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The combustion of aluminum with ice is studied using various mixtures of nano- and micrometer-
sized aluminum particles as a means to generate high-temperature hydrogen at fast rates for propul-
sion and power applications. Bimodal distributions are of interest in order to vary mixture packing
densities and nascent alumina concentrations in the initial reactant mixture. In addition, the burning
rate can be tailored by introducing various particle sizes. The effects of the bimodal distributions and
equivalence ratio on ignition, combustion rates, and combustion efficiency are investigated in strand
experiments at constant pressure and in small lab-scale [1.91 cm (0.75 in.) diameter] static fired-
rocket-motor combustion chambers with center-perforated propellant grains. The aluminum particles
consisted of nanometer-sized particles with a nominal diameter of 80 nm and micron-sized particles
with nominal diameters of 2 and 5 um. The micron particle addition ranged from 0% to 80% by
active mass in the mixture. Burning rates from 1.1 (160 psia) to 14.2 MPa (2060 psia) were deter-
mined. From the small scale motor experiments, thrust, C*, I1sp, and C* and Isp efficiencies are
provided. From these results, mechanistic issues of the combustion process are discussed. In particu-
lar, overall lean equivalence ratios that produce flame temperatures near the melting point of alumina
resulted in considerably lower experimental C* and I sp efficiencies than equivalence ratios closer to
stoichiometric. The substitution of micron aluminum for nanometer aluminum had little effect on the
linear burning rates of Al/ice mixtures for low-mass substitutions. However, as the mass addition of
micron aluminum increased (e.g., beyond 40% 2-pum aluminum in place of 80-nm aluminum), the
burning rates decreased. The effects of bimodal aluminum compositions on motor performance were
minor, although the experimental results suggest longer combustion times are necessary for complete
combustion.
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NOMENCLATURE

It total impulse (Ns) c* characteristic exhaust

D; nozzle throat diameter velocity (m/s)
(cm) ¢ or phi equivalence ratio (—)

rp  propellant burning raten,, ave OF Isp efficiency specific impulse efficiency
(Cm/S) Ispmeas/ISptheor

P average chamber Ne=,avg OF C* efficiency  characteristic exhaust
pressure (MPa) velocity C} s/ Ciieor

1. INTRODUCTION

Mixtures of aluminum and water have been studied for many years because of the high
heat release and gas-phase production of molecular hydrogen associated with this re-
action (Yetter, 2009). For mixtures with micron-sized particles, reaction rates are slow;
flame propagation through unfrozen (liquid water) and frozen (ice) mixtures does not oc-
cur. However, Ivanov et al. (1995, 2000) showed that mixtures of nAl, water, and poly-
acrylamide could propagate a self-sustaining reaction. Risha et al. (2006, 2007, 2008)
showed that propagation was possible without a gelling agent or surfactant. Recently,
several groups have proposed nAl and water mixtures for space propulsion (Ingenito and
Bruno, 2004; Miller and Herr, 2004; Risha et al., 2006). Franson et al. (2007a,b) stud-
ied composite motors consisting of AlB, and HO,. No performance characteristics
were reported. Risha et al. (2009, 2013) studied a nAl/ice propellant (hamed ALICE)
and developed a center-perforated composite grain motor in which scaling studies were
performed in three different size motors to evaluate performance. This propellant and
motor design was recently tested in a small-scale sounding rocket by Pourpoint et al.
(2012).

The propellant studied by Risha et al. (2009, 2013) and Connell (2011) consisted
of 80-nm aluminum and ice with an overall equivalence ratio of 0.71. Nanometer alu-
minum particles can have a significantly thick oxide layer covering the particle surface,
thus passivating the aluminum and preventing pyrophoric reaction. For the 80-nm alu-
minum used by Risha et al. (2009, 2013), 74.5% of the aluminum particle mass consisted
of active aluminum. The remaining 25.5% mass was inert and consisted of aluminum
oxide. From a performance perspective, specific impulse, which may be evaluated from
the total impulse delivered by the motor divided by the mass of the propellant, suffers
a significant loss as a consequence of the presence of the thick oxide layers on nAl.
Because micron particles have a significantly larger fraction of active aluminum content
(generally between 95% and 99%)), the performance of the aluminum and ice propellants
may simply be improved by replacing a portion of the nanometer aluminum with micron
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aluminum provided combustion rates remain fast enough to achieve complete combus-
tion in the short available residence times.

Figure 1 illustrates the increase in active content of the aluminum fuel consisting of
a bimodal particle distribution as nanometer particles with a nominal diameter of 80 nm
are replaced with micron particles. Progressing from a pure nanoparticle fuel to a particle
with a 50% nAl and 50%.um Al (by mass) consistency, the active aluminum content
increases by-13%. Figure 2 shows the manner in which this change in active aluminum
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FIG. 1: Active aluminum content versus bimodal aluminum distribution assuming a
95% active aluminum content for the micron aluminum.
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FIG. 2: Theoretical resultdsp and chamber temperature as a function of the active
aluminum content in fog = 0.943; the calculations were performed with CEA (McBride
and Gordon, 1996).
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content affects the flame temperature and specific impuilkgg 6f the propellant. The
flame temperature increases ®§110 K and thel sp increases by-11 s by replacing
50% of the mass of 80-nm aluminum with micron-sized aluminum.

In the present paper, composite propellants of nAl and ice are studied in which the
fuel is a mixture of nanometer and micron aluminum. The addition of micron aluminum
to a base fuel consisting only of nanometer aluminum is studied to reduce the initial alu-
mina (inert mass) in the composite propellant and to provide control of the burning rate
independent of the mixture ratio. The effects of equivalence ratio are also studied be-
cause changes in the particle size distribution also affect the mixture consistency (Risha
et al., 2007). Linear burning rate measurements are performed as a function of micron
aluminum content in the fuel mixture, equivalence ratio, and pressure. Motor perfor-
mance studies are performed with a center-perforated grain in a small laboratory-scale
1.91-cm (0.75-in.) diameter motor.

2. EXPERIMENTAL PROCEDURE

The propellant reactants consisted of nanometer and micron aluminum and de-ionized
water. The nanoaluminum particles were obtained from Nanotechnologies, Inc., and
had a nominal diameter of 80 nm. The micron aluminum particles were obtained from
Valimet and had nominal diameters of 2 anguf. Scanning electron microscopy im-
ages of the 80-nm and 2m aluminum are shown in Fig. 3. Both sizes of particles had
spherical shapes. The active aluminum content of the “as received” nanometer aluminum
was generally around 77%—-79%. However, in the present studies, just as in our previous
studies, further passivation of the nanometer aluminum was performed to achieve an ac-
tive content 0i~74% (Risha et al., 2009, 2013). The aluminum was characterized using
simultaneous thermogravimetric analysis and differential scanning calorimetry. The ac-
tive aluminum content of the aluminum sample was back-calculated from the mass gain
assuming all of the active aluminum was converted to alumina and the particles were
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FIG. 3: SEMs of 80-nm and 2¢m aluminum particles.

(courtesy of Mr. Ed Roemer)
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spheres. The additional passivation was performed to minimize any low-temperature
oxidation with the liquid water during mixing prior to freezing. Once the mixtures were
frozen, no oxidation of the nAl was observed. An active aluminum content of 98.6% was
used for both the 2- and pm Al particles.

For all mixtures with combined nanometer- and micron-sized aluminum, a Resodyn
LabRAM mixer was used to premix particles. De-ionized water was then added to the
bimodal powder mixture and the final mixing was performed by hand. As more micron
aluminum was added to the mixture for a given overall stoichiometry, the mixture con-
sistency changed from a claylike to a paste to a slurry mixture. The more fluidic, less
viscous, mixture resulted from the significantly lower surface area of the micron versus
nanometer aluminum. For an equivalence ratio of 0.71, a micron aluminum content of
~20% relative to the total active aluminum content could be achieved prior to signifi-
cant settling of the micron aluminum in the unfrozen mixture. For an equivalence ratio of
0.943, a micron content 6£80% was achievable prior to significant settling of the mi-
cron aluminum. As a consequence, most of the combustion studies considered here were
performed with an equivalence ratio of 0.943. After packing the tube molds, either for
strand experiments or scale motor experiments, the material was placed in an explosion-
proof freezer and stored at <3D. Phenolic tubes were used for the motor grains while
quartz tubes were used for the strand burner experiments. Densities varied with the mi-
cron aluminum content of the mixture and are illustrated in Fig. 4. For mixtures with an
overall equivalence ratio of 0.943, a decrease in mixture density from about 1.57 to 1.45
glen? was observed with the substitution of 80% of the aluminum mass with either 2-
or 5-um aluminum.
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FIG. 4: Mixture density as a function of micron Al substitution of nanometer aluminum
in bimodal mixtures with an equivalence ratio of 0.943.
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2.1 Propellant Strand Burner

Steady-state, constant-volume strand burner experiments were performed to evaluate the
linear burning rates of the bimodal aluminum ice mixtures. The chamber, constructed
from 316 stainless steel, was equipped with four optical viewing ports each having a
15.2 x 2.54 cm field of view and feedthroughs in the base plate allowing both electri-
cal signal and gas pathways into the chamber. The 61-cm-long chamber has an inner
diameter of 22 cm and a total free volume of 23 L to minimize the pressure variation
caused by the generation of gaseous combustion products during an experiment. One of
the optical viewing ports was backlit through an optical diffuser while the opposite view-
ing port from the diffuser was used for real-time recording of the burning process by a
Sony digital video camera. The operating pressure was varied from 1.1 to 14.2 MPa. The
initial propellant temperature for the ALICE samples was approximatelyG38rgon

was used as the pressurant gas and a Setra 206 pressure transducer was used to mea-
sure the instantaneous chamber pressure. Ignition was achieved by igniting a classical
double-base propellant (NOSOL 363) by a resistance wire, thereby igniting the ALICE
strand. Burning rates were determined as functions of micron aluminum content, nom-
inal micron particle size, and pressure. For each experiment, the sample was ignited at
a specific pressure, and the steady-state linear burning rate was recorded. Distance ver-
sus time curves were constructed from the recorded video. Thus, the burning rate for
that specific pressure was obtained from the slope of the curves. The aluminum water
mixtures were packed in 10 mm OX8 mm I.D. quartz tubes prior to freezing. These
samples were tested in the frozen state while in the quartz tubes.

2.2 Solid Propellant Motor

A lab-scale motor with combustion chamber diameter of 1.91 cm (0.75 in.) was used
to evaluate the performance of the ALICE propellant. The motor was operated in a
center-perforated grain configuration. The grain lengths were 7.62 cm with a 0.635-cm-
diameter center port. A post combustion chamber with a length of 7.62 cm and diameter
of 1.91 cm was used. The motor chamber was equipped with two Setra pressure trans-
ducers to monitor the chamber pressure. The pressure transducers were located at the
aft end of the motor and recorded pressure through porting within the post-combustion
chamber liner. Two transducers were used for a multitude of reasons, primarily, if one
were to become clogged with alumina, the second would hopefully remain unrestricted,
and therefore record accurate chamber pressure. Secondly, having two pressure trans-
ducers reveals any substantial harmonics within the chamber. Burst discs were installed
to prevent any over-pressurization. The graphite nozzle had conical converging and di-
verging sections with the diverging section employing an expansion ratio of 10 and a
divergence half-angle of 25The throat diameter for the present motor experiments was
0.409 cm (0.161 in.). Ignition was achieved using a commercially available Estes C6-0
and A10-PT model rocket motors. The igniter motors were initiated with a small squib
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that required a 5-V dc input. An OMEGA load cell (220 N) was used to determine the
instantaneous thrust of the motor, which was mounted on a thrust sled allowing only
one degree of freedom in the axial direction. Data were recorded at 5 kHz using a cus-
tom LabVIEW data acquisition program. ALICE grains were cartridge loaded for ease
of assembly and reduced testing time. A more detailed description of the motor and
experimental setup can be found in Risha et al. (2009, 2013).

3. RESULTS AND DISCUSSION

The results of burning rate are provided first, followed by measurements on the perfor-
mance of the center-perforated ALICE grain motor. The effect of equivalence ratio using
frozen 80-nm aluminume-ice grains has been studied.

3.1 Burning Rate Measurements

Figure 5 shows exemplary trajectory plots of the flame position in the 8-mm 1.D. quartz
tubes as a function of time for three pressures and a 75% nAl{25R&and ice mixture

with an equivalence ratio of 0.943. Steady-state flame propagation was observed for all
the reported results.

The burning rates for mixtures of 80-nm aluminum witlu@r aluminum at targeted
pressure of 7 MPa (1014.7 psia) are shown in Fig. 6. Burning rates for mixtures of 80-nm
and 5¢m aluminum at the same conditions are shown in Fig. 7. For both sizes of micron
particles, a slight increase in burning rate is observed with the addition of small amounts
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FIG. 5: Trajectory plots of strand burning distance versus time.
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FIG. 6: Linear burning rate as a function ofign aluminum content in the fuel mixture
for an equivalence ratio of 0.943 and target pressure of 7 MPa (1014.7 psia).
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FIG. 7: Linear burning rate as a function ofiim aluminum content in the fuel mixture
for an equivalence ratio of 0.943 and target pressure of 7 MPa (1014.7 psia).
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of micron aluminum. The addition of large amounts of micron aluminum decreases the
burning rate. The decrease in burning rate is evident at a lower amount of substituted
micron aluminum for the Ssm aluminum 20%) compared to the gm aluminum
(~40%). The slight increase in burning rate likely results from a slightly higher reaction
temperature due to lesser inert alumina initially present in the mixture. However, as the
amount of micron aluminum increases, the propagation rate becomes more rate limited
by the larger particles than any further increase in reaction temperature and the burning
rate decreases. The results suggest that in addition to reducing alumina in the initial
mixture, bimodal distributions may be used to control burning rates.

Figure 8 shows the burning rate as a function of pressure for mixtures with only 80-
nm aluminum and mixtures with substitution of 25% and 50% (based upon the active
aluminum mass) of the 80-nm aluminum withu®a aluminum. The overall equivalence
ratio of the mixtures was 0.943. The mixture with 25% micron has a slightly larger
pressure exponent than the mixture with 50% micron aluminum (0.65 versus 0.57). Both
mixtures had a slightly larger pressure exponent than the pure 80-nm ALICE mixture
(0.405). The larger pressure exponents of mixtures with micron aluminum may result
from lower combustion efficiency of these mixtures at low pressures. Consistent with
previous observations on the pressure dependence of aluminum and ice mixtures (Risha
et al., 2009, 2013), the present results suggest that combustion of bimodal mixtures will
benefit from high-pressure operation.
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FIG. 8: Linear burning rates as a function of pressure for mixtures with 100% 80-nm
aluminum and mixtures with 25% and 50% (by active weight)r2-aluminum. All
mixtures had an equivalence ratio of 0.943.
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3.2 Thrust and Isp Measurements

A comparison of motor experiments with propellant grains of equivalence ratios 0.71 and
0.943 for 100% 80-nm aluminum mixtures is presented in Figs. 9 and 10. The times were
shifted so the peak pressures and peak thrusts are aligned. Figure 9 presents the chamber
pressure and Fig. 10 presents the motor thrust. Even though the grain with an equivalence
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FIG. 9: Comparison of chamber pressure in the 1.91-cm center-perforated grain motor
for equivalence ratios of 0.71 and 0.943; the aluminum particle diameter is 80 nm.
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FIG. 10: Comparison of thrust from the 1.91-cm center-perforated grain motor for
equivalence ratios of 0.71 and 0.943; the aluminum particle diameter is 80 nm.
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ratio of 0.943 had a slightly larger igniter, ignition delays of the near-stoichiometric
mixture were longer than those of the fuel-lean mixture with an equivalence ratio of
0.71. The combustion duration is also slightly longer for the mixture ith 0.943,
which is consistent with the slightly lower linear burning rates ofdhe0.943 mixtures
compared to those of thizg= 0.71 mixtures (Risha et al., 2009, 2013). The peak pressure
and peak thrust are lower for tiie= 0.943 mixture.

Figure 11 reports the chamber pressure measurements from three motor experiments
with ALICE grains with no micron aluminum and 25% and 50%u2+ aluminum, all
with equivalence ratios of 0.943 and an Estes C6-0 igniter motor. The times were again
shifted so that the peak pressures are nearly aligned. As can be seen from the data, the
peak pressures decrease and the burning time duration increases with substitution of
wAl for nAl. The corresponding thrust measurements are shown in Fig. 12 indicating a
similar trend as the pressure measurements, i.e., with the addition of micron aluminum,
the peak thrust decreases and the burning duration increases. These trends are consistent
with the slower linear burning rates of formulations with micron aluminum.

Table 1 shows a summary of the performance characteristics of the ALICE motors
with varied equivalence ratio and bimodal fuel particles. For the mixturesiwit.943,
the active aluminum content increased from 74.5% to 84.8% as the mixture composition
changed from 100% nAl to a mixture with 50% nAl and 5@%l (based upon the active
aluminum mass). The characteristic velocity is observed to increase with micron particle
addition, while theC™* efficiency initially changes much more slowly and then increases
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FIG. 11: Pressure measurements from the 1.91-cm diameter center-perforated grain mo-
tor with nozzle diameter of 0.161 in. and equivalence ratio of 0.943 for grains with the
fuel consisting of no micron aluminum and 25% and 50% (by active magsh 2iu-
minum.
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FIG. 12: Thrust measurements from the 1.91-cm-diameter center-perforated grain motor
with nozzle diameter of 0.161 in. and equivalence ratio of 0.943 for grains with the fuel
consisting of no micron aluminum and 25% and 50% (by active magsh 2duminum.

TABLE 1: Performance characteristics of 0.75-in. center-perforated grain motor

Parameter Results
Equivalence ratio 0.71| 0.943| 0.943| 0.943
80-nm Novacentrix Al (%) 100 | 100 75 50
2-um Valimet Al (%) 0 0 25 50
Active Al content (%) 745| 745 | 79.6 | 84.8
Peak thrust (N) 133 | 115 91 66
C*,avg (m/s) 582 | 670 | 675 | 881
N+ ave (%0) 48 56 55 70
Iiot (N-S) 175 29 26 26
Isp(s) 63 96 90 89
Nisp,ave (%0) 27 43 39 38
Mass remaining (%) 20.7| 345 | 36.2 | 42
Nispave (%) AP/HTPB (sp, theor = 240s)| 57
M= ave (%) APIHTPB (.. = 1466 m/s) | 87

Note: C*,avg is calculated using the average nozzle throat diameter.

by ~25% with the addition of 50% micron aluminum. Also evident from the tabig,
and I sp efficiency are nearly independent of the replacement of nAl ywith (~8%
decrease is observed in going from 100% nAl to the 50% nAl/2080mixture). As
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one would anticipate a slight increaselisp with the substitution of micron aluminum
for nanometer aluminum, these results suggest larger alumina particles in the exhaust
may cause two-phase losses, thereby redubipgvhile still increasing combustion ef-
ficiency. Visually this has been evident from the motor exhaust plumes, which are much
brighter and often contain particle streaks compared to the plumes from grains without
any micron particles. Even so, the performance is not hindered by the presence of the
micron aluminum. To enhance the micron particles burning within the chamber, longer
post-combustion chambers can be employed, thereby increasing the residence time of
the rocket engine providing more time for the micron particles to react. These studies are
currently underway. The percent mass remaining in the motor was observed to increase
for the 100% nm aluminum with increasing equivalence ratio and forgthe 0.943
mixtures with increasing micron aluminum content. Equilibrium analysis (McBride and
Gordon, 1996) of the combustion temperatures and product composition indicate that
the higher temperatures of the mixtures wijth= 0.943 significantly reduce the amount
of solid-phase aluminum oxide in the combustion chamber (Table 2). The mixtures with
an equivalence ratio of 0.71 have combustion temperatures constrained by the melting
temperature of alumina due to the increasing mass fraction of the diluent water contained
in the reactant mixture. However, performance slightly increases because the additional
water drives the product molecular weight down, as evident from the decrease in the
product ALO3s mole fraction. For thep = 0.943 composition, the molten alumina is so-
lidified at the exit of the nozzle. Table 2 also indicates that the calculated exit pressure
for the ¢ = 0.943 mixture is higher than the casejof 0.71.

In addition, AP/HTPB composite results are included in Table 1, which also yield
low C* and Isp efficiencies since the motor used to conduct these experiments was a

TABLE 2: Equilibrium analysis of ALICE with equivalence ratios of 0.71 and 0.943

¢ =0.71 $ =0.943

Chamber| Throat Exit Chamber| Throat Exit

Pressure (bar) 68.9 41.8 1.15 68.9 40.4 1.39
Temperature (K) 2327 2327 1769 2746 2628 2327
Isp (S) 208 202
C* (m/s) 1224 1198

Composition

H 0.00088 | 0.00113| 0.00017| 0.00573 | 0.00477| 0.00665
Ho 0.55414 | 0.55394| 0.55467| 0.68069 | 0.68170| 0.68026
H,O 0.22651 | 0.22647| 0.22670| 0.04388 | 0.04384| 0.04373
OH 0.00007 | 0.00009| 0.00000| 0.00011 | 0.00008| 0.00008
Al(OH)3 0.00004 | 0.00003| 0.00017| 0.00001 | 0.00001| 0.00000
Al O3(1) 0.19943 | 0.13099| 0.00000| 0.26911 | 0.26935| 0.01847
Al;O3(a) 0.01893 | 0.08734| 0.21846| 0.00000 | 0.00000| 0.25069
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small lab-scale system and therefore losses due to heating the chamber would be more
significant than in a larger system. Since thermal losses affect chemical conversion of
the reactants, the overall conversion efficiency decrease would be reflecteddti the
andIsp efficiencies.

4. CONCLUSIONS

A bimodal Al particle distribution consisting of nanometer and micron particles was
studied in the reaction of aluminum with ice. Addition of micron aluminum to a nanome-
ter-based propellant indicated a slight increase in burning rate and then a decrease in
burning rate as the fraction of micron aluminum in the particle mixture was increased.
Motor performance was not hindered by the presence of the micron aluminum. Mix-
tures with equivalence ratios closer to stoichiometric than fuel lean indicated substantial
improvements in th€™ and I sp efficiencies. The higher temperatures of the near stoi-
chiometric mixtures enable the formation of molten alumina thus improving the reactiv-
ity of the nanometer and micron aluminum. Future studies will continue to examine the
combustion characteristics of bimodal distributions of aluminum particles in larger-size
motors and over a wider range of mixture ratios.
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