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Several composite propellant mixtures of hydroxyl-terminated polybutadiene, ammonium perchlorate, and

aluminumwere prepared with and without the addition of small percentages of nanoscale aluminum and tested in a

strandburner at pressures up to 34.5MPa. The effect ofmonomodal versus bimodal ammoniumperchlorate particle

size, coarse aluminum particle size, nano aluminum particle size, and coarse-to-fine ratios on burning rate and

manufacturability were explored. A significant conclusion of the present study is that the addition of nanoscale

aluminum does not always ensure an increase in the propellant’s burning rate when produced using conventional

methods. It was observed that over the range of mixtures and pressures explored, a bimodal oxidizer is required for

the nanoscale aluminum to affect the burning rate, and that a monomodal oxidizer tended to nullify any influence of

the nanoscale aluminum. In some cases, the addition of nanosized aluminum decreased the burning rate. The level of

burning-rate increase or decrease depended on the bimodal ormonomodal ammoniumperchlorate particle sizes, the

coarse aluminum particle size, and the pressure range.

Introduction

NANOPARTICLES are being considered in many aerospace
propulsion applications, due in large part to their high surface-

to-volume ratio and high reactivity. Nanoscale Al, sometimes
referred to as ultrafineAl, is of special interest in applications ranging
from hybrid rocket motor additives [1,2] to the main fuel source in
Mars-based engines [3]. The topic of the present study is the use of
nanoscale Al in hydroxyl-terminated polybutadiene and ammonium
perchlorate (HTPB/AP)-based composite solid rocket propellants.
Several studies indicate that a significant increase in burning rate is
possible when some or all of the traditional micron-scale Al in
metallized composite propellants is replaced by nanoparticles [4].

The activity of Al particle combustion in composite propellants
has been a topic of focus for over four decades, starting with such
works as those done by Crump et al. [5]. For example, particle size
has been seen to have an impact on the acoustics within a solid rocket
motor [6,7] and, as summarized by Waesche [8], aluminum particle
size can play a role combustion instability. Also important to
combustion instability is the characteristic of the leading-edge flame
[9], which can be altered by the presence of aluminum particles.
Through other past studies, it has been seen that the particle size can

also have a large effect on the combustion temperature and flame
structure of the Al particle [10].

Several recent works have produced strong theories explaining the
mechanisms associated with nanoscale Al. These theories agree on
one key aspect: nanoscale Al ignites and releases energy closer to the
propellant burning surface than its micron-scale counterpart. Unless
specially treated, all particles of Al have an oxide coating (Al2O3),
which melts at 2047�C versus the 660�C melting temperature of Al.
When the pureAl core ismelted, it expands 6% involume; one theory
proposes that this expansion is not strong enough to break theAl2O3

coating onmicron-sized particles but is sufficient enough to break the
coating on Al nanoparticles. This ability allows the particle to crack
the oxide coating earlier, thus burning closer to the surface. This
process is best described in detail byDokhan et al. [11]. Other works,
such as Mullen and Brewster’s [12], have shown that this Al2O3

cracking in micron-scale particles can cause significantly large Al
agglomerations. It has also been suggested by Mench et al. [13] that
another factor in the success of nanoscaleAl is the enormous increase
in Al-to-binder contact area due to the high surface-to-volume ratio
of the Al nanoparticles. This increase in surface area leads to an
increase in heat transfer (as well as other factors), because the nano-
particles heat up to their melting temperature much more quickly
than micron-scale particles.

By using a high-speed camera (1000 frames/second), Dokhan
et al. [14] were able to view an intense brightness on the burning
surface of the propellant that is only existent with the use of
nanoscale Al. This photographic evidence strongly supports the
theory regarding Al ignition near the burning surface. In their series
of tests, nanoscale Al was shown to increase the burning rate over
twofold when used as the entire Al content. The effect of the oxidizer
on the burning of nanoscale Al was also explored. In another study,
Dokhan et al. [15] collected the exhaust particles of the propellant
and observed in the experiment that when the oxidizer contains
82:5 �m AP particles, there is a severe decrease in the quantity of
large exhaust particles. This reduction may indicate a more efficient
burning of the larger Al or a decline of Al agglomeration. At
Valcartier in Canada, Lessard et al. [16] have shown drastic increases
in burning rates by introducing nanoscaleAl at amaximumof 20%of
the total Al content. Theywere also able to produce a plateau effect in
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the 10.34–15.17 MPa pressure range with a propellant containing
nanoscale Al. As first observed by Dokhan et al. [17], nanoscale Al
can lead to enhanced heat feedback near the surface, due to increased
radiation heat transfer.

There are also some drawbacks associated with nanoscale Al
particles. These include a higher oxide content, a decrease in manu-
facturability, and an increase in cost when compared with conven-
tional Al particles [17]. Another drawback is the decreased acoustic
damping effect of Al nanoparticles, as shown by Blomshield et al.
[18], which is most likely a product of the difference in exhaust
particle sizes. However, Dokhan et al. [17] proposed an answer to the
cost andmanufacturing issues by only substituting a small fraction of
the micron-scale Al in a propellant formulation with nanoparticles;
this practice has also been done in other nanoscale Al propellant and
thermite studies [16,19].

One goal of the present study was to explore the feasibility of
producing HTPB/AP-based propellants containing nanoscale Al in
the traditional batch mixer commonly used in large-scale production
facilities. Another goal was to further explore the effects of mono-
modal and bimodal oxidizer, particle size of the oxidizer, andmicron-
scale Al particle size on the burning rate of mixtures containing Al
nanoparticles. Details on the experimental approach and themixtures
investigated are provided first, followed by the results of high-
pressure strand-burning experiments. Empirical analyses performed
on the burning-rate data are provided and discussed.

Experiment

A series of experiments was performed to explore the effect of
nanoscale Al on various composite propellant formulations.
Nineteen HTPB/AP/Al formulas were studied; each formula con-
tained a solids loading content of 88% by mass, with the Al content
being 20%of the totalmass in all cases. The formulas are best divided
into three categories, depending on the coarse oxidizer particle size
(200 or 400 �m), the coarse Al particle size (3 or 36 �m), and
whether a monomodal or bimodal oxidizer size distribution was
used.

The binder used in these propellants consisted of R-45M HTPB
and Papi-94 (Dow Chemical) as a diphenylmethane diisocyanate
curative, both from Aerocon Systems. The oxidizer used for this
study was ammonium perchlorate (AP) and was procured from
Skylighter, Inc. The micron-scale Al used was German black flake,
and iron oxide (Fe2O3), 44 �m, was used as a burning-rate modifier,
both from Firefox Enterprises. The nanoparticle Al used was
supplied by Technanogy. The baseline percentages by mass were
10.56% HTPB, 20% Al, 0.5% Fe2O3, 67.5% AP, and 1.44% MDI.
Propellants from formulas 10 through 19 (Table 1) included 0.2%
Tepanol by mass (plasticizer) and less than 0.1% silicone oil
(defoaming agent). These ingredients were added as processing aids

and did not alter burning performance; this result was confirmed in a
propellant test not included herein.

Nine different propellant mixtures were studied under the first set
of formulas: mixtures 1–9 in Table 1. Each was based on 200 �m
monomodal oxidizer and 3 �m Al. Mixtures 1 through 3 were all
baseline compositions used for repeatability testing, and the other
three incorporated nanoscale Al; their formulas can be found in
Table 1. Formulas 4 through 9 all included nanoscale Al as a
percentage substitute of the baseline Al level. This substitution is
presented as a bimodal Al totaling the same 20% content by mass of
the total mixture and nowdefining the 3 �mAl as the coarseAl (cAl)
and the nanoscale Al as the fine Al (fAl). This size of cAl is often
referred to as fAl, but for this study the coarse and fine prefixes are
used to classify the two separate sizes in a bimodal mixture and not a
preestablished size category. The formulas used relatively small
coarse-to-fine (c/f) Al ratios due to the poor physical strength and
manufacturability issues associated with higher nanoscale Al
loadings. Similar effects were described by Shalom et al. [20]. Three
distinct sizes of Al nanoparticles were used at varying c/f ratios: 201,
134, and 47 nm.

The second set of formulas (mixtures 10–12 and 17) investigated
the use of a bimodal oxidizer, again using the prefixes c and f for
coarse and fine designations of the AP distribution. The cAP was
stock 200 �m, and the fAP was 82:5 �m. The fAP was processed in
the authors’ laboratory using a ball mill and test sieves. The top sieve
was no. 170mesh, 90 �m, and the bottomwas no. 200mesh, 75 �m,
which made for a nominal size of 82:5� 7:5 �m. Table 1 shows the
four formulas in the second series of tests (mixtures 10–12 and 17).
The first three mixtures of this series (10–12 in Table 1) explored
bimodal AP at different c/f ratios within the baseline coarse Al size
(3 �m). Mixture 17 incorporated Al nanoparticles with bimodal AP.

The third series of formulas investigated the use of larger Al and
oxidizer coarse particles. In this series, the 3 �m Al was replaced
with 36 �m Al (mixtures 14, 16, 18, and 19 in Table 1), and the
200 �m AP was replaced with 400 �m AP (mixtures 13 and 15).
This approach was also coupled with both the bimodal AP approach
and the nanoscale Al investigation in mixtures 13, 16, 18, and 19.
Organized details of these mixtures are presented in Table 1.

All propellant mixtures were produced in 500 g batches to ensure
thorough mixing and to increase the ratio mix accuracy. A quart-
sized, high-shear mixer was used to mix each batch. The propellant
was pressed into Teflon tubes (0.64 cmo.d., 0.48 cm i.d., and roughly
2.54 cm long) and cured at 55�C for at least 48 h. Repeatability of the
mixing procedurewas verified in previous experiments, and a sample
comparison for the baseline mixture is provided in the Results
section.

Samples from all 19 propellants were tested in a high-pressure
strand bomb at pressures ranging from 3.4 to 34.5 MPa; this test
hardware is similar in nature to a Crawford strand bomb [21]. Each
sample was stripped of its Teflon tube and coated with HTPB as an

Table 1 Propellant compositions for the present study

Mixture c/f AL cAl size, �m fAl size, nm c/f AP cAP size, �m fAP size, �m

Baseline (1–3) 100/00 3 —— 100/00 200 ——

4 95/5 3 201 100/00 200 ——

5 85/15 3 201 100/00 200 ——

6 85/15 3 134 100/00 200 ——

7 85/15 3 47 100/00 200 ——

8 70/30 3 201 100/00 200 ——

9 95/5 3 134 100/00 200 ——

10 100/00 3 —— 80/20 200 82.5
11 100/00 3 —— 60/40 200 82.5
12 100/00 3 —— 40/60 200 82.5
13 100/00 3 —— 80/20 400 82.5
14 100/00 36 —— 100/00 200 ——

15 100/00 3 —— 100/00 400 ——

16 100/00 36 —— 80/20 200 82.5
17 85/15 3 134 80/20 200 82.5
18 85/15 36 134 80/20 200 82.5
19 85/15 36 134 100/00 200 ——
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inhibitor on all sides except the initiation end. After being placed in
the strand bomb, the samples were ignited by running a high voltage
across a thin-gauge Nichrome wire in contact with the uninhibited
end. The computer data acquisition system (Gage Applied Sciences)
captured pressure traces and light emission, while a streaming-video
feed captured live footage of each burn. The burning rate was
determined by dividing the sample’s length by the burning time
deciphered from the pressure trace. Pressure increases inside the
chamber averaged no more than 10% of the initial pressure, and the
burning rates were assigned to the average test pressure. The light
emission and video footage were used to confirm burning times and
assess the quality of a given burn. Further details of the strand testing
procedure and facility are given by Carro et al. [22].

Since it has been shown by other investigators that tiny voids in the
finished propellant can cause intermittent and (usually) greatly
accelerated burning, much care was taken to watch for such effects
and to eliminate their presence by perfecting the mixing technique.
Such voids are more likely to occur when using significant levels of
nanoscale fuel particles. For example, the mechanical mixing
process mentioned above used a vacuum system that was always on
while mechanically mixing the propellants in Table 1. Voids can
sometimes be detected while burning samples, where the evidence is
manifested in an oscillatory pressure trace and/or in visible flashing.
Early in the present investigation, while perfecting the techniques
used tomanufacture themixtures in Table 1, the authors occasionally
made bad batches that did have microscopic voids that resulted in
sporadic and highly accelerated burning. Hence, the authors knew
what to look for when conducting the good experiments shown
herein.

Percent theoretical density was also monitored for each mixture,
the results of which are displayed in Table 2. As is shown in the
Results section, the experiments presented herein were very
repeatable (see Results section), in contrast to what would otherwise
be the case if voids were a problem. All data presented herein were
free of any evidence of accelerated burning due to small voids.

Results

As shown in Table 1, the first three mixtures were all composed of
the baseline formula (monomodal 200 �m AP and 3 �m Al). The
burning-rate data from thesemixtures are shown in Fig. 1. The results
for mixtures 1 through 3 are all within a short margin of each other
and are well characterized by the burning-rate curve shown. Figure 1
is also a good example of the experimental repeatability and overall
burning-rate uncertainty, represented by the variation of the data
from the average trend and summarized by the error bars shown. The
uncertainty for all data herein is estimated to be�0:12 cm=s, based
on the statistical variation in the data points and the precision of the

burning-ratemeasurement from the pressure and emission data. Only
representative error bars are shown in Fig. 1 (and in all figures) for
convenience and clarity, rather than putting them on every point.

Mixture 15 is presented on the same plot with the baseline
mixtures since it shares the baseline’s formula with the exception of
using 400 �m AP. By using the larger oxidizer particle size, the
magnitude of the burning-rate curve decreased, whereas the slope
increased, indicating that the smaller oxidizer produces a less-
pressure-sensitive propellant when compared with the coarser-AP
mixture. The empirical data for the burning-rate curves can be found
in Table 2. For the 0.48-cm-diam samples, the mixtures with the
400 �m AP typically had 10–12 AP particles across the diameter,
which was deemed sufficient to minimize any potential edge effects.
No comparisons were made on the effect of sample diameter for the
larger-AP mixtures when compared with the 200-mm-AP mixtures,
although no abnormal burning results were seen. The burning-rate
trend for mixture 15 when compared with the baseline mixture
follows the trend expected from the literature for similar-sized
monomodal-AP-based composite propellants.

As seen in Fig. 1, and in all other graphs, the burning rates are
plotted versus pressure on a log–log scale illustrating a linear
relationship between burning rate and pressure. Another feature
common in all plots is that any mixture containing nanoscale Al is
represented by hollow data points, whereas all others use solid data
points. The burning-rate curves use the logarithmic form of

rb � aPn

where rb is the burning rate (in cm/s), a is the leading coefficient,P is
the pressure (inMPa), and n is defined as the pressure exponent. The
curve-fit regression parameter R2 is also listed in Table 2. The
pressure exponent directly corresponds to a burning-rate curve’s
slope: a high slope produces a large n value, whereas a low slope
produces a small n value. The percent theoretical density %�th is
defined as the measured density over the theoretical density and is
presented in Table 2, asmentioned above. Themeasured density is an
average of the density of individual test samples from a batch.

The next six propellant mixtures incorporated nanoscale Al
directly into the baseline formula (i.e., 4–9 in Table 1). The burning-
rate data from the propellants using 201 nm fAl (mixtures 4, 5, and 8)
are presented in Fig. 2. Here, it is apparent that there is not much
difference between the three mixtures; all three closely match one
another and have nearly the same spread of data points. Figure 3
contains the other three propellants that incorporated Al nano-
particles directly into the baseline formula (mixtures 6, 7, and 9).
These mixtures used 134 or 47 nm fAl integrated into the baseline
formula at various percentages of the total Al content. These propel-
lants show even more indifference, all sharing nearly the same
burning-rate curve.

Physical testing was conducted that rated propellants on their
material strengths based upon hand-manipulating samples and

Table 2 Empirical analysis, percent theoretical density, and
physical testing results for the baseline and experimental

propellant mixtures, with burning rate given

as rb � aPn in cm=s

Mixture a n R2 %�th Strength

Baseline 0.3686 0.63 0.98 0.98 Good
4 0.3847 0.63 0.97 0.96 Good
5 0.4465 0.50 0.98 0.94 Fair
6 0.3765 0.59 0.99 0.99 Poor
7 0.4044 0.59 0.94 0.94 Poor
8 0.4074 0.56 0.98 0.94 Fair
9 0.3624 0.61 0.97 0.92 Good
10 0.3230 0.75 0.97 0.95 Good
11 0.2870 0.90 0.98 0.98 Good
12 0.2850 1.08 0.98 0.94 Good
13 0.3178 0.57 0.98 0.99 Good
14 0.7714 0.33 0.98 0.97 Good
15 0.1999 0.76 0.98 0.99 Poor
16 1.4687 0.13 0.89 0.89 Fair
17 0.7176 0.37 0.97 0.92 Poor
18 0.1303 1.12 0.99 0.84 Poor
19 0.7471 0.30 0.99 0.87 Fair

Fig. 1 Burning-rate curves of the baseline propellant (mixtures 1–3,

200 �m AP and 3 �m Al) and a similar propellant with a coarser
oxidizer (mixture 15, 400 �m AP and 3 �m Al). Typical error bars are

shown on the baseline mixture results.
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qualitatively judging them relative to the baseline propellant;
therefore, the baseline was rated as having strong properties. Analy-
sis of mixtures 6 through 9 demonstrated that higher concentrations
of fAl reduced physical strength and caused the propellant to become
susceptible to crumbling; reduced sizes of fAl further weakened the
propellant. The physical-strength results along with the empirical
analysis of mixtures 4 through 9 (and the baseline) are also located in
Table 2.

A summary comparison amongst all six propellants’ burning
curves and the baseline can be seen in Fig. 4. Here, it is clear how
insignificantly the burning ratewas affected. The only real difference
observed was that the mixtures with nanoscale Al tended to have
slightly lower reducedmagnitudes. Hence, the expected burning-rate
increase due to the addition of the nanoscale Al was not observed.

The next five propellants, mixtures 10 through 13 and 17, all
incorporated a bimodal oxidizer and themonomodal Al (3 �m) from
the baseline formula. Figure 5 shows the burning-rate data and curves
of these propellants compared against each other. Mixtures 10
through 12 demonstrated that larger fAP percentages increased both
themagnitude and slope of the burning curve, as expected. The larger
cAP (400 �m) in the bimodal-AP mixture 13 drastically reduced
both the pressure exponent and magnitude. Referring to Table 2, it is
apparent that mixture 13 highly resembles the baseline values.
Mixture 17, which mimicked mixture 10’s formula (80/20 c/f AP)
with the addition of nanoscale Al (134 nm) at 15% of the total Al
loading, exhibited a drastically reduced pressure exponent when
compared with mixture 10. This result meant that at low pressures,
the nanoscale Al increased the burning rate but consequently
decreased the burning rate at higher pressures, above approximately
6.9 MPa.

Figure 6 shows the results of replacing the 3 �m Al with 36 �m
Al. Mixture 14 represents a baseline formula with the use of the
36 �m Al, and mixture 19 incorporated a small percentage of
nanoscale Al at a c/f Al ratio of 85/15 in addition to the new, larger,
cAl size. The reduced slope ofmixture 14 comparedwith the baseline
indicates that the larger-sized Al particle helped stabilize the
propellant’s pressure sensitivity. For this larger cAl particle size,
nanoscale Al reduced the burning rate by only a very noticeable
margin, indicating again that it appeared to have very little impact on
the burning rate.

Fig. 2 Burning-rate curves of propellants containing 3 �m cAl and
201 nm fAl at various c/f ratios (95/5 in mixture 04, 85/15 in mixture 05,

and 70/30 inmixture 08); all havemonomodal 200 �mAP.Typical error

bars are shown on the mixture 4 results.

Fig. 3 Burning-rate curves of propellants containing 3 �m cAl and

134 nm fAl at various c/f ratios ((95/5 in mixture 09 and 85/15 in
mixture 06) or 47 nm fAl at a c/f ratio of 85/15 (mixture 07); all have

monomodal 200 �m AP. Representative error bars are shown for

mixture 7.

Fig. 4 Comparison between the baseline and the propellants with only

the addition of nanoscale Al in place of a portion of baseline’s micron-
scale Al. Representative error bars are shown at pressure extrema.

Fig. 5 Burning-rate curves of bimodal oxidizer propellants at various

c/f ratios (80/20 in mixture 10, 60/40 in mixture 11, and 40/60 in

mixture 12). Mixture 13 used 400 �m cAP in a c/f AP ratio of 80/20.
Mixture 17 had an AP c/f ratio of 80/20 and an Al c/f ratio of 85/15 using

134 nm fAl. Typical error bars are shown on mixture 13 as a guide.

Fig. 6 Burning-rate curves of propellants that contained monomodal
36 �mAl, mixture 14, and also combined with nanoscale Al, mixture 19,

at a c/f Al ratio of 85/15. Both have monomodal, 200 �m AP.

Representative error bars are shown on the baseline curve as a guide.
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Propellants that incorporated both the bimodal oxidizer (80/20 c/f
AP ratio) and the larger Al particles (36 �m) are shown in Fig. 7.
Whereas the monomodal Al propellant (mixture 16) drastically
reduced the pressure exponent to the lowest value seen in the present
work, the bimodal Al (85/15 c/f Al ratio) propellant (mixture 18) that
incorporated 134 nm fAl exhibited the highest pressure exponent
[although no evidence of accelerated burning due to potential voids
was observed for this mixture, it did have the lowest theoretical
density (Table 2)]. Because of the increased slope, Al nanoparticles
created much lower burning rates at low pressures (less than
10.34 MPa), but drastically increased burning rates at higher
pressures.

Mixtures 10 through 19 are described in Table 2 by their empirical
values, percent theoretical density, and qualitative physical strengths.
Referring to the R2 values in Table 2, it is clear how well these
propellants are characterized by the empirical data. The high-percent
theoretical densities in Table 2 (except possibly mixture 18) also
show that the propellants were well compacted, with reduced
chances for voids or defects.

Discussion

A significant observation of the present study is that the simple
substitution of nanoscale Al in place of a portion of the micron-scale
Al in a composite solid propellant does not automatically lead to an
increase in the propellant’s burning rate. In some cases, the addition
of Al nanoparticles can even decrease the burning rate. The impact of
nanoscale Al addition on the burning rate of a HTPB/AP-based
propellant, when mixed using conventional mechanical methods,
appears to depend on the AP size distribution, the size of the coarse
Al particles, and the pressure range. For example, from mixtures 4
through 9 with monomodal AP and 3 �m cAl, adding nanoscale Al
directly to the baseline’s fundamental formula had a negligible effect,
slightly decreasing the burning rate in most cases. In the subsequent
experiments described above, it was found that a bimodal oxidizer
was needed to properly ignite and burn the nanoscale Al. This result
may be due in large part to the leading-edge-flame (LEF) phenom-
enon that characterizes the burning behavior of AP particles,
attributed to Price [23]. The LEF’s role in Al ignition has been well
explained and modeled by Srinivas and Chakravarthy [24]. As
described by Dokhan et al. [14], the fAP creates a canopy flame (a
merged, premixed flame) over the HTPB/fAP/Al matrix on the
propellant’s burning surface. This canopy flame is responsible for
the oxidation, and the LEF generated by the cAP is responsible for
the heat required for Al particle ignition.

Without the use of nanoscale Al, the propellant’s slopes were
shown to increase upon increased levels of fAP. This same trend was
demonstrated by a set of experiments done by Lee et al. [25]. Also,
this fine-AP effect supports the prediction of Dokhan et al. [14] that
82:5 �m fAP particles generate LEF’s at higher pressures. The effect
of monomodal, 400 �mAP in reducing the burning rate is supported

by the explanations posed in the work done by Lee et al. [25]. With
large sizes of AP, only the outer perimeter of the particle effectively
contributes to a strongHTPB/APflame. The inner surface produces a
weaker AP flame that does not provide considerable heat transfer
back to the propellant’s surface to increase the burning rate. Out of
the three c/f ratios explored using 200 �m AP, the 80/20 ratio
showed the least increase in slope when compared with the increase
in burning rate.

The replacement of 3 �m Al with the larger, 36 �m Al in
mixture 14 showed a reduction in the burning rate as compared with
the baseline mixture at higher pressures. This decrease in rb could
signify that larger Al particles ignite further away from the propellant
surface and do not contribute greatly to the heat feedback. It was also
seen that the burning-rate slope, as seen in Table 2, was severely
lower for mixture 14 and thus more stable than the baseline. Dokhan
et al. [14] also show similar findings.

Mixture 17 used the bimodal findings and incorporated nanoscale
Al at a c/f ratio of 85/15, with 3 �m cAl. This propellant is compared
with the baseline and other nanoscale-Al-containing propellants in
Fig. 8. It is apparent that at lower pressures the nanoscale Al
produced nearly a factor-of-two increase in burning rate, verifying
that the use of a bimodal oxidizer is needed to increase the burning
rate. However, the reduced slope dictates lower burning rates at
higher pressures when compared with the baseline. As shown in
Fig. 5, when compared with the same bimodal-APmixturewith only
cAl (mixture 10), the nano-Al-containing mixture 17 also produced
an increase in burning rate only at lower pressures.

At higher pressures, mixture 19, which replaced 3 �mAl with the
larger (36 �m) Al, showed a slight reduction in the burning rate as
compared with the baseline mixture (Fig. 8). The combination of
both the bimodal oxidizer and the 36 �mAl (mixture 18) supports all
of the aforementioned conclusions. Here, since the nanoscale Al is
ignited by the bimodal oxidizer, it is able to increase the energy
enough near the burning surface to increase the burning rate. Since
the increase in the burning rate is marginally small at first, it is likely
that the nanoscaleAl burning region does not produce enough heat to
foster larger 36 �mAl particle ignition at low pressures. Recall from
Fig. 7 that when compared with the same bimodal-AP distribution
without nano Al, mixture 18 showed a dramatic increase in burning
rate for pressures above approximately 11.72MPa (albeitwith a large
pressure exponent). This result indicates that cAl ignition may
increase with proximity to the burning surface after this point.

Conclusions

In this study, 19 propellants were formulated and mixed with
varying characteristics to better understand the criteria needed for Al
nanoparticles to be beneficial. Three propellants followed a baseline
formula with monomodal AP (200 �m) and a typical loading of
3 �m Al to illustrate facility and procedure repeatability. The next
six mixtures attempted to incorporate nanoscale Al in the simplest

Fig. 7 Burning-rate curves of mixture 16 (monomodal 36 �m Al) and

mixture 18 (85/15 c/f Al with 134 nm fAl); both having 80/20 c/f AP with

200 �m cAP. Typical error bars are shown on the baseline curve as a
guide.

Fig. 8 Summary comparison of the baseline burning-rate curve and

the propellants that contained nanoscale Al and: a bimodal oxidizer

(mixture 17), 36 �m Al (mixture 19), or both (mixture 18).

Representative error bars are shown on the baseline curve as a guide.
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manner, by directly adding it to the baseline formula. This series was
done with three sizes of nanoscale Al (201, 134, and 47 nm) at three
different ratios. Therewas no significant alteration of the burning rate
by this method, although it was evident that the addition of nanoscale
Al actually reduced the burning rate slightly in most cases.

A bimodal oxidizer was used in the next three propellants. These
mixtures demonstrated that a higher fraction of fAP increases the
burning slope. Two propellants mimicked the baseline again, one
with a larger oxidizer size (400 �m) and the other with a larger Al
size (36 �m). Both of these proved to reduce the burning rate
noticeably, as seen by previous investigators. The Al size increase
greatly decreased the slope as well, while the oxidizer size increase
only slightly affected the slope. Another two mixtures combined
these alterations with a bimodal oxidizer that reinforced the afore-
mentioned conclusions.

Three finalmixtures weremade that incorporated the nanoscale Al
into a bimodal oxidizer formula, an increased cAl-sized formula, and
a formula including both alterations (larger cAl and bimodal AP).
The addition of nanoscale Al to the mixture using the increased cAl
size actually reduced the burning rate. Addition of nanoscale Al to
the other two mixtures using a bimodal oxidizer successfully
increased their burning rates over limited ranges of pressure. One
significant conclusion is that a bimodal oxidizer seems to be required
to achieve an increase in burning rate using nanoscale Al. This
behavior should be explored further in future studies. The level of
burning-rate enhancement also depends on the pressure and the size
of the cAl particles to which the nano Al is added.
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