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HIGH PRESSURE IGNITION AND COMBUSTION OF
ALUMINUM HYDRIDE
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Head, Maryland, USA

2University of Maryland, College Park, Maryland, USA

An experimental study was conducted to determine the high pressure ignition character-
istics of a-aluminum hydride. Aluminum hydride particles were heated on a platinum
filament at heating rates of approximately 1 x 10° K/s in a pressure vessel for pressures
ranging up to about 7 MPa, in order to quantify the ignition temperature and to observe
the ignition process. Experiments were conducted in air, argon, and nitrogen as the
pressurizing environment. This study revealed that the dehydrogenation of aluminum
hydride is not a function of pressure under the conditions tested. In addition, ignition
temperatures were found to be approximately linearly related to pressure until pressures
exceeded about 0.4 MPa, at which point they remained constant through the highest
pressures tested. High speed imaging of the ignition process showed a dramatic change in
the ignition behavior for pressures above 0.4 MPa, corresponding to what we believe is a
threshold for Hy/air autoginition or perhaps even an explosion limit. We find that the
combustion behavior of aluminum hydride particles shared many traits similar to what
has been previously observed with aluminum particles including a diffusion flame sur-
rounding the particle, spinning, jetting, and explosions/fragmentation. Quenched parti-
cles also showed clear evidence of gas phase combustion with parent particles containing
nanofeatures, which were condensed from the gas phase. The results of this study provide
additional understanding on the ignition and combustion process of aluminum hydride at
extreme conditions, which may be useful in modeling efforts or in the development of
solid propellants.
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INTRODUCTION

Metal hydrides are of great interest as both hydrogen storage media (Ahluwalia,
2009; Graetz and Reilly, 2005, 2006; Graetz et al., 2007; Ismail and Hawkins, 2005;
Sakintuna et al., 2007; Sartori et al., 2009) and as fuel supplements in propulsion systems
(Connell et al., 2011; Deluca et al., 2007; Shark et al., 2013; Young et al., 2010a, 2010b).
As hydrogen storage media, several metal hydrides offer greater storage density than
liquid hydrogen (Sakintuna et al., 2007). For rocket propulsion systems some metal
hydrides, specifically aluminum hydride, when used as a fuel supplement can significantly
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increase the specific impulse of a system while at the same time reducing the flame
temperature (Connell, 2011; Deluca, 2011; Young, 2010a, 2010b) of the propellant.

In general there are three competing models that attempt to describe metal hydride
decomposition characteristics: (1) shrinking core, (2) nucleation and growth, and (3)
multistep kinetics. In one theoretical study presented by Castro and Meyer (2002) in
which hydrogen desorption was characterized by thermal desorption spectroscopy, four
alternative rate limiting steps for metal hydride dehydrogenation were identified: (1) bulk
diffusion, (2) phase transformation, (3) bulk to surface transfer, and (4) H-H surface
recombination. In general, these steps are based on thermal gravimetric analysis (TGA) or
differential scanning calorimetry (DSC), which operate at heating rates on the order of tens
of degrees per minute. On the other hand, steady state combustion processes, such as in
propellant burning, experience particle heating rates in excess of ~100,000 K/s. It is
reasonable to assume then, that the physical-chemical processes at high heating rate
conditions may involve different rate limiting processes than those encountered under
the low heating rate experimental studies.

The decomposition characteristics of aluminum hydride have been studied exten-
sively (Bazyn, 2007; Graetz and Reilly, 2005, 2006; Graetz et al., 2007; Ismail and
Hawkins, 2005; Young et al., 2010a) demonstrating that the dehydrogenation of aluminum
hydride occurs at temperatures as low as ~160°C depending on the heating rate and
synthesis method. Previous studies on aluminum hydride dehydrogenation (Bazyn et al.,
2007; Graetz and Reilly, 2005, 2006; Graetz et al., 2007; Ismail and Hawkins, 2005;
Young et al., 2010a) have been conducted at atmospheric pressure or below, leaving a gap
in our knowledge of dehydrogenation at elevated pressures. The only recent reports of
high pressure work is that of Bazyn et al. (2004) who studied the combustion behavior of
aluminum hydride at elevated pressures, but quantification of dehydrogenation character-
istics was not reported. It is documented that upon dehydrogenation, amorphous and/or
crystalline aluminum remains (Bazyn et al., 2007), which combusts on time scales similar
to that of similarly sized aluminum (Bazyn et al., 2004).

In our previous study (Young et al., 2010a), we found that the ignition temperature
of aluminum hydride was comparable to that of nanoaluminum, and a function of heating
rate while oxidizing species had no impact on the ignition temperature. Furthermore, we
found that at heating rates relevant to propellant combustion, the rate controlling process
for dehydrogenation was limited by intraparticle diffusion to hydrogen evolution, rather
than the intrinsic kinetics of Al-H bond breaking. In this study we focus on the ignition
behavior of aluminum hydride under elevated pressure.

METHOD OF APPROACH

The aluminum hydride studied in this effort was a-aluminum hydride, which is the
most thermally stable phase of aluminum hydride. The methods for synthesis and stabi-
lization of the as received a-aluminum hydride used in the study are not fully known to us,
however, this is the same material used in previous efforts (Connell et al., 2011; Young
et al., 2010a, 2010b) and we believe it is likely to be the same material as studied by both
Ismail and Hawkins (2005) and Bazyn et al. (2004, 2007). Representative particles are
shown in Figure 1 in a scanning electron microscope (SEM) image. The particles are
rhombohedral crystals, and were sieved to range from 20 um to 32 pum. In each of the
subsequently described experiments, the metal hydrides were dispersed in hexane from
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Figure 1 Scanning electron microscope images of aluminum hydride.

which the samples were drawn into a syringe, deposited on an ~75-um-diameter platinum
filament, and given sufficient time to air dry.

Heated Filament Experiments

In our previous work (Young et al., 2010a), we studied the dehydrogenation and
ignition process of aluminum hydride at heating rates up to ~6 x 10> K/s by a custom
designed temperature jump (T-Jump) probe coupled with a Time of Flight Mass
Spectrometer. For this study we limited heating rates to ~1 x 10° K/s and focused on
the effects of pressure on the ignition process. We systematically varied pressure from
atmospheric to about 7 MPa by placing heating filaments (75-pum platinum wire) into a
0.1-liter pressure vessel rated to 24.1 MPa and used the same T-Jump ignition system as in
our previous study (Young et al., 2010a).

The pressure vessel had three quartz windows providing optical access. Two
windows were located at the same vertical height as the heating filament, and a third
window was located at the bottom of the pressure vessel looking upward at the sample.
The T-Jump pressure vessel assembly can be seen schematically in Figure 2. Pressure
was monitored and recorded with a Setra Model 206 static pressure transducer. A
K-type thermocouple was also installed in the pressure vessel to ensure that samples
would not be significantly heated by adiabatic compression during the pressurization
process. The highest temperature rise associated with the pressurization process was
about 5 K.

Experiments were conducted with air, argon, and nitrogen as pressurizing gases. Air
was selected as the gas of study for an oxidizing environment. Since nanoaluminum had
previously been observed to combust in nitrogen (Son et al., 2003), and our previous study
on aluminum hydride (Young et al., 2010a) found similar ignition characteristics to
nanoaluminum; nitrogen was considered as well. Finally, experiments were carried out
in argon to provide a comparison in a purely inert atmosphere of particle dynamics upon
decomposition. Two Hamamatsu model H7827-012 photomultiplier tubes (PMTs) were
used to monitor broadband light emission in real-time to characterize ignition, with the
output sent directly to an oscilloscope. The PMTs had a spectral range of 300-850 nm.
Ignition was defined as 2% maximum light intensity collected by the PMTs as in our
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Figure 2 Schematic diagram of high pressure T-jump setup.

previous study (Young et al., 2010a). In addition, high speed imaging with and without
backlighting was employed to provide further details on the ignition and combustion
process of the metal hydrides.

During the ignition experiments, the input voltage and resulting current were
monitored, and for a known length of the platinum wire, the temperature-time history
was determined from the wire resistance using the Callendar-Van Dusen equation:

R

F:l—l—aT—i—ﬁTz (1)
where o = 3.91 x 1073, f=-578 x 1077, and R, is the reference resistance obtained from
the length of the wire at ambient temperature.

RESULTS AND DISCUSSION
Decomposition Characteristics

In our previous study (Young et al., 2010a), we examined the dehydrogenation
process of aluminum hydride under vacuum conditions by Time of Flight Mass
Spectrometry. At that time we determined that dehydrogenation was clearly a function
of heating rate, and at heating rates characteristic of propellant combustion, the rate
controlling process for dehydrogenation was not the intrinsic kinetics of AI-H bond
breaking but rather an intraparticle diffusion limit (Young et al., 2010a). To further
demonstrate this behavior we subjected a sample to high heating rates (~1 x 10> K/s)
under vacuum with our T-Jump apparatus for post mortem inspection. Figure 3 shows
SEM images of aluminum hydride samples heated to various temperatures. At approxi-
mately 750°C the particles appear highly porous, with some evidence of melting of the
smaller particles. At approximately 1100°C, the particles show clear evidence of melting.
Ismail and Hawkins (2005) also conducted SEM analysis of partially and fully decom-
posed aluminum hydride after vacuum thermal stability experiments conducted at 60°C
over a period of days. Interestingly the partially decomposed sample showed some
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Figure 3 SEM image of aluminum hydride heated to various temperatures under vacuum conditions.

porosity and cracking but not nearly to the same extent as our samples, which were
subjected to very high heating rates, but for heating times several orders of magnitude
shorter. Not surprisingly, since Ismail and Hawkins’ (2005) heating was well below the
melting point, the samples remained relatively crystalline, while our samples appear to
lose their structure. Unfortunately, we cannot quantify the extent of decomposition of our
samples by typical thermal analysis techniques due to sample size limitations. However,
we expect that they are very nearly fully decomposed if not fully decomposed, based on
our prior work (Young et al., 2010a) in which hydrogen was released at temperatures
between 650-1100 K depending on the heating rate. Ismail and Hawkins’ (2005) fully
decomposed samples showed no porosity and maintained their original shapes with an
approximate size reduction of 20-30% leaving behind a cubic shaped aluminum particle.

Determination of Ignition Temperature

Ignition temperature was determined using the broadband light emission signal from
two PMTs using 2% maximum light intensity as the threshold definition of ignition as in our
previous study (Young et al., 2010a). A background signal, with a bare heating filament and
no sample, was taken for each experiment and subtracted off of the raw signal in the
determination of ignition temperature. Figure 4 provides representative optical emission for
atmospheric (0.101 MPa) and elevated pressure conditions (5.3 MPa), which clearly shows
distinct differences. At elevated pressures, the optical emission is highly fluctuating, and does
not achieve the same peak intensity of the atmospheric pressure case, which has a much
smoother and symmetric emission profile. In general, we observed this smooth emission
behavior until we exceeded about 0.3 MPa at which point the signal became erratic as seen in
the example given in Figure 4. In addition, the initial rate of signal intensity rise is
significantly increased at elevated pressures suggesting an increase in reaction rate.
However, the overall duration of signal intensity is comparable between atmospheric and
elevated pressure conditions. This result is not surprising since the Beckstead Correlation
(Beckstead, 2005) implies that the overall burning time of aluminum particles is at best a
weak function of pressure, and several experimental and numerical studies support that
conclusion (Bazyn et al., 2005; Belyaev et al., 1968; Frolov et al., 1972; Kuryavtsev
etal., 1979; Law, 1973). Although there is evidence to suggest that any pressure dependency
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Figure 4 PMT traces of aluminum hydride/air ignition at two pressures.

is somewhat dependent on oxidizer type (Bazyn et al., 2005). Particles of the size used in this
study would be expected to be diffusion controlled during combustion. Since the diffusion of
oxidizer to the particle is proportional to the product of density (proportional to pressure) and
the diffusion coefficient (inversely proportional to pressure), the overall process should be
independent of pressure (Bazyn et al., 2005).

Figure 5 shows results of the measured ignition temperature in air with pressures
ranging from atmospheric up to about 7 MPa. Typically, three experiments were conducted
at each condition in order to provide a measure of repeatability. At atmospheric pressure
the ignition temperatures were consistent with our previous study (Young et al., 2010a) at
about 900 K for a heating rate of ~1 x 10°> K/s. As the pressure was increased to about 0.4
MPa, we observed an approximately linear decrease in the ignition temperature to about
800 K. Beyond about 0.4 MPa the ignition temperature appears to be relatively indepen-
dent of pressure, holding just below 800 K.

Although nanoaluminum has been shown to ignite and propagate in a nitrogen only
atmosphere (Son et al., 2003), and AIN was detected in X-ray diffraction (XRD) by II’in
et al. (2001) in combustion products of aluminum hydride and air, all attempts to ignite
aluminum hydride in a nitrogen only environment were unsuccessful.

High-Speed Imaging

During our first series of experiments, we employed a Phantom 7.3 high-speed
camera to observe the low (0.1 MPa) and high pressure (~7 MPa) ignition process of
aluminum hydride for heating rates of approximately 1 x 10° K/s. Images were taken
at a rate of 21,052 frames per second for all experiments. Figure 6 shows a sequence
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Figure 5 Ignition temperatures of aluminum hydride in air as a function of pressure (heating rate of ~1 x 10° K/s).

Figure 6 Aluminum hydride ignition in air (0.101 MPa with a heating rate of ~1 x 10° K/s).
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of images of aluminum hydride igniting at 0.101 MPA (1 atm) in air. Particles were
observed leaving the heating filament approximately symmetrically, and igniting in
the surrounding gas. It was also possible to observe diffusion flames surrounding the
particles similar to that observed for aluminum particles (Brzustowski and Glassman,
1964; Bucher et al., 1996, 1998, 1999; Frolov et al., 1972). In addition, individual
particles also demonstrated jetting and spinning phenomenon, which is also similar to
that of aluminum (Drew et al., 1964; Frolov et al., 1972; Gordon et al., 1968; Macek,
1967). During burning, ejections of smaller burning material were commonly
observed, along with some instances of particle explosions. These observations are
highly consistent with pressure build-up of hydrogen within the particle that had not
escaped the particle prior to ignition. However, particle explosion or fragmentation
has also been observed in previous studies on aluminum particle combustion
(Friedman and Macek, 1963; Frolov et al., 1972; Gordon et al., 1968). Although it
should be pointed out that in those previous works the concentration of oxygen in the
system were higher leading to a more vigorous burning possibly causing superheating
of the liquid aluminum droplet leading to fragmentation. Under our conditions we did
not observe ignition with similar sized aluminum. We attribute the reason particles
leave the wire and burn, to hydrogen evolution, which acts to detach particles from the
wire. Similar studies using nanoaluminum show ignition and burning only on the wire.

Figure 7 is a sequence of images, which shows the ignition process of aluminum
hydride at about 3.6 MPa in air. The reference time shown in these images as well as in
Figures 8 and 9, ¢,, is the time at which the event being visualized is beginning. Due to the
increased brightness, the exposure time of the camera was reduced to 1/5, with other
camera settings remaining the same. The images show that the particles on the outermost
part of the heating filament ignite first, and the reaction propagates inward on the wire
meaning that not all particles were igniting at the same times. In addition, the particle
dispersion is much more constrained compared to the 0.101 MPa condition, and they rise
collectively from buoyancy forces. While the general characteristics of burning are similar
to the lower pressure condition, the jetting behavior was more clearly pronounced and a
remnant dense but fine smoke cloud was present that was not observed at lower pressures.
This may in part be a result of the higher pressure condition leading to a higher adiabatic
flame temperature than the lower pressure condition. For example, using the NASA CEA
computer code (McBride and Gordon, 1996), the calculated adiabatic flame temperature of
a stoichiometric mixture of aluminum hydride in air at 0.1 MPa is 2980 K compared to
3277 K at 3.6 MPa. While the vaporization temperature of aluminum increases with
pressure, the vapor pressure is not a function of pressure. Thus, the partial pressure of
aluminum in vapor at equilibrium is independent of pressure. Therefore, the higher flame
temperature at higher pressures would be expected to promote greater vaporization of
aluminum. Higher concentrations of vapor phase product species (alumina precursors) will
result in higher nucleation rates, and thus a finer particle size distribution. This is
consistent with the observed high density smoke cloud at higher pressures.

Figure 8 shows a sequence of images taken when backlighting was employed for the
0.1 MPa condition in air, with the same camera settings as in Figure 7. The backlit images
show particles leaving the heating filament, some of which were much smaller than could
be reasonably resolved with the current setup, and some of which were relatively large
agglomerates. With backlighting a smoke cloud can now be readily observed.

Figure 9 provides shadowgraph images from backlighting at 3.6 MPa. Very apparent
from these images are the density gradients that appear, which are highly consistent with
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Figure 7 Aluminum hydride ignition in air (3.6 MPa with a heating rate of 1 x 10° K/s).

hydrogen generation and did not appear when nanoaluminum was used. Particles that have
not yet reached ignition can be seen leaving the heating filament and igniting within the
density gradient. To explore the role of hydrogen in the ignition process as a co-fuel, repeat
experiments with argon (replacing air) showed density gradients in the shadowgraphs, but
were significantly muted relative to the air case. This implies that hydrogen is clearly
participating in the combustion process as a fuel to cause a local temperature increase and
a lower density. The argon experiment also revealed that particles only leave the surface in
the presence of air, implying that it is the combustion reaction of hydrogen with air that
causes lift off. The images in Figure 9 reveal that the remaining aluminum after dehydro-
genation is reacting within the products of H/air, namely, water vapor at some finite distance
from the heating filament, as well as the surrounding air. It should be noted that we cannot be
certain at this point whether it is a requirement for all the hydrogen to be released prior to
aluminum ignition although it seems likely to be the case given the difference in reactivity
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Figure 8 Backlit images of aluminum hydride ignition in air (0.101 MPa with a heating rate of 1 x 10° K/s).

between hydrogen gas and aluminum. The shadowgraph images also allow for very clear
visualization of the smoke trails and jetting that were observed earlier.

Post-Combustion Particle Inspection

To evaluate the products of combustion, SEM stages were placed approximately
2.5 mm from the heating filament to capture and quench particles for post-combustion
inspection. Figure 10 shows representative images from an experiment conducted at 0.1
MPa. The top image in Figure 10 shows a particle that is approximately 20 pm in
diameter with numerous nanofeatures attached to its surface. The bottom image of
Figure 10 is a zoomed-in image of one of the edges of the particle showing two distinct
classes of particles that are associated with the nanofeatures. The first class are very fine
particles <50 nm, while the second are well-defined spheres on the order of a few
hundred nanometers. The smaller nanofeatures obviously must be formed from vapor
phase condensation of the products of combustion (alumina), while the larger nanofea-
tures are a result of coalescence of the smaller nanofeatures. The larger particles can only
grow as long as the temperature of the particle remains sufficiently high that they are
above the particle melting point; i.e., of aluminum oxide. Once the parent particles cool
sufficiently sintering is arrested and the primary particle size is frozen-in. Prior to
ignition and combustion the particles were thombohedral in shape and were sieved to
between 20 and 32 um. The captured particle is spherical and ~5 pm implying that the
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Figure 9 Backlit images of aluminum hydride ignition in air (3.6 MPa with a heating rate of 5 x 10° K/s).

particle experienced a molten state during burning, with most of the particle being
consumed prior to quenching, and little or no particle-particle interactions occurring
post-quench.

Figure 11 shows representative images of particles that were ignited and com-
busted at elevated pressure (3.6 MPa). Once again spherical parent particles are
observed with surface decorated nanofeatures (Figure 11, top). The bottom image of
Figure 11 shows the nanofeatures in detail, which are consistent with the larger
spherical nanofeatures observed in the lower pressure ignition experiment. At this
elevated pressure we did not observe the fine nanofeatures. This is consistent with
higher pressures having higher adiabatic flame temperatures, which leads to more
sintering in the fine particles.
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Small Nanofeatures

Figure 10 Aluminum hydride particles captured post combustion (0.101 MPa) (top: particle with two types of
nanofeatures; bottom: zoomed-in image of particle showing two types of nanofeatures).

Discussion

The fact that the ignition temperature is more or less constant above about 0.4 MPa
suggests that the temperature at which hydrogen is released is independent of pressure.
The average ignition temperature, shown in Figure 5, above 0.4 MPa is 760 K, which is in
reasonable agreement with our previous study (Young et al., 2010a) under vacuum
conditions, where we found that the hydrogen release temperature for a heating rate of
~ 1 x 10° K/s was about 720 K. We previously established that the dehydrogenation
process of aluminum hydride is transport limited (Young et al., 2010a) at high tempera-
tures and heating rates. Once chemical bond dissociation takes place a simple analysis
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Figure 11 Aluminum hydride particles captured post combustion (3.6 MPa) (top: parent particle with attached
nanofeatures; bottom: zoomed-in image showing nanofeatures).

reveals that there would be no further transport barrier to the dehydrogenation process
under the conditions tested in this study. If one considers a 20-pm particle, which contains
10% by mass hydrogen, the calculated pressure of the gas occupying a 20-pum particle is
on the order of hundreds of MPa. This is at least two orders of magnitude higher than the
operating pressures considered in this study, and therefore one should not expect any
dependence on pressure for the dehydrogenation process.

Ordinarily one would not expect the ignition temperature of solid particles to be
affected by pressure since pressure mainly effects gas phase ignition and kinetics.
However, in the case of metal hydrides, after decomposition, hydrogen is available for
reaction and subjected to effects of pressure. Ignitability of hydrogen is enhanced with
increasing pressure, meaning temperature requirements are reduced (Hu et al., 2009;
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Kruetz and Law, 1996; Lewis and Von Elbe, 1987; Zheng and Law, 2004). In addition,
under appropriate conditions, explosion of hydrogen gas with oxygen or air becomes more
likely at increased pressure (Hu et al., 2009; Kruetz and Law, 1996; Lewis and Von Elbe,
1987; Zheng and Law, 2004). The initial decrease in ignition temperature of aluminum
hydride can be explained by the increased ignitability of hydrogen at elevated pressures up
to 0.4 MPa. The constant ignition temperature above 0.4 MPa can have two possible
explanations. First, the kinetics of the Hy/air reaction may be faster than the resolution of
our diagnostics, such that any differences are negligible. The second possibility is that the
explosion limits of the H,/O, reaction may have been reached. In either case, after
dehydrogenation, there is a very minimal delay before the reaction of hydrogen/air occurs
resulting in a constant ignition temperature over a wide range of pressures. The emission
traces shown in Figure 4 and the gaseous structures observed in the shadowgraph images
of Figure 9 further substantiate that the reaction kinetics increase significantly once a
pressure threshold is reached. In fact, these two behaviors were observed to coincide
suggesting a shift in reaction mechanism.

Both high speed imaging and the quenched particles shown in Figures 10 and 11
provide evidence of droplet burning and gas-phase combustion with many similarities to
micrometer-scale aluminum combustion. Detached diffusion flames could be seen surround-
ing the particles and nanofeatures were observed in the quenched particles. The nanofeatures
are a result of condensation from gas phase combustion. Although not shown, energy
dispersive X-ray spectroscopy (EDX) analysis was conducted on both the large parent (greater
than 1 pm) particles and the nanofeatures, which confirmed the presence of aluminum and
oxygen suggesting that the particles contained at least some portion of aluminum oxide. No
nitrogen was detected in the EDX analysis although it has been observed by other researchers
(I’in et al., 2001) investigating aluminum hydride combustion in air.

CONCLUSIONS

The effects of pressure on the ignition behavior of aluminum hydride in air were
examined at heating rates of 1 x 10> K/s for pressures ranging from atmospheric to about 7
MPa. We find that ignition temperature was approximately linearly dependent on pressure
from atmospheric conditions to about 0.4 MPa. Above 0.4 MPa the ignition temperature
was approximately constant with an average value of 760 K. This result suggests that the
dehydrogenation process of aluminum hydride is independent of pressure under the
conditions tested. In fact, this average ignition temperature is only 40 K higher than the
previously established dehydrogenation temperature of aluminum hydride under vacuum
conditions at this heating rate.

A transition in ignition behavior was observed coinciding with the constant ignition
temperature regime above 0.4 MPa. Broadband light emission transitioned from very
smooth broad behavior to very sharp and abrupt behavior suggesting a rapid change in
mechanistic behavior. At the same time, shadowgraph high-speed imaging showed a very
distinct change in gaseous behavior in the form of well-defined density gradients above
0.4 MPa. These two results, along with a constant ignition temperature over a large range
of pressure, suggest two possibilities: (1) kinetic behavior became faster than the diag-
nostics used, or (2) autoignition or even explosion of Hy/air mixtures was occurring during
the ignition process.

Finally, once the aluminum component of the aluminum hydride was visibly ignited,
it demonstrated many of the same features, which have been observed with traditional
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aluminum combustion. For instance, detached diffusion flames were observed with indi-
vidual particles; spinning, jetting, smoke trails, and even particle fragmentation or explo-
sion were all observed with high speed imaging. Post-mortem inspection of quenched
particles also verified gas phase combustion with the presence of nanofeatures, which were
clearly a result of condensation from the gas phase.
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