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ABSTRACT

Experiments were conducted to measure the flame propagation rate of a plug-flow flame
through a combugible matrix of randomly oriented cubes of polyurethane foam in
microgravity and norma gravity as a function of the forced ar flow. The experiments in
microgravity were conducted at the Japan Microgravity Center (JAMIC) drop tower,
which provides 10s of microgravity. The normd gravity experiments were smulaions
of the microgravity experiments, and by comparison, were used to determine the effect of
gravity on the flame propagation process. The experiment was conducted in a cylindrica
geometry.  Ignition was accomplished by means of a hot-surface igniter brought into
direct contact with the foam at one end of the sample holder. The other end of the sample
was seded to a fan drawing air through the sample, which was adjustable using a variable
DC power supply. In this configuration the flame propagetion is flow-asssted. The
flame propagation rate was determined by means of the temperature histories provided by
thermocouples placed dong the centerline of the sample. It is found that, both in normad
and microgravity, as the ar flow rae is increased the flame propagation velocity
increases. Comparison between the norma and microgravity experiments shows that the
microgravity combustion is greatly influenced by the ignition period. In microgravity the
time to initigion of flame propagation is sgnificantly longer than the corresponding time
in norma gravity. This is due to the contribution of the buoyant flow that assgs the
forced flow during the initiation period in normd gravity. A dmplified andyticd model
is presented for correlation of the velocity deta
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INTRODUCTION

Porous materids such as polyurethane foam ae used extensvely in insulaion and
packing gpplications. Ther extensve use rases concerns of fire safety and flammability
asociated with these materids.  These materids are cgpable of sustaining smoldering
combugtion and can trangtion to gas-phase flaming combustion [1], which is faster and
more hazardous.

These materidls see extensve use as wdl in space-based applications.  Polyurethane
foams are used as insulation, and packing and stowage foam aboard the Space Shuttle.
With the condruction of the Internationa Space Station (ISS) and long-duration space
missions planned, there is greater concern of accidental fire aboard space vehicles. To
date there have been minor instances of charred and overheated eectrical cables on Space
Shuttle flights [2, 3]. In an enclosed environment aboard a spacecraft, containing very
sendtive dectronic components, even andl fires can cause serious damage to these
electronic components (through short circuit by deposited soot, or through corroson by
chlorinated products [4]). Thus there is a need to preempt the posshility of, or minimize
the damage from, a space-based fire.

The present work focuses on understanding the behavior of the flame in the pos-
trangtion-to-flaming regime from smoldering, as it propagates through the porous
materid. This work is pat of the Microgravity Smoldering Combustion (MSC) project,
which ams to undersand the behavior of smolder combustion in microgravity and, to a
limited extent, the phenomenon of trandgtion to flaming. There have been prior
microgravity experiments conducted on flame spread over the surface of a dab of porous
foam [5]. Thee experiments sudy the one-dimensond flow-asssted (forward) flame
propagation through the interior of a porous combudible.  Microgravity experiments
were conducted in the Japan Microgravity Center (JAMIC) 10-second drop tower facility,
with complementary ground-based experiments.

EXPERIMENTAL SETUP

The experimental setup condstls of a combugsion vessd, sample holder and
complimentary instrumentation.  The sample holder is a transparent polycarbonate
cylindrical sheath 70mm in diameter and 150mm in length. Fud porous matrix congds
of randomly oriented cubes of 10mm dimenson of polyurethane foam. A schematic of
the sample holder is presented in Fig. 1.



Sufficient materiad was placed in the cylinder to insure a 10% compression of the fud,
thereby preventing preferentid oxidizer flow around the fud. The bottom of the cylinder
was notched to accept a ceramic filament hot-surface igniter used to ignite the fud in
physica contact with the igniter. A 12 V, 0.15 A brushless DC fan was mounted in a
sheet metd shroud, fitted to the opposite end of the cylinder from the igniter, to provide
forward flame propagetion through the fud. A loosdly spaced Immuwire grid strung
above and below the foam cubes fixed the samples in place between the igniter and DC
fan.

The ar flow veocity induced by the fan was measured by insartion of a hot-wire
anemometer dong the centerline of the sample a three axid locations: the top of the
sample just beow the fan; the bottom of the sample below the wire grid used to hold the
fud sample in place; and the center of the sample. In the case of ar flow measurements
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Fig. 1 Schematic of the experimental sample holder

a the center of the sample, the fud sample below the anemometer was removed so0 that
the fud sample filled only the upper hdf of the cylinder. This was done to smulate air
flow velocities a a point hdfway through the cylinder during flame propagdtion, in
which there is no longer maeid in the lower hdf of the cylinder.  Air flow
measurements  during the flame propagation were not possble, and measurements
capable of finer spatid resolution of the ar flow velocity are beyond the scope of the
present work.

Temperature measurements in the interior of the fued were made using 0.005 in diameter,
type K thermocouple wires were strung a intervals of 20 mm axidly dong the sample
cylinder, with the first thermocouple wire strung a a disiance of 10 mm axidly from the



igniter. A totd of 5 thermocouples were used for each sample cylinder in normd gravity
testing, and 4 thermocouples were used for each sample cylinder in microgravity testing,
in the latter case due to limitations in the data acquisition system. All beads were placed
at the centerline of the cylinder. Data acquisition was handled by an onboard computer

with an andogto-digitd corverter data acquistion sysem. Thermocouple data was
collected at a scan rate of 1000 scang's, in order to resolve the fast moving flame.

Experiments were conducted in a 21-liters hermeticdly seded chamber with optica
access. Two sample cylinders were used per test, each at a different fan voltage set point.
Two machined circumferentid aduminum mounting brackets and ams mated each
sample cylinder to the indde surface of the experimentd test dand. Separate duminum
mounts supported the igniter assemblies. Bulkhead connections provided feed-through
access for the thermocouples and igniter and fan power. A photograph of the
experimenta gpparatus containing two sample cylindersis shown in Fig. 2.

For the microgravity testing, the entire apparatus was mounted to an experiment platform
for insertion into the inner capsule of the JAMIC drop package. The platform contained
programmable DC power supplies used to independently control the voltage to each fan.
Each of the 4 thermocouples for each sample cylinder were amplified usng externd
thermocouple amplifiers mounted to the platform, prior to feeding the thermocouple
dgnd to the data acquistion sysem. Daa acquistion was controlled by a laptop
computer mounted to a second tier of the expeiment platform. The plaform dso
contained a normaly-closed relay trigger sysem to activate the igniter from the control
room of the JAMIC drop tower. The completed experiment platform is shown in Fig. 3.

Fig. 2 Photograph of combustion chamber and two instrumented sample holders



Prior to insertion into the JAMIC drop package, the data acquisition system was initiated
and remained scanning throughout the assembly of the drop package and the subsequent
10-second drop.  Similarly, the power to
the DC fans was initisted before insertion
into the drop package and continued to
provide power to the fans during
assembly of the drop package and
throughout the drop. This was done to
inaure that no trangent flow conditions
asociated with the sartup of the fans
were encountered during the drop.
Although a video camera was indaled on
the experiment pdlet to image the flame
propagation through the optical pand, the
video data did not provide much
information sSnce soot production from
the flame blocked optica access shortly Fig. 3 Assembled experiment platform
after ignition.

Once completed, the drop package provided al power and data feeds through the JAMIC
control center. Power to the igniters was triggered a 12 seconds before the drop.
Normd gravity data indicated that the time for the hot-surface igniter to reach an ignition
temperature for the foam was gpproximately 13 seconds.  This insured that the actud
ignition took place during the 10-second microgravity period. Norma gravity testing
was conducted in the same combustion chamber, with al power control and data
acquigtion handled by smilar ground-based systems.

RESULTS

Results obtained were the flame propagation velocity in norma and microgravity. The
thermocouple histories were used to obtain the time of ariva of the flame front a the
axid location of the thermocouple. This was done by projecting a tangent line to the
thermocouple higtory at the fird rise in temperature, and intersecting this tangent by a
criterion temperature. . This method was used for both norma gravity testing and
microgravity tesing, with the exception of one microgravity test. In this tet the first
theemocouple faled immediatdy after the arivd of the flane front a that
thermocouple's postion. In this ingtance, the velocity was obtained by looking a the
change in the second derivative of the temperature with respect to time, for both this
thermocouple and the successve thermocouple.  With this criterion agpplied, a veocity
was obtained between these two thermocouples.  Sample thermocouple histories in
microgravity and normd gravity are shownin Fg. 4.

The thermocouple data is used to determine the time to initiation of propagation, defined
as the time from triggering of the igniter to a criterion temperature of 400°C as measured
by the firs thermocouple. Since the thermocouple histories are not used to measure a
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Fig. 4 Samplethermocouple histories; (top) in microgravity, (bottom) in
nor mal gravity

unique flame temperature, the criterion temperature is sdected only to compare normd
and microgravity data self-consgtently.



The results of time to initiation of propagation are presented in Fig. 5. As can be seen, the
time to initigion of propagation is aways grester in microgravity than in norma gravity.
This is likedy due to the absence of a buoyant flow near the igniter during the ignition
period
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Fig. 5. Timetoinitiation of flame propagation vs. air flow velocity in normal and
microgravity

The results of flame propagation velocity as a function of the ar flow veocity are for
norma and microgravity tests are presented in FHg. 6. In both norma and microgravity,
the flame propagation ve ocity increases with increasing air flow veocity.
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DATA CORRELATION

A smplified energy modd has been used to derive an explicit expresson for the flame
propagation veocity and to corrdate the flame propagation velocity data presented.
Although andytical work has been conducted on flame propagation in porous materid in
the opposed configuration [6], the present experiments were n the forward configuration
and andytical work was not available.

In the model, the reaction is condgdered to be one dimensond and steedy with the frame
of reference anchored to the reaction zone. In this reference frame, fued and oxidizer enter
the reaction zone from opposte directions (diffuson-like reaction). The gas and the solid
ae assumed to be in locd therma equilibrium. It is assumed that the process is fud
limited and therefore the heat rdesse is given by the fud mass flux. The heat of
combustion is congtant and known and hest losses to the surroundings are neglected. The
energy equation under these assumptionsis:

ar, m,c ar_, o7 +Qdm;
Fax P dx ax? dx (1)

m.c

Where ¢ and c,, ae the specific heats a constant pressure of the fue and the ar

respectively, . and rm, ae the mass fluxes to the reaction zone of fud and air
respectively, Q is the heat of combustion per unit mass of fud and X isthe axid verticd
direction.

Mass fluxes are given by:

me =(1-f)reu )

My =11 (U +Up) 3)

ug = Dr gh£ (4)
m

Where u, u. ae the flame propagation velocity and the forced flow velocity
respectively, up is the buoyancy induced air velocity through a porous media, r . and
r , ae the dendties of the fud and the air respectively, and f isthe fud porosty, Dr is

the difference of dendties of the air as passes through the reaction, h is the characterigtic
verticd disance for buoyancy, K and n ae the permedbility of the foam and the

dynamic viscosity of the air respectively.

The boundary conditions gpplied to the modd are:
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T=Tei T=T
" | . "
me = Oy & the reaction zone, dT _ Oi'/atthe virgin fud ahead of the reaction  (5)
! 2 -0
d_T =00 dx b
dx p

Upon integration of the energy equation with respect to x from the reaction zone to the
virgin fud ahead of the reection, the following expresson is obtaned for the flame
propagation velocities in normd gravity (buoyancy flow) and microgravity (no buoyancy
flow):

U =+ cun(le - T) _fry

’ |_Q' CpF(Tf B Ti)J @-fre
_ cu(l - T) _fry

ng_l.Q_CpF(Tf_Ti)](l_f)rF

(ue +us) (©)

(ur) (7)

u

This expresson is used to define the nondimensond flame propagatiion velocities in
norma gravity and microgravity for the experimenta data:

adU =2 6)
u

The experimentaly measured average temperature of the reaction, 600°C, is used in the
non-dimensona flame propagation velocities. The heat of combugion is set to the
gpproximate vadue of 323 MJkg-fud. The permegbility of the foam was neasured to be
940° nf. The physicd parameters of the foam are those corresponding to flexible
polyurethane foam [7] and the physical parameters of ar correspond to an average
temperature of 200°C. The non-dimensond flame propagation veocities of Eq. 8 are
used to corrdate the experimentad data as shown in Fig. 7. The buoyancy induced ar

velodity ug, as calculated, isfound to be small compared to the forced flow velocity u .
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The corrdation is better for microgravity tests than for normal gravity tests Possble
reasons for this discrepancy are the temperature and heat of combustion vaues used in
the expresson and the gpproximation used to estimate the buoyancy flow.

Andyticd work to modd the time to initiation of propagation would require a more
detailled hydrodynamic andyss of the buoyant flow near the igniter during the ignition
period. This andyss is beyond the scope of the present work, and thus no modding is
attempted for the time to initiation of propagation.

CONCLUSONS

Results from testing in norma and microgravity show that as the forced ar flow rate is
increased the flame propagation velocity increases. Comparison between the norma and
microgravity experiments shows that the microgravity combugion is grealy influenced
by the ignition period, within the 10 seconds of microgravity avalable in the JAMIC
drop tower. In microgravity the time to initiaion of propagation is dgnificantly longer
than the corresponding ignition period in normd gravity. This is likdy due to the
contribution of the buoyant flow that assgs the forced flow during initiation of flame
propagation in normd gravity. It is concluded that buoyancy has a sgnificant influence in
1-D flow asssted ignition and flame propagation through porous materias

A smplified modd is presented for corrdation of the velocity data The smplified
presents a Sgnificantly better corrdation for microgravity data than for norma gravity
data. The poor correlation in norma gravity may be the result of the estimated buoyancy
flow. In addition, for both microgravity and norma gravity the heat losses to the
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surroundings are neglected, leading to an over prediction of the propagation veocity.
Another source of discrepancy might be the average reaction temperature and heat of
combustion values used in the modd.

Although limited, these teds present the only avalable microgravity daia on flame
propagetion through the interior of a porous fud matrix. The results can be incorporated
into a more detailled modd of the smolder, trangtion to flaming, and flaming combustion
of porous materidsin microgravity.
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