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Abstract

The heterogeneous interaction between nitromethane (NM),
particles of nanoscale aluminum (38 and 80 nm diameter), and
fumed silica is examined in terms of the deflagration and
detonation characteristics. Burning rates are quantified as func-
tions of pressure using an optical pressure vessel up to 14.2 MPa,
while detonation structure is characterized in terms of failure
diameter. Nitromethane is gelled using fumed silica (CAB-O-
SIL®), as well as by the nanoaluminum particles themselves. Use
of nanoaluminum particles with fumed silica slightly increases
burning rates compared to the use of larger diameter Al particles;
however distinct increases in burning rates are found when CAB-
O-SIL is removed and replaced with more energetic aluminum
nanoparticles, whose high surface area allows them to also act as
the gellant. Mixtures including fumed silica yield a reduced
burning rate pressure exponent compared to neat NM, while
mixtures of aluminum particles alone show a significant increase.
Failure diameters of mixture detonations are found to vary
significantly as a function of 38 nm aluminum particle loading,
reducing more than 50% from that of neat nitromethane with
12.5% (by mass) aluminum loading. Failure diameter results
indicate a relative minimum with respect to particle separation (%
loading) which is not observed in other heterogeneous mixtures.

Keywords:  Burning  Rate,
Nanoaluminum, Nitromethane

Deflagration,  Detonation,
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1 Introduction

Nitromethane (NM) is a highly energetic, detonatable,
liquid organic nitro compound (CH;NO,) which may be
used as a monopropellant, a bipropellant component, or a
high explosive. The non-toxic nature of NM, energy content,
low viscosity, ease of manufacture, and handling make it an
interesting prospect for present and future propulsion and
explosive technologies. Although NM has long been iden-
tified as a monopropellant [1, 2], interest in NM has been
stagnant until the last decade [3 — 8] as toxic propellants such
as hydrazine are replaced with non-toxic alternatives. As
with many liquid mono- and bi-propellants currently in use,
or under development, there is interest in improving
handling characteristics and energy content by adding a
gellant and/or metallic particles. Gelled metallized propel-
lants have long attracted attention from the space explora-
tion and defense communities in search of improved
propulsion systems with increased safety and energy density
[9]. Gelled propellants share some of the advantageous
properties of both liquid and solid propellants. The gelling of
liquid mono- and bi-propellants reduces risk of leakages
while maintaining their ability to be pumped and throttled,
unlike solid propellants. Gelled propellants are generally
less sensitive to impact, friction, and electrostatic discharge
than solid propellants. Additionally, propellant cracks are a
major concern in solid propellants, but are not an issue with
gels. From a performance standpoint, gelled propellants
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offer high specific and density impulses, which are compa-
rable to liquid systems; however, performance may be
increased with more energetic materials such as metal
particles.

Energy densities of propellants are increased with the
addition of metals such as aluminum (Al), which also
increase burning rate, due to the exothermic Al oxidation
reaction. With the development of nanoparticle manufac-
turing technologies, researchers have found that burning
rates of propellants may be increased further with the use of
nanoscale particles [10]. Micron-sized particles, which are
used in the majority of metallized propellants, demand
longer combustion times for complete combustion and
require higher ignition temperatures than smaller nanosized
particles. Nanoparticles are desirable since they offer
shortened ignition delay, decreased burning times, more
complete combustion, higher specific surface area, and the
ability to act as gelling agents for liquids, replacing tradi-
tionally used low energy gelling agents such as fumed silica
(SiO,). Due to the decreased ignition delay and burning
times, nanoparticle reactions contribute more efficiently
within the primary reaction zone of liquid propellants,
feeding more energy back to the propellant surface,
increasing reaction and burning rates of the propellant
compared to larger scale metal particles.

The history of experimental and theoretical research of
metallized gelled propellants dates back decades, with most
of the work devoted to aerospace applications [9, 11]. Much
of the work began in the 1950s and 1960s with the study of
slurry fuels with various metals. In the 1970s, hydrocarbons,
hydrazine derivatives, and inhibited red fuming nitric acid
(IRFNA) began to be studied. The majority of the work
involving metallized gelled propellants in the last decade
and a half has been devoted to bi-propellant systems [12 -
14], and very few of these studies have involved using
nanoscale particles (d, <100 nm) [15]. Recent work has
been completed involving the study of metallized gelled
nitromethane (NM), using ultra fine aluminum particles
(ALEX) from Argonide Corp. (Sanford, FL) and 5 pm
diameter particles [16]. Although particle size distribution
of the ALEX powders was not given, generally they are
found to have a relatively large size distribution and a
nominal particle diameter greater than 100 nm [17]. Weiser
etal. [16] completed theoretical calculations of specific
impulse and equilibrium flame temperature, and experi-
mental measurements of flame structure, temperature
distribution, and burning rates up to 13 MPa. All mixtures
were gelled using Aerosil® 200, which is a commercially
available fumed silica. Using 5% Aerosil and ALEX
particle loadings of 5 and 10%, burning rates of ~4 and
5 mm s~! were found at the highest pressure studied (~ 12—
13 MPa). Although not stated directly by Weiser et al., it is
assumed that the ALEX particle loading is inclusive of oxide
coating. From the theoretical calculations, it was determined
that flame temperatures (confirmed from experiments) and
specific impulse may be increased with aluminum addition
to gelled NM. However, above ~5% Al, specific impulse
begins to decrease with further loading. In a separate report,
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Louaze et al. [18] looked at both the burning rate and flame
temperature effects of Aerosil 200 (5, 6, 8 % loading) by
itself. Their results showed reductions in mixture burning
rates and an increase in pressure dependence with the
addition of gelling agent; however the latter result was not
conclusive given the uncertainty in the data.

Detonation characteristics of highly energetic heteroge-
neous mixtures are important from a safety aspect and to the
design of future weapon systems. The failure diameter is
used as a measure of the ideality of an explosive and is
related to the reaction zone length [19] and is a function of
many variables. It is known that the addition of an inert
material, e.g., glass micro-balloons, has a pronounced effect
on the failure diameter of liquid explosives [20]. These inert
particles introduce inhomogeneities which produce local-
ized heating (“hot spots™) as opposed to a homogeneous one
[21]. This difference results in a very different behavior
when measuring the detonation velocity as a function of
failure diameter. Heterogeneous materials have large
reductions in velocity before failure, while homogeneous
explosives have very small deficits. It has been shown that
the effect of the added material is a result of a physical effect
(local shock heating) rather than a chemical effect (e.g., a
surface catalyzed chemical reaction) [22].

The effect of the added inclusions on failure diameter is a
function of both the particle density and mixture fraction
(and thus the intra-particle spacing) and the bead diameter.
If a reactive material is added, rather than an inert material,
then one might expect both physical and chemical effects. It
is known that the addition of aluminum to explosives
increases bubble energies in underwater weapons, raises
reaction temperatures, and creates incendiary effects.
However, when the particles are large with respect to the
reaction zone length, much of the added metal is not
consumed in the reaction zone, which yields longer burning
times, higher ignition temperatures, and delays. Most of the
reaction occurs late in the process, and thus does not
contribute directly to the detonation energy. It has been
postulated that by incorporating nanoscale metals, the Al
reaction will occur in the reaction zone, thus directly feeding
energy into the propagating shock wave, and dramatically
enhancing detonation performance. The results to date
however have been mixed. Brousseau et al. [23] found that
nanoaluminum (nAl), 100-200 nm in diameter, did not
increase the velocity of detonation for a range of plastic-
bonded explosives, and in some cases actually decreased
performance. However, they found that even if the perfor-
mance was decreased, in at least one case, the heat of
detonation was increased. They also found that when using
TNT, nAl increased both the heat of detonation and the
detonation velocity, particularly at charge diameters close to
the critical diameter, and importantly the failure diameter
decreased [23]. LeFrancois et al. [24] found similar results
for plastic bonded explosives (100 nm Al) and ascribe the
lack of improvement to the large fraction of the Al particle
that is present as aluminum oxide. However, they did find
that energy release is much better for the explosive
containing nAl, which was also found by other workers.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Due to the large specific surface area of the aluminum
nanoparticles used, they can simultaneously act as a gelling
agent. In this study, NM was gelled with traditionally used
fumed silica, as well as solely by the passivated Al particles.
The purpose of the current study was to explore the effect of
nanoscale metallic particle addition on the combustion
characteristics of a liquid monopropellant or explosive, from
both a detonation and deflagration perspective. These
deflagration and detonation experiments were designed to
be an initial survey that when coupled together would
provide the basis for more in-depth work to examine effects
such as particle size and reaction zone length as well. The
reaction zone length of NM detonation has been reported to
range between 35 [25] and 200 um [26], depending on the
confinement and other factors, while NM deflagration
reaction zone thicknesses have been determined to vary
from 900 to 200 um, at 3 and 15 MPa, respectively, using a
detailed model and reaction mechanism [7].

2 Experimental Approach

The effects of the addition of nanoscale aluminum
particles to NM were studied in both deflagration and
detonation combustion modes in order to determine if, by
reducing the size of the Al to the sub-100 nm scale, a positive
effect would be obtained. In the deflagration study, burning
rates were determined using a large, nearly constant
pressure windowed vessel, while detonation characteristics
were determined using a conically shaped test fixture to
evaluate critical failure diameters.

2.1 Deflagration Study

Over the course of this study two different aluminum
nanoparticles were used. The first were 38 nm average
diameter particles produced by Technanogy, L.L.C. (~54%
active Al, 54m* g!), the second were 80 nm average
diameter particles produced by NovaCentrix, Corp. (for-
merly Nanotechnogies, Inc., ~81% active Al, 26 m* g™').
The fumed silicon oxide (CAB-O-SIL® TS-720) used was
produced by Cabot Corporation and was treated with a
dimethyl silicone fluid to increase hydrophobicity, and had a
specific surface area of 115 m* g~' (BET).

Constituents were measured into small polyethylene bags
beginning with all dry components. Mixture weight meas-
urements were made using a Mettler-Toledo analytical
balance (AB265-S) with a resolution as low as 0.01 mg.
After thoroughly mixing by hand, or in some cases an
ultrasonic bath (e.g., low particle concentrations), mixtures
were immediately loaded in 10 mm OD (8 mm ID) quartz
tubes ~70 mm long which are capped at one end. Depend-
ing on the mixture consistency, a 100 cm® syringe, equipped
with varying gauges of long hypodermic needles, was
employed to load the tube. The syringe allowed for the
gel-like mixtures to be loaded with minimal air pockets.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.pep.wiley-vch.de

After loading the quartz tubes, air bubbles were removed
using vibration and the sample was weighed and measured
so that packing density could be determined.

The burning rates of the NM/nAl/CAB-O-SIL mixtures
were obtained using an optical pressure vessel (i.e., win-
dowed chamber) under well-controlled operating condi-
tions. The chamber, constructed from 316 stainless steel, is
equipped with four optical viewing ports and has a total free
volume of 23 1 to minimize the pressure variation caused by
the generation of gaseous combustion products during an
experiment. The optical chamber was brought to the desired
initial pressure using argon as the pressurant gas by
regulating the inlet and exhaust valves. The continuous
purge of argon kept the product gases free from the viewing
area. One of the optical viewing ports was backlit using an
optical diffuser. The opposite viewing port of the diffuser
was used for real-time recording of the burning process with
a digital video camera.

The instantaneous pressure was monitored using a Setra
206 pressure transducer. Ignition was obtained by resistance
heating either a coiled nichrome wire or a double base
booster propellant (NOSOL 363) threaded onto a nichrome
wire. Ignition sans propellant was preferred since it was
found that the combustion process reaches steady-state
quicker; however at low pressure and aluminum loading it
was found that the booster was required for ignition. A
Nicolet Genesis data acquisition system was used to record
the pressure transducer output at a sampling rate of
1000 Hz. The position and time of the regressing luminous
front were tracked using the video recorder. From these
data, the linear burning rate (r,) was determined using a
curve fit to position vs. time plot, and mass burning rate per
unit area was determined by multiplying by the packing
density (m,=0-r,). Further details of the strand burner
setup may be found in Risha et al. [27].

2.2 Detonation Study

In order to minimize the number of experiments, a conical
confinement was used to determine the critical diameter.
This method has been used in the past with good results [28,
29]. However, with non-ideal explosives in particular,
overdriven detonation processes result in a lower measured
failure diameter compared to experiments performed with a
constant diameter. Overdriven detonations occur when
maximum properties predicted by the Chapman —Jouguet
theory are exceeded due to upstream pressures.

All constituents used in failure diameter studies are
equivalent to those in the burning rate tests. We experi-
mented with gelling the NM with the addition of 3% by
weight of the TS-720 fumed silica to keep the aluminum in
suspension. However, we found that the silica had an effect
on the failure diameter on its own, and thus we used neat
NM and mixed the 38 nm aluminum and initiated the
detonation within 5 min to minimize the settling. The
mixture was poured into a thin-walled Mylar® cone which
was placed against a steel witness plate to determine critical
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diameter. The mixture was stirred with a long, thin rod as it
was poured into the cone to agitate any bubbles to the top.

The cones were made of 0.127 mm thick optically clear
Mylar glued together with a 100%-methyl cyanoacrylate
(Permabond 910) adhesive. The Mylar film was chosen to
minimize the amount of confinement. The cone diameter
ranged from 30 mm at the top to 2 mm at the base over a
distance of 48.3 cm. Glued to the top of the cone, also with
Permabond 910, was a 10.2 cm, 30 mm diameter cylinder
(Figure 1) to allow for the development of a steady-state
detonation wave. After the mixtures were poured into the
cones, a 1.6 mm piece of aluminum sheet was placed over the
opening so that the booster was not in direct contact with the
NM. A 37 g, 30 mm diameter PBX-9501 booster was glued
to aluminum sheet, which was in turn initiated with a
standard #8 non-electric detonator. The temperature of the
liquid was controlled during the experiments to between
19.0 and 28.4 °C. The temperature was monitored by placing
a thermocouple at the top of the cylindrical section, directly
into the liquid. As the detonation propagated, it left a
roughened section on the witness plate. The point at which
the detonation ended was inferred to be the failure
diameter.

3 Results and Discussion
3.1 Deflagration Study

Linear and mass burning rate testing included the use of
CAB-O-SIL as a gellant due to its high surface area and
chain-like structure, making it an excellent thixotrope.
However, since the CAB-O-SIL used is primarily made of
silica (Si0,), which lowers the energy density of the mixture,

Detonator

Booster

Al Sheet
_\\— 4" Long
Cylindrical
Section

|_— 19" Long
Cone

Figure 1. Schematic of cone used to determine failure diameter
(not drawn to scale).
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38 nm Al was used by itself as well, acting as a gellant and
significantly increasing energy content of mixture. Although
the rheological behavior is not known for NM-nAl
mixtures, previous studies of NM and nanoparticles of
SiO, have shown a shear thinning behavior with yield stress
[30].

In order to develop an understanding of the effects of the
CAB-O-SIL/NM mixtures alone, initial testing was com-
pleted to explore the effect of particle loading on burning
rate (Figure 2). Captured images of the burning process for
two separate mixtures are illustrated in Figure 3. As in the
detonation study, Figure 2 demonstrates that small addi-
tions of the oxide gellant (i.e., up to 4—5 wt.-%) affect the
combustion process on its own, increasing the burning rates
in this case. This would indicate that the heterogeneous
interaction between the high surface area particles and NM
increases the heat transfer coupling between the condensed

0.14

7 013} ++H_ ]
5 012} + + ]
Q

5 0‘11'{- % + ]
o 01f + 3
£

c

£ o009} .
L 0.08f P, _=4.28+-0.05MPa ]
© AVE

£ 007}, pure NM~0.10 s %
I

0.06 ! I 1 1

0] 2 4 6 8 10
% CAB-O-SIL [mass]

Figure 2. Constant pressure linear burning rate as a function of
fumed silica addition.

6 Second Intervals

7% CAB-O-SIL / Nitromethane

ave’

Pave= 4.29 MPa
¥

s

4 Sec. Intervals Bk
Pae=4.26 MPa 4% Al/ 3% CAB-O-SIL / Nitromethane D, =38 nm

ave

Figure 3. Captured images of deflagration processes.
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and gas phases, or affects reaction of the NM itself, such as a
possible catalytic effect, enhanced by the extremely high
surface area. It can also be expected to affect the thermal
diffusivity which would affect burning rate. At higher CAB-
O-SIL particle concentrations burning rates are decreased
due to lower energy densities (or flame temperature). The
latter effect was also observed by Louaze et al. [18], as were
long cinders created by coalesced molten silica during the
combustion process (Figure 4).

The energetics of the mixtures studied are shown in
Table 1. The heat of reaction (AH geueion) Of €ach individual
system is calculated assuming the reaction given in Eq. (1).
Equilibrium compositions and mixture enthalpies were
calculated using NASA Chemical Equilibrium with Appli-
cations (CEA) software [31], assuming a temperature and
pressure of 298 K and 1 atm. The diluting effects of the silica
are confirmed, as are the enhancing effects of the aluminum.

aCH,NO, + bAl + cALO; + dSiO,
+yH,0 + zH, (1)

Figure 5 illustrates the results of the burning rates of three
different mixtures studied here as a function of pressure.
Only the 12.5% 38 nm Al mixture and 4% 38 nm Al/3%
CAB-O-SIL mixture may be considered gel-like. The
mixture containing the 80 nm particles was much less
viscous due to the lower specific area of the particles
compared to the 38 nm particles. For comparison, linear
burning rates of NM without any additives are shown. Using
the burning rate equations developed from the data, which

9% CAB-O-SIL

7% CAB-O-SIL

6% CAB-O-SIL

5% CAB-O-SIL

Figure 4. Combustion products of NM and CAB-O-SIL mix-
tures.

Table 1. Combustion energetics of mixtures.

[ —~— 100% Nitromethane (p = 1.138 g/cm®) ]
™ 4% 80-nm Al - 3% Cab-O-Sil (p_ = 1.182 glem®) |
|""O= 4% 38-nm Al - 3% Cab-O-Sil (p, = 1.176 g/cmz)y’
) ¥ 12,50 38nm Al (p, = 1320 glem®)
é 1| & 5%ALEX-5% Aerosil 200 ¥ |
— (Weiser et al. 2005) &1
L ¥ S
= .
n'd
o)}
£
c
—
3
o
|
o 0.1 P .
< _ AL~ —rblemis]=00162*P'® ]
- L — rb [cm/s] = 0.0478 * P*¥7 ]|
** T rb[emis] = 0.0387 * P12 ]
""""" b [em/s] = 0.0408 * P |
L L L L \ L L |
2 3 4 5 6 7 8910 15

Chamber Pressure [MPa]

Figure 5. Linear burning rates of various mixtures of NM with
nAl particles and fumed silica as a function of pressure (the pure
NM case is shown for comparison).

are presented in Figure 5, at a pressure of 5 MPa, the
burning rate of pure NM is increased by factors of 2.29 and
3.89 with 4% 38 nm Al (3% CAB-O-SIL) and 12.5% 38 nm
Al additions, respectively. In the lower half of the pressure
range considered there is little to no difference between the
use of 38 and 80 nm diameter particles. Given the burning
rates of these mixtures, differences in individual particle
burning times between the 38 and 80 nm particles, described
by the d*law of diffusion flame theory (fyq < d,”) and the
d'-law for kinetically limited combustion (f,,, < d,) [32], as
well as differences in ignition delays and reaction energetics,
are not enough to significantly affect burning rates. It should
be noted that all mixture percentages are on a mass basis,
and all aluminum loadings are exclusive of the oxide coating
(i.e., a 12.5% 38 nm Al mixture contains 77% NM and
10.5% Al,O3). For this reason the 38 nm particle mixtures
contain more alumina than the 80 nm Al particle mixtures.
The effects of this on the reaction energetics are shown in
Table 1. However, based on the data in Figures 2 and 6, this

% Al % SiO, Al Particle Size, nm (% AlLOs3) AH geacion, (KJ/gm) % Deviation from Pure NM
0 0 - —-4.59 -

0 3 - —4.45 —-3.1

1 3 38 (0.84) —453 ~15

1 3 80 (0.23) —455 ~0.9

4 3 38 (3.37) —4.73 +29

4 3 80 (0.94) —4.84 +52

10 3 38 (8.42) ~5.19 +11.6

10 3 80 (2.35) —5.42 +153

12.5 0 38 (10.5) —5.45 +15.8
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difference is not believed to affect burning rates appreciably,
and differences in burning rates are attributed more to the
particle ignition and burning times. The slight increase in
burning rate at higher pressure with decreased particle
diameter is ascribed to the reduced flame zone thickness,
which reduces the energy contribution of the larger Al
particle reactions because of the longer burning time and
reduced residence time. Over the range of pressures studied,
the predicted combustion zone thickness of NM is reduced
by a factor of ~4.5 [7].

For comparison, results from Weiser et al. [16] are shown
in Figure 5 as well. The Weiser et al. data were obtained
using mixtures of 5% ALEX particles and 5% Aerosil 200.
This mixture is similar to the 38 and 80 nm CAB-O-SIL
mixtures of this study in terms of constituent concentrations.
Again, an increase in burning rate is observed with the use of
the smaller particles, particularly at high pressures. These
results may be explained using the same interpretation as
discussed above. Interestingly, if the pure NM data are
extrapolated to higher pressures there is little to no differ-
ence between the data of Weiser et al. [16], and the pure NM
data. This trend may result from the inert gellant addition,
which acts as a heat sink and changes phase (i.e., melts)
during reaction. In all cases where fumed silica is used the
burning rate pressure exponents are less than the pure NM
case. The lowest pressure exponent, assuming a power law
fit to the Weiser et al. data, occurs with the greatest silica
loading. The greatest pressure exponent occurred with
12.5% aluminum loading with no CAB-O-SIL present.

When treated separately, the 4% Al and 3% silica
mixtures have two effects. Although the silica acts as a
diluent, as Figure 2 shows, burning rates are increased at low
concentrations. The aluminum increases the energy content
of the system, yielding higher flame temperatures. The small
diameter Al nanoparticles contribute to reactions occurring
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Figure 6. Mass burning rates per unit area of mixtures of NM
with 38 and 80 nm Al particles with a constant 3% CAB-O-SIL
loading as a function of Al concentration.
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near the surface as well, increasing the temperature gradient
and thus burning rates. Equilibrium predictions, as well as
spectroscopic studies indicate that the disparity between
neat NM and nAl/NM flame temperatures increases with
pressure, which leads to the hypothesis that pressure
exponents should increase with Al addition, as seen with
the 12.5% Al mixture. When effects of the aluminum and
silica particles are combined, the reduction in pressure
dependence with these mixtures indicates that the silica
alone drives the pressure dependence lower. This may imply
that the burning rate pressure exponent of other liquid
propellants may be reduced with inert particle addition as
well. The mechanism for this may be attributable to a
catalytic effect or a physical “flame holding” effect where
the gas phase flame is stabilized closer to the surface by
solids collecting in the products.

In each case considered above, the effect of aluminum
loading was considered as well. At a nominal chamber
pressure of ~4.3 MPa (625 psi), burning rates were deter-
mined as a function of Al concentration (Figures 6 and 7). In
Figure 6, a constant CAB-O-SIL loading of 3% (wt.-% of
total mixture) is used while varying the aluminum loading
up to ~10%. For comparison, and to determine effects of
aluminum oxide, which is present in large quantities on
nanoscale aluminum particles, burning rates of mixtures
with pure aluminum oxide are presented as well. Larger
aluminum concentrations were not used since the mixture
became very thick and clay-like, making loading the quartz
sample tube without cracks and air pockets extremely
difficult. The plot shows that the smaller Al particles
produce greater burning rates, particularly at larger con-
centrations. As previously indicated, the smaller particles
are reacting more efficiently within the flame zone, and
contributing more energy to the combustion process.
Though there is scatter in the data, it appears as if mass
burning rate per unit area exhibits a linear relationship with
Al loading. Figure 7 illustrates the effect of aluminum
concentration using the 38 nm particles while using no
gelling agent. The trends in Figure 6 display noticeable
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Figure 7. Linear and mass burning rates of mixtures of 38 nm Al
particles and NM as a function of Al loading.
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differences with that of Figure 7, although a larger range of
Al concentrations was studied without the CAB-O-SIL
addition. In Figure 7, a linear relationship exists up to 5% Al
loading. Above this concentration, the burning rate is less
dependent on Al loading until ~13%. For Al loadings
greater than 13%, the burning rate increases significantly.
The rapid increase above 13% corresponds with a change in
mixture consistency from a gel-like to clay-like substance.
This results in burning that may not be planar.

As a caveat, long-term particle dispersion is a practical
concern at low concentrations of aluminum particles and
CAB-O-SIL. In some cases, even when using an ultrasonic
bath, significant settling of the mixture may occur. Strat-
ification of aluminum and 3% CAB-O-SIL mixtures was not
seen in the time between sample preparation and testing;
however, without CAB-O-SIL use, stratification was evi-
dent with mixtures below 10% aluminum loading.

3.2 Detonation Study

Figure 8 shows the results of the critical failure diameter
study of 38 nm Al and NM mixtures. A common temper-
ature base was obtained by correcting the failure diameter
by 0.25 mm/°C to account for the effect of temperature [33].
There is a precipitous drop at approximately 9% Al, with
very little effect from 0 to 8%, and a gradual rise from 9%. It
is useful to examine the results in a different way using the
intra-particle spacing (Eq. (2)) instead of concentration.
The results are plotted in Figure 9 along with data from two
other studies using inert glass micro-balloons [20, 25]. R is
the particle radius, g, is the particle density, W, is the weight
fraction of particles, and o is the density of the mixture.

1/3

(2)

47[R3Qg(WgQ)1:|
3

Several studies have examined the effect of nAl on
detonation performance, but unfortunately as indicated
earlier, the results are somewhat ambiguous. Results
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Figure 8. Failure diameter of NM as a function of 38 nm Al
concentration.
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Figure 9. Comparison of NM critical diameter as a function of
particle size and concentration. This study used Al, while the
other two used glass micro-balloons.

depend strongly on the diameter of the charge, the confine-
ment, the homogeneity of the explosive, reaction zone
thickness, particle shape, and size distribution among others
that may have not yet been identified. Clearly the addition
of Al has similar effects to those found with glass micro
balloons. The initial slopes found in Figure 9 are similar
among all the different particle sizes. However, our results
with aluminum show a minimum while the others do not.
The data of Presles et al. [20] show an indication of one, but
they did not go high enough in density to have it fully
described. Certainly, as the number of particles is increased,
the failure diameter must increase, just by dilution effects.

We have demonstrated that the addition of 38 nm
aluminum does indeed have a significant effect on the
failure diameter; however it appears that the chemical
oxidation process is not contributing appreciably to the
mechanism driving the detonation; most likely the reaction
zone and residence times are too short. Theoretical calcu-
lations of the detonation energies using CHEETAH 4.0
software [34] predict a linear increase with aluminum
particle addition (Table 2). At 4% 38 nm aluminum particle
loading, the thermal detonation energy increases nearly
20%, while the mechanical energy increases by ~7%
compared to pure NM. The fact that chemically inactive
additives behave similar to reactive particles supports the
conclusion that reaction zones are too thin for the aluminum
to make appreciable chemical contribution to the detona-
tion process. Additionally, although detonation energies are
predicted to increase linearly with Al addition, the failure
diameter is highly nonlinear with concentration, again
implying that physical rather than chemical interactions
are significantly affecting the detonation processes. Using
an addition of diethylene triamine or diluants we could
adjust the reaction zone thickness independently and repeat
the experiments in order to begin to quantify its effect and
this is suggested for future work.
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Table 2. Theoretical detonation energies.

% Al % AlO4 Density Thermal detonation Mechanical detonation Total detonation
(g/cm?) energy (kJ/cm?) energy (kJ/cm?®) energy (kJ/cm?)

0 0 1.14 —1.68 —6.07 =175

4 337 1.20 —2.00 —6.50 —8.50

8 6.73 1.26 —-2.41 —-6.91 -9.32

16 13.5 1.40 -3.30 -17.73 -11.0

4 Conclusions

The deflagration burning rates and detonation critical
diameters of NM, metallized with aluminum nanoparticles,
illustrate how nanoscale energetic materials may influence
combustion processes. The use of metallic nanoparticles to
alter liquid propellant energy densities and handling
characteristics are described. Linear and mass burning rates
of NM gelled with CAB-O-SIL are increased with alumi-
num particle addition. Rates are further increased with the
use of smaller particles, particularly at high pressures where
reaction zone thickness is reduced, decreasing the time
available for particle burning to contribute flame propaga-
tion. Aluminum particles demonstrated the possibility of
acting as a gelling agent, removing much, if not all need for
non-energetic gellants, such as fumed silica or other oxides.
Removing CAB-O-SIL gellant and replacing with alumi-
num allows for much higher metal loading while maintain-
ing a gel-like consistency, increasing energy densities,
burning rates, and pressure sensitivity. Additionally, inert
fumed silica addition appears to reduce the burning rate
pressure exponent, producing lower pressure sensitivity.
Although detonation processes were affected significantly,
additions of energetic nanoaluminum particles did not
decrease critical failure diameters below levels obtainable
using inert particles of larger diameter. The results indicate
that detonation reaction zones and time scales are too small
for the exothermic nanoparticle reactions to significantly
contribute to the detonation process but the particles can
induce localized heating (“hot spots™). Primary causes for
the reduced failure diameters are therefore attributed to
physical effects due to the state dependence of heat release
of the heterogeneous mixtures.

In both the detonation and deflagration modes, the
significance of reaction zone and particle diameter length
scale is emphasized. More information regarding the
matching of these scales is needed in order to tailor future
propellant and explosive systems.
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