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Microgravity Ignition Delay of Solid Fuels in Low-Velocity Flows
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Experiments have been performed in microgravity and normal gravity to determine the effects of low-velocity
air� ows on the piloted ignition delay of solid fuels. Natural convection prevents material testing at the low oxidizer
velocities encountered in space facilities ( » 0.1 m/s); thus, it is necessary to conduct these tests in reduced gravity.
Tests have been conducted with two types of fuels, polymethylmethacrylate (PMMA) and a polypropylene/glass
� ber composite, aboard the NASA KC-135 aircraft, under air velocities below those induced by natural convec-
tion. The short reduced gravity period ( » 25 s) provided by the aircraft limits the testing to high external � uxes
( » 30 kW/m2) so that the ignitiondelay times are shorter than the microgravitytime. In normalgravity, the ignition
delay and critical heat � ux for ignitiondecrease as the forced-� ow velocity decreases, until they reach minimumval-
ues that are limited by natural convection. The microgravity data indicate that ignition delay is further reduced as
the air velocity is lowered. A theoretical model is used to predict the ignition delay for PMMA at low � ow velocities
in microgravity. The model predicts that the critical heat � ux for ignition at the � ow conditions expected in space
facilities could be as much as half the value measured in normal gravity. The results are important because they
imply that, in space facilities, ignition may occur more easily than in normal gravity. If the results are con� rmed by
long-term microgravity testing, they may have important implications for the � re safety design of space facilities.

Introduction

T HE planned long-termmissions in the InternationalSpace Sta-
tion, and other space facilities, bring concern about the pos-

sibility of an accidental � re in a remote space vehicle.1;2 Because
the space facilities are being designed with a life expectancy of
20 years, and given that there are combustiblematerials and sources
of ignition in these facilities, the probability of a � re in such a
long period of time is signi� cant. In fact, there have already been
some minor incidents of overheated and charred cables and electri-
cal components reported on space shuttle � ights.3 More recently,4

a � re caused by a solid fuel oxygen generator on the MIR Space
Station, although it caused only minor damage to the hardware,
could have had disastrousconsequencesfor the station and the lives
of the astronauts. Furthermore, considering the enclosed nature of
space facilities, their dependence on electronic components, and
the sensitivity of these components to combustion products (small
amounts of soot can instantaneouslyshort circuit electronic boards
and small amounts of chlorinated products can cause serious cor-
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rosion damage5), a � re does not have to be large to cause serious
damage. Thus, if a � re in a space facility were to reach conditions
where the release of toxic pyrolysisand combustion products or the
destruction of components (electrical or structural) is signi� cant,
the event would have disastrous consequences. Consequently, the
characterizationof the � re properties of materials used in the space
facilities under the ambient conditions expected in the facility is of
critical importance, so that appropriatedecisionscan be made about
material usage.

In a space facility, the absence of gravity eliminates natural con-
vection that is the transportmechanism for mass and heat in normal
gravity � res. In the absence of any forced � ow, microgravity com-
bustionof solid fuels is generally limited by the diffusionof oxygen
to the reactionzone. Becausediffusion transport is slow in compari-
son to convection,the resultingcombustion is weak when combined
with ongoing heat loss. This has given way to the notion that mate-
rials do not burn as well in reduced gravity. Although this is often
true in a quiescent environment,6 space facilities have low-velocity
air currents (of the order of 0.1 m/s) that are induced by their heat-
ing and ventilation systems. Recent experiments of � ame spread in
microgravity show that at low forced velocities the � ame spread
is higher and the limiting oxygen concentrations for � ame spread
(opposed) are lower than in normal gravity.7¡9 The reason is that,
at these low velocities, the transportof oxidizer to the reaction zone
is suf� cient while the convective heat losses from the reaction are
reduced. (The air velocities inducedby a � ame in normal gravity are
of the order of 0.8 m/s.) Furthermore, the CO2 removal and oxygen
replenishingsystem in the facility cause � uctuations in the ambient
oxygenconcentration,for example, in the spacestation it is expected
that the ambient oxygen concentration may vary from 18 to 24%.
Thus, it is important to determine the combustion characteristicsof
materials under conditions that are expected to be encountered in a

2336



ROSLON ET AL. 2337

Fig. 1 Schematic of the FIST concept with placement of the fuel samples and typical imposed radiant � ux distributions.

space facility, that is, microgravity, low-velocity oxidizer � ow with
variable oxygen concentration.

It is clear that no single test can be used to quantify the potential
of a material to sustain a � re under all possible conditions. In most
cases, to extrapolateto real � re scenarios,combinationsof tests must
be performed, and case-speci�c interpretations of the results must
be made. For example, according to NASA speci� cations, all mate-
rials to be used in space vehicles must pass two tests, one being the
upward� ame propagationtest (UFPT)and theother theheatand vis-
ible smoke release rates test (HVRT).10 Together, these are expected
to evaluate properly the � ammability of a material in microgravity
conditions. The basic principle behind the NASA methodology is
to provide a worst-case scenario (UFPT) and a measure of the fuel-
heat release (HVRT) and, in this manner, the damage potential of
a � re. A detailed description of these test methods is provided in
Ref. 10, and an extensive list of materials that have been tested is
provided in Ref. 11.

At present, no standard testing methodology exists that speci� -
cally addressesthe � ammabilityperformanceof materials subjected
to the conditionsexpected in space installations.A generaloverview
of � re safetypracticesfor spaceapplicationsis providedin Refs. 12–

14, but to the best knowledge of the authors, the only existing work
that addresses the actual relevance of normal gravity-based tests
to material � ammability for microgravity applications is that of
Ohlemiller and Villa15 and Ohlemiller.16 The latter works present
results of a series of tests following the protocol of the UFPT, mod-
ifying it to include preheating by external radiation, and comparing
the results with tests conducted with the cone calorimeter17 and the
lateral ignitionand � ame-spreadtest (LIFT).18 The result of the tests
emphasize the in� uence of natural convection on the data obtained
by allmethods in normal gravityand how resultsobtainedwith these
test methods may not be an accurate representation of phenomena
in microgravity conditions.

By the elaboration of these � ndings, the present authors devel-
oped and formalized the methodology for a new test, forced igni-
tion and spread test (FIST),19;20 to study the � ammability charac-
teristics of solid combustible materials in environment expected in
space-based facilities, that is, low-velocity, variable concentration
oxidizer � ows. The FIST methodology is based on the principles
underlyingAmerican Society for Testing and Materials E-1321-93,
LIFT,18;21;22 althoughbuoyancyis replacedwith a forced � ow as the
transport mechanism. Both the LIFT and FIST consist of a series
of piloted ignition delay and lateral � ame spread tests, performed
by irradiating a sample of a solid combustible material with a radi-
ant � ux of known intensityand distribution.The data obtained with
the apparatus are used to construct the � ammability diagrams of
the material19¡22 that are of curves of piloted ignition delay and
� ame spread rate as a function of an externally applied radiant � ux.
The � ammability diagrams provide key properties related to the
ignition and � ame spread of the material, speci� cally, the thermal
inertia of the material (product of the thermal conductivity,density,
and speci� c heat), the critical heat � ux for ignition (heat � ux below
which ignition does not occur), and a � ame spread constant that en-
compasses the heat � ux from the � ame to the unburned fuel and the
length of heated region of the material. These propertiescan then be
used for � re protectiondesignpurposes,or to rank materials accord-
ing to their � re risk. The LIFT apparatus, however, relies on gravity

to bring the air to the combustionzone and the fuel vapor to the pilot
� ame and, thus, cannot describe the conditions expected in space
facilities. The FIST on the other hand, by relying on a forced � ow
as the dominant transport process, can be used in tests conducted in
reduced gravity to simulate conditions expected in space facilities.

In the FIST methodology, schematically shown in Fig. 1, a slab
of fuel is exposed impulsively to an external heat � ux of known
intensity and distribution. Simultaneously with the beginning of
the heating process, a forced � ow of prescribed velocity is im-
posed parallel to the irradiated fuel surface. Two types of mea-
surements are performed: piloted ignition delay and � ame spread
rate as a function of the external heat � ux and oxidizer � ow ve-
locity. The data are used to produce the � ammability diagrams of
the fuel for the prescribed environmentalconditions.19;20 The work
presented here concentrates on the ignition portion of the FIST
test. It examines the piloted ignition delay of combustible mate-
rials in environments that are expected in space facilities, that is,
microgravity, low-velocity oxidizing � ows. The experiments are
conducted in a KC-135 aircraft following a parabolic trajectory.
Comparison is made with data taken in normal gravity and con-
vective � ows equal to or greater than those generated by normal
gravity.

KC-135 FIST Microgravity Facility
The KC-135 microgravity experimental facility consists of two

primary components: the Spacecraft Fire Safety Facility (SFSF)23

and the FIST component. A photograph of the facility is shown
in Fig. 2. The SFSF, which serves as the main support structure
for the apparatus, houses a cylindrical environmental chamber and
� ow control,video imaging,power distribution,anddataacquisition
systems. The FIST component,which resides within the SFSF envi-
ronmentalchamber, containsthe sample positioningsystem, radiant
panel arrays, and supportinginstrumentation.The combinedfacility
allows for regulation of experimental parameters and performance
of ignition tests in an isolated environment, preventing exposure of
potentially harmful combustion products to the operator.

FIST Component
The FIST component is shown in Fig. 3. It is a smaller versionof

a FIST apparatusdevelopedto conduct tests in normal gravity.19;20 It
consistsof a cylindricalaluminumframe that encasesa sample posi-
tioning system, a radiant heater panel, and supporting instrumenta-
tion. The radiant heater is composedof three pairs of electrical strip
heaters, with their surface temperaturemonitored with three type K
thermocouples, one for each heater pair. The heaters are controlled
through their temperature by Labtech NotebookProTM software via
an Iotech Tempbook66TM digital I/O board and solid-state relays.
To maintain a desired temperature, the software employs an on/off
algorithm to control the power supplied to the heaters. Heater ther-
mocouple outputs are compared to user input values and the solid
state relays, which act as heater power switches and are enabled or
disabled accordingly. The heat � ux output of the heater panel is a
radiometer-calibrated function of the steady-state heater tempera-
ture. An evaluationof the equilibrium thermal output of the radiant
panel, performed with a water-cooled Schmidt–Boelter heat � ux
meter, has shown it to vary §10±C, or approximately 0.2 kW/m2.
These slight oscillations in the heat � ux have been found to have a
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Fig. 2 NASA Spacecraft Fire Safety Facility (SFSF).

Fig. 3 KC-135 FIST assembly (sample cards not shown).

negligible effect on experimental results. The range of radiant heat
� ux magnitudes reported here is 25–35 kW/m2 at the testing lo-
cation. The reported radiant � ux corresponds to that measured in
natural convection for a given heater temperature. The radiant � ux
at the fuel surface for the forced-� ow cases, however, may be some-
what affected by the air� ow velocity. Radiant � ux measurements
at air velocities larger than that induced by buoyancy (»0.7 m/s)
indicate that there is a decrease in the surface heat � ux measured
of approximately 5% per 1 m/s increase in air velocity, depending
on the radiant � ux and air velocity levels. Because the radiant panel
temperature is maintained constant, this effect appears to be due
primarily to convective cooling of the test section walls. Although
it has not been possible to verify this effect in microgravity, it can
be inferred, however, that at the low � ow velocities tested in mi-
crogravity the actual radiant � ux could be up to 5% larger than that
reported. Theoretical calculations of the implicationsof this poten-
tial effect show that it does not affect signi� cantly the results or
conclusions reported here.

The FIST methodology calls for stepwise exposure of the fuel
sample to a speci� ed external heat � ux. This is accomplished with
a shield that blocks the radiation to samples while the heaters are
brought to the appropriate temperature and between consecutive
tests. A thin aluminum plate, which is placed 10 mm away from
the radiant heater surface, serves as radiation shield. The plate is
supported by two vertical slide rails located parallel to the radiant
heater panel and is covered on one side with a layer of Fiberfrax®

insulating paper to increase the characteristic heating time and re-
duce reradiationeffects. The plate has a 50 £ 50 mm aperture in the
center to allow the radiant � ux to pass at the sample test location.

Fig. 4 KC-135 FIST sample cards.

The fuel sample is moved in and out of the test position (the shield
aperture) by the sample holder positioningsystem,which includesa
sample holder, holder slide, and a steppermotor operatingon a lead
screw. The fuel samples are placed in the sample holder, or card,
which is capableof holding three fuel samples (Fig. 4). The sample
holder consists of two 12.7-mm Marinite® boards sandwiched be-
tween a rigid back aluminum plate and a thin front aluminum plate.
One of the Marinite boards is milled out to accept three 40 £ 40 mm
samples (one of them a positioningblank), whereas the other serves
as an insulating backing material. The � ush-mounted front plate is
machined to expose a 30-mm side square of the surface of each
fuel sample. Four type K thermocouples are used to provide solid
fuel surface, rear surface, and ambient temperature.The movement
of the sample card/motor assembly is controlled with Labtech soft-
ware via a chopperdrive that delivershigh-frequencyvoltagepulses
to the stepper motor. The bidirectional stepper motor is capable of
positioningthe sample within 1 mm of the designated location.The
card can be moved to a holding, loading,or three testingpositionsby
varying the number of pulses sent to the stepper motor. Each pulse
accounts for a set angle of rotation and, thus, a corresponding ver-
tical displacement.The positioningoperation is entirely automated
once the sample card is inserted because the SFSF environmental
chamber remains sealed during the test. Multiple sample cards are
used during the � ight to allow for quick removal of spent samples
and loading of fresh ones.

Above the fuel sample test position, a Kanthal wire coil is placed
andusedas theigniter.The protocolbasedonnormalgravityinfrared
camera measurements produces a suf� ciently hot igniter (igniter
temperature is maintained at 1000±C or above for all � ow velocities
tested) such that the gas-phase induction time can be neglected. To
determine the current necessary to achieve consistent ignition delay
times, a series of preliminary tests were conducted,and a minimum
currentwas identi� ed. For the given coil resistance,length,and � ow
conditions,a currentof 4.5 A is generatedwhen a 28-V dc voltage is
applied across the igniter. A more detailed description of the FIST
component is provided in Ref. 24.

SFSF Combustion Chamber
The SFSF combustionchamberhas an internalvolumeof 36 liters

and domed ends to provide a smooth � ow of the oxidizer. The oxi-
dizer � ow rate into the chamber is regulatedby computer-controlled
solenoid valves. The oxidizer is forced into the chamber through a
sintered bronze plate that provides a uniform velocity in the cham-
ber of up to 0.40 m/s. The chamber gases are exhausted to an over-
boardvent in the KC-135 througha proportional-integral-derivative
(PID)-controlled solenoid valve, which maintains a constant spec-
i� ed pressure throughout the chamber. Flow velocity and chamber
pressure levels are monitored and varied by Labtech software in-
stalled on the SFSF computer. The SFSF is also instrumented with
a single-axisaccelerometerand a video imagingsystem and handles
the power distributionto the combinedfacility.The imagingsystem,
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which includes dual Super-VHS recorders and a digital video cam-
era, captures images of the ignition tests through a quartz window
in the environmental chamber. A detailed description of the SFSF
facility is provided in Ref. 23.

Test Protocol
The integration of the FIST with the SFSF facilities allows the

user to choose the heat � ux intensity, the � ow rate, and the material
type and to record test data on computer and video. The tests can be
performedon the ground,undernormalgravity,with mixed (free and
forced) convection � ow, and in microgravity with pure forced � ow.

In microgravity, the ignition tests are conducted in the KC-135
aircraft, following a predetermined protocol. The KC-135 � ies a
parabolic trajectory to produce periods of low gravity lasting about
25 s, with typical accelerations of approximately §0:2 m/s2 . Each
parabolic trajectory is initiated and terminated with a pullup and
pulloutof 1.8–2.0 g. These trajectoriesare � own consecutively,typ-
ically in groups of 10, with a total of 30– 40 parabolasper � ight. Be-
fore entering the � rst parabolic trajectory, the heaters are brought to
the desired temperatureset point.During the trajectorypullup (grav-
ity above normal), the oxidizer � ow is set, and the sample is moved
into position. The igniter is manually activated at the beginning of
the low-gravity period and shut down when high-gravity levels re-
sume (pullout) to ensure that no ignition occurs during the elevated
gravity periods. Once ignition is observed, the burning samples are
extinguishedby shuttingoff the oxidizer� ow, and ventingthecham-
ber gases overboard. In those cases that the reduced gravity period
is shorter than the ignition delay, the fuel samples are subjected to
the external radiant � ux during the pullup period. This results in
increased surface cooling due to the induced elevated gravity buoy-
ant � ows. For this reason the testing is limited to high heat � uxes
with 25–35 kW/m2 to minimize the time period that the samples
are irradiated during elevated gravity levels. Quanti� cation of the
surface cooling is dif� cult due to the large variation in gravitational
acceleration.However, the gravitationalchanges occur primarily in
the initial inert heating of the sample where surface temperatures
and consequentlythe convectivecooling is small. Residual buoyant
� ows may also slightly affect these results, but simple scaling indi-
cates that the impact on the ignition delay due to surface cooling by
residual� ows is negligible.The microgravitytests are reproducedin
normal gravity following similar protocolfor comparisonpurposes.

Tested Materials
Polymethylmethacrylate(PMMA) was selectedas the base mate-

rial in these tests becauseof its homogeneousstructure,well-de� ned
thermal properties, consistent behavior, and abundant experimental
data on its burning characteristics. Thorough examination of the
effects of all pertinent parameters such as � ow velocity, heat � ux
magnitude, and oxidizer concentration on the behavior of PMMA
has allowed for the establishmentof a baseline against which other
materials can be compared. The consequencesof the eliminationof
gravity effects can also be studied in reference to the baseline data.
The samples tested are made of type G, PMMA, 40 £ 40 mm and
12.7 mm thick. The sample size is much smaller than the character-
istic length of the combustion chamber (30 cm in width); thus, the
con� nement effects are minimum.

Becausecompositematerialsare commonlyused in theaerospace
industry, a composite material consisting of a blend polypropy-
lene/glass (PP/GL) was also selected for the present experiments.
The PP/GL blend is a composite commercially made by mixing to-
gether PP and loose glass � ber and subsequentmolding the mixture
and is used in the transportation industry, normally for paneling.
The uniform distributionof glass � bers within the PP matrix results
in globally isotropic properties that simplify the analysis of the ex-
perimental results. The samples tested are made of 70% PP/30%
GL by mass, 40 £ 40 mm and 3.2 mm thick. The properties relevant
to the thermal heating of these materials are shown in Table 1 (see
Refs. 25–27).

Results
Video records of the fuel sample ignition process, together with

the sample surface temperature histories, are used to determine the

Table 1 Tested material properties

Property Unit PMMA (Ref.) PP/GL (Ref.)

Composite type —— Homogeneous Isotropic
% by mass 70/30
½ kg/m3 1170 (25 and 26) 1130 (27)
K W/mK 0.185 (25 and 26) 0.218 (27)
CP J/kgK 1220 (25 and 26) 1626 (27)

Fig. 5 PMMA surface temperature histories at several air� ow
velocities.

ignition delay time for each setting of the radiant heat � ux and air-
� ow rate. In the former case, the ignitiondelay is obtainedby timing
the period between the initial exposure of the sample to the radiant
� ux, and the visual observation of sustained burning. In the latter
case, ignition is determined through the sharp increase in surface
temperature that is normally observed at ignition.

Exemplar surface temperature histories for different air� ow ve-
locities are shown in Fig. 5 for PMMA samples. The low-velocity
microgravity and normal gravity natural convection was obtained
with the KC-135 FIST apparatus described earlier. Because the air-
� ow velocities in the KC-135 FIST apparatus are limited to low
values, the large-velocitydata (>1 m/s) was obtainedwith the FIST
apparatus described in Ref. 20. From these data, it can be seen that,
as the forced-� ow velocity is decreased, there is an increase in the
rate of surface temperature rise and a decrease in the surface tem-
perature at which ignition occurs and of the time for ignition. The
former is due to the decrease in the heat transfer coef� cient and in
its turn the convectivecoolingof the surface.The latter is due to the
lower pyrolyzate mass � ux needed for ignition to occur as the � ow
velocity is decreased.20

Although here ignition is considered to occur when sustained
burning occurs, the time at which � ame � ashing � rst occurs is also
recorded,if this time is differentiablefrom that of sustained� aming.
The presence of � ashing is of signi� cance because it indicates the
presence of a � ammable mixture near the igniter, although the fuel
supply rate is not high enough to support sustained � aming. Flame
� ashingcan be viewed as equivalentto the � ash point, and sustained
� aming as the � re point in liquid fuels. During the � ame � ashing,
the additional heat from the � ame to the sample surface accelerates
the fuel pyrolysis rate and often leads to sustained burning. It has
been observed that the � ashing frequency increases as the sample
surface approaches the time of sustained � aming.

The resultsofFig.5, togetherwith videodataof thecorresponding
tests, are used to obtain the variation of the ignition delay with the
� ow velocity. The results for PMMA and for 30% PP/GL, with
air as oxidizer, are presented in Figs. 6 and 7, respectively. The
microgravity experiments are conducted at radiant � uxes of 25 and
35 kW/m2 , and air velocities ranging from 0.02 to 0.25 m/s. The
experiments at velocities larger than 1 m/s were obtained using a
larger scale laboratory FIST apparatus20 than that used in the KC-
135. It is seen that for both fuels, the ignition delay decreases as
the � ow velocity is decreased.This is due primarily to the decrease
of the convective heat losses at the fuel surface together with the
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Fig. 6 PMMA ignition delay variation with the air� ow velocity.

Fig. 7 Composite 30% PP/GL ignition delay with the air� ow velocity.

decrease in the minimum pyrolyzate heat � ux needed for ignition.
The former is due to the dependenceof the convectionheat transfer
coef� cient on the � ow velocity. Concerning the latter, theoretical
predictionsand phenomenologicalarguments indicate that ignition
occurs at a � xed value of the equivalence ratio.28 Thus, as the � ow
velocity decreases, the amount of pyrolysate needed for ignition
also deceases. The results of Figs. 6 and 7 indicate that convection
heat losses at the fuel surface seem to play a signi� cant role in the
fuel ignition process, even at the high radiant � uxes used in the
experiments. This is partly due to the geometric con� guration of
the experiment. The radiant panel is parallel to the solid surface,
has a larger area than the sample, and is separated 40 mm from it.
As a consequence,surfacereradiationis small (approximately30%)
in comparison to the convective heat losses, which in turn play an
important role in determining the critical heat � ux for ignition and
the ignition delay.

The reduction of the ignition delay times indicates that, under
these low � ow conditions, the ignition process is more affected
by the reduction in surface heat loss than the corresponding oxy-
gen transport reduction.Furthermore, it is apparent that the process
does not enter an oxygen-limited regime in the case of either tested
material as might be conceivable at these low velocities. Such a
transition would be signaled by an increase in the ignition delay
time with further decrease of the � ow velocity. This did not seem to
be the case here. In fact, tests conductedunder quiescentconditions
(with the inlet � ow to the combustion chamber turned off) yielded
respectively shorter ignition times.

In pilotedignitionexperimentssimilar to the presentonesbut con-
ducted in normal gravity,19;20 it is observed that the ignition time in-
creases with decreasingheat � ux until a critical heat � ux is reached,
belowwhich ignitioncan no longer occur. It is also observedthat for
a given heat � ux the ignitiondelaydecreasesas the oxidizer� ow ve-
locity is decreased.However, as the forced-� ow velocity is reduced
below approximately 1 m/s, natural convection starts to dominate

over the forced � ow, and it is not possible to conduct tests at veloc-
ities smaller than approximately 0.5 m/s (Ref. 20). In the KC-135
reduced-gravity experiments, because of the time constraints asso-
ciatedwith the parabolic� ight, ignitiontests are limited to high heat
� uxes, and it is not possibleto determinethe entire ignitioncurve,or
the critical heat � ux. In spite of this limitation, the reduced-gravity
experiments are still important because they allow for the determi-
nation of the ignition delay at � ow velocities that are not masked by
buoyancy, and are smaller than those attainable in normal gravity.
By comparison with the normal gravity data, together with the pre-
dictions from current models of the problem, it is possible to infer
the ignition characteristicsof materials in environment expected in
space-based facilities.

The currentexperimentsprovideinformationabouthighheat � ux,
short ignition delay conditions and must be signi� cantly extrapo-
lated to lower heat � ux values to determine a critical heat � ux for
ignition.22 However, the normal gravity experiments20 have shown
that the oxidizer � ow velocity affects not only the ignition temper-
ature and ignition delay, but also the critical heat � ux for ignition,
decreasing them as the � ow velocity is decreased. Thus, from the
present data, it can be inferred that the critical heat � ux for ignition
will also be reduced at these low � ow velocities and that it will be
at a minimum when the heat losses are minimized without entering
an oxygen-limited regime.

Model Predictions
A theoreticalnumericalmodel recentlydevelopedto simulate the

present problem29;30 can be used, together with the present data, to
predict the ignition curve and critical heat � ux for ignition at low
� owvelocitiesin microgravity.The numericalmodelpredictstheen-
dothermic pyrolysis and piloted ignition delay of solid combustible
materials exposed to an external radiant heat � ux. It considers only
the coupled thermochemical processes that take place in the con-
densed phase, with the gas-phase processes being replaced by the
assumptionthat ignitionoccurs when a criticalpyrolysatemass � ow
is reached at the fuel surface.28;31;32 The implication is that the ig-
nition of the material is subjected to the attainment of a minimum
concentration of fuel in the gaseous mixture adjacent to the pilot
(lean � ammability limit). The analysis, therefore, describes the pi-
loted ignition of solid combustible materials only under conditions
of fast chemical kinetics in the gas phase.

The condensed-phaseprocesses considered in the model include
oxidativeand thermalpyrolysis,phasechange, radiationabsorption,
and heat and mass transfer in a multiphase and multicomposition
medium. The pyrolysisprocessesare consideredto occur following
� rst-order Arrhenius laws with different kinetic parameters for ox-
idative or thermal pyrolysis. The resulting transient heat and mass
transfer problem is described by the solid phase mass and energy
equations,whichare solvednumericallytogetherwith the initialand
boundaryconditionsusinga Newton iterationmethod.An enthalpy–

temperaturehybrid method29 is employed to model the fuel melting
process. The implementation of the model is as follows. For given
oxidizer � ow conditions and external radiant � ux, the predicted
variation with time of the surface temperature is compared with the
experimental temperaturedata to verify that the model predictswell
the temperature history. Then the experimentallyobserved time for
ignition is used in the model to obtain the pyrolysate mass � ux at
which ignition occurs. When it is assumed that the pyrolysate mass
� ux for ignition (critical pyrolysate rate) is dependent on the oxi-
dizer � ow conditions,but independentof the radiant � ux, the model
is used to predict the ignitiondelay forvariedexternalradiant� uxes.
These data are then used to developthe ignitioncurveof the � amma-
bility diagram for a given � ow velocity and oxygen concentration.
It has been shown that the model predictions agree well with the
available normal gravity experimental data.30

The described methodology is used here to predict the PMMA
ignitioncurvesin microgravity,low-velocity� ows.The surfacetem-
peraturedata of Fig. 5 is � rst used to verify the model predictionsat
low-velocity � ows. It is found that, using a heat transfer coef� cient
based on laminar � ow33 to describe the convective heat losses at
the solid surface, the model predicts well the experimental surface
temperature histories. The ignition delay as obtained from Fig. 5
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Fig. 8 Critical PMMA pyrolysate rate as a function of the air� ow velocity.

Fig. 9 Predicted PMMA ignition delay curves for several � ow veloci-
ties.

is then used to determine the pyrolysate mass � ux at the differ-
ent � ow velocities. The results, presented in Fig. 8, show that the
predicted critical pyrolysate rate increases almost linearly as the
air� ow velocity is increased.This result is important because it im-
plies that, at the low � ow velocities expected in space facilities,
the condition that a certain mass of pyrolysate must be released
by the solid for ignition to occur is less stringent than in normal
gravity.

Using the critical pyrolysate rate of Fig. 8, the model is then
used to predict the ignition curves for PMMA for different � ow
velocities. The results, presented in Fig. 9, show that the predicted
ignition delay for a given radiant � ux decreases as the � ow velocity
is decreased. What is more important is that the critical heat � ux
for ignition also decreases as the � ow velocities are decreased. It
is predicted that the critical heat � ux for ignition at the � ow con-
ditions expected in space facilities could be as much as half the
valuemeasuredin normalgravitynaturalconvection(LIFT). If these
predictions are con� rmed by long-term microgravity testing, they
will have signi� cant implications for the � re safety design of space
facilities.

Conclusions
The FIST test method has been employed to examine the igni-

tion behavior of test materials subjected to forced-�ow velocities
lower than those of gravity-inducedbuoyant � ows. Tests have been
conducted in normal gravity and ground-basedKC-135 micrograv-

ity facilities to provide a preliminary indication of the effects of
the reduced-oxidizer� ow velocity. The results show a reduction of
the ignition delay time under microgravity, low � ow velocity con-
ditions. Theoretical predictions of the ignition process at low � ow
velocities indicate that the critical pyrolysate rate for ignition and
the critical heat � ux for ignition decrease signi� cantly at the low
� ow velocities expected in space-based facilities.

These preliminary results suggest that the low forced-� ow ve-
locity conditions commonly found on spacecraft may, in fact, be
more dangerous from an ignition standpoint.These conditionsmay
lead to reduced ignition times and critical heat � uxes. Whether it
also leads to increased � ame spread rates is to be determined. The
� ammability of tested materials subjected to a radiant heat � ux is
enhanced by the reduction in convective heat losses under these
conditions.Furthermore, the oxidizer supply still appears to be suf-
� cient to maintain the reaction. Note that because of the geometry
of the apparatus, with the radiant � ux parallel to the fuel surface,
radiant heat loss from the surface is relatively small. If the radiant
heat loss were larger, as would occur if the solid radiated to an open
environment, the effect of a reduction in convectiveheat loss would
become less signi� cant.

Shortcomingsof the ground-basedmicrogravity facilities, which
include short reduced-gravityperiod, g-jitter, and elevated g-levels
highlight the need for the conditions afforded by long-term micro-
gravity facilities such as the space station. These facilities would
allow for the conductionof low heat � ux and low � ow velocity tests
that would provide more accurate and complete information about
the behavior of solid fuels.

Note that the microgravity data presented here should be viewed
as a qualitative indicator of the effects of the reduction of the oxi-
dizer � ow velocity on ignition delay. The parabolic � ight approach
to achieving reduced-gravity conditions has its own unique prob-
lems, which can affect experimentalresults.One dif� culty concerns
g-jitter, which refers to small � uctuations in the g-level due to me-
teorological and physical events. Buoyant � ows induced by such
� uctuationsmay exceed the very low forced-� ow velocities (below
»0.09 m/s) and result in increased ignition delay. A second prob-
lem that was alluded to earlier is the necessary 2 g pullup period
that follows/precedes the reduced-gravity interval. The magnitude
of the buoyant � ows during pullup is signi� cantly increased when
compared to the � ows present under normal gravity and can lead
to signi� cant heat losses at the sample surface. This effect impacts
tests that require the sample to be exposedduring the pullupbecause
of an expected long ignitiondelay. In addition, the residual oxidizer
currents from the pullup period can persist into the microgravity
period, disrupting the � ow� eld.
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