the \quenching" limit reduces the reaction rate and
results in increased heat losses that eventually lead to extinction of the ame.

Bhattacharjee et al.[50] and Bhattacharjee and Altenkirch[51] further investigated the
existence of the \quenching" limit and the e ect of radiation heat losses in microgravity
opposed ame spread. Using numerical simulations they noted that inclusion of surface
radiation resulted in better agreement with drop tower experiments. Furthermore, they
concluded that surface radiation results in a decrease in the net heat transfer to the solid
fuel and the ame spread rate. For the case of low oxidizer ow velocities the propagating
ame has more time to \feel" the radiation losses, which reinforced the existence of the
\quenching" limit described by Olson and collaborators.

Existence of the \quenching" and \blowo " limits has been used to explain the non-
monotonic behavior between ame spread rate and oxidizer ow velocity observed in micro-
gravity ame spread experiments. This non-monotonic behavior is common in opposed ame
spread and is responsible for a peak in the ame spread rate as a function of oxidizer ow
velocity[55, 58] and a minima in the oxygen concentration extinction boundary for opposed
ame spread[55, 60]. The location of this peak can be said to occur at the intersection of
the \quenching" and \blowo " extinction limits[60]. This peak tends to occurs in oxidizer
ow velocities ranging from 5 to 30cm=431, 54, 55, 58, 60] which is similar to spacecraft
ventilation velocities. This unfortunate coincidence enhances the ammability of materials
and increases the risk of a re onboard a spacecraft.

Additional ame spread experiments with thin materials have reported that opposed
ame spread rates are higher than those of concurrent ame spread[31, 33] suggesting that
during a re in microgravity ames are more likely to spread downward. Speci cally for
ames spreading over electrical cables, Kikuchi et al.[59] and Fujita et al.[58] concluded that
curvature e ects in smaller diameter wires, initial wire temperature, and enhanced oxygen
di usion serve to increase the ame spread rate. Umemura et al.[53] also found that in
electrical wires the metallic conductor acts as both a heat source ahead of the ame and
a heat sink directly below it. In contrast to ame spread studies, only a limited number
have dealt with the e ects of microgravity and other variables on the ammability limits
of materials[31, 60{62]. These researchers have found that microgravity conditions enhance
the ammability limits of materials, and that when combined to additional variables such
as Joule heating and oxidizer ow velocity, among others, it is possible to further reduce the
ignition limits of materials.
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1.2.3 Fire Resistant Materials

Fire-resistant (FR) materials are routinely used to satisfy re safety regulations around the
world [63{65] and even in space exploration[8]. Labeling a material as re-resistant does
not mean it will not ignite or that it is not ammable, instead it means that in standard
room conditions the materials will not ignite, or once ignited it exhibits self-extinguish
behavior. Fire resistance can be accomplished through physical action, chemical action,
or a combination of both[64, 65]. Physical action mechanisms include: cooling of the fuel
below its ignition temperature, shielding of the fuel from the ame or dilution of the fuel
vapors. Chemical action mechanisms a ect the gas-phase and solid-phase reactions. In the
gas phase, scavenging of H and OH radicals hinder chain branching reactions that are key
to combustion. In the solid phase chemical action can lead to melting of dripping of the
material and formation of char insulation that in combination to intumescent layers reduce
heat and mass transfer to the virgin material. The overview of re resistance mechanisms is
intended to provide context for the investigation of the ammability limits of FR materials
and will not be an area of focus of the present work, for more information on FR materials
consult Refs.[64, 65].

1.3 Contribution of the Current Research

Research in material ammability has primarily focused on studying piloted ignition and
ame spread characteristics, and in more recent times ammability limits. Very often the
fuels selected constitute non re-resistant materials with a relatively simple composition such
as PMMA sheets, thin cellulosic paper sheets or PE insulated wires. Despite the fact that
FR materials have allowed gaining a fundamental understanding of piloted ignition, ame
spread and ammability limits, the fact is that they are rarely used in practical situations.

On the other hand, re-resistant (FR) materials are often used in order to satisfy re safety
requirements, and in the case of space exploration the use of FR materials represents the
best method for reducing the risk of an onboard re.

A unique aspect of this research is the selection of FR materials proposed or currently
used in aerospace applications. At this time it is unclear whether FR materials behave the
same way when ambient conditions change, i.e reduction of ambient pressure, elimination
of gravity, and therefore it is important to understand how ambient conditions a ect the
ammability of FR materials. The present work aims to expand on the current understanding
of FR material ammability by investigating the e ects of environmental variables on the
ammability of FR materials. This objective is accomplished by (1) conducting small-scale
ame spread experiments with FR materials over a wide range of ambient conditions, and
(2) the development of ammability boundaries in terms of the Flame/No-Flame spread
limit. Flammability boundaries constitute an improvement over ammability indices such
as LOI, MOC, etc. because they are able to capture the ammability of a material over
a range of conditions instead that at a single point. This dissertation is structured into
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an introductory and literature review chapter, three chapters focusing on the FR material
ammability limits, and a conclusions and future work chapter.

Chapter 2 presents experiments focused on the relationship between an external radiant
ux and oxygen concentration in concurrent ame spread over both re-resistant (FR) and
non re-resistant (NFR) fabrics. The experiments are conducted in a modi ed version of the
FIST apparatus that used an non-uniform external radiant ux similar to ASTM E 1321[41]
for varied oxygen concentration and oxidizer ow velocity conditions. Fire-resistant and non
re-resistant fabrics are used to study the e ects of fabric composition as well as evaluate
candidate materials for possible large-scale microgravity ammability experiments. Results
are reported in terms of Flame/No-Flame Spread boundaries constructed usigf),_ as a
function of oxygen concentration. The results of this chapter are discussed in terms of a
modi ed expression for ame spread in thin fuels.

Chapter 3 focuses on the e ect of reduced ambient pressure and the Limiting Oxygen
Concentration (LOC) for ame spread in FR and NFR fabrics. Reduced ambient pressure
experiments are carried out inside a 10b chamber that allows conducting concurrent and
opposed ame spread experiments in horizontal and vertical orientations. In this chapter
ammability boundaries are developed in terms of ambient pressure and LOC for each of
the four possible ame spread con gurations. These results are alternatively presented in
terms of the oxygen partial pressurepo,, revealing a nearly linear reduction inpo, when
ambient pressure decreases. A discussion is provided regarding the observed shapes of the
ammability boundaries, the e ects of ambient pressure, ame spread con guration and the
implications of a reduction inpo, when ambient pressure is reduced.

Chapter 4 describes the design of an experimental apparatus for testing of opposed ame
spread in electrical cables for use in parabolic ight experiments. The apparatus allows
controlling the oxidizer ow velocity, oxygen concentration, ambient pressure, and features a
set of external radiant heaters. In addition, this chapter reports a set of ammability limits
experiments conducted with ethylene tetra uoroethylene (ETFE) insulated wires subject to
an external radiant ux in normal (1g) and microgravity ( g) conditions. These results
are used to develop ¢ and g ammability maps that are used to discuss the e ect of
microgravity conditions on the ammability of FR insulated wires. Finally, the results with
ETFE insulated wires are compared to previously obtained results by Takahashi et al.[60]
using PE insulated wires. The comparison between ETFE (FR) and PE (NFR) is the rst
one of its kind and is used to analyze the e ect ofy in the ammability limits of FR and
NFR materials.
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