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Synopsis 
The research work under the current contract was concentrated around two major directions: a) study of 

the different aspects of boron combustion and b) investigation of the aluminum-water reaction and combustion.  
 
A). Elemental boron, having the highest volumetric energy density among all elements has long been 

considered as an attractive fuel for air-breathing propulsion.  However, due to complex chemistry, high ignition 
temperature and long combustion time, the practical utilization of boron in realistic fuel compositions and devices 
has proved to be difficult. Under the current contract, we have continued the study of the ignition of boron 
particle agglomerates initiated under the previous DRDC contracts. Agglomeration of particles, often observed in 
various propulsion systems utilizing metal fuel, has always been viewed as a purely deleterious phenomenon that 
increases combustion time of the fuel and frequently leads to a loss in specific impulse. As shown in the current 
work, this negative effect can be offset, at least partially, by a drastic reduction in the ignition temperature of the 
agglomerate in comparison to a single particle. Thus, for boron, whose high ignition temperature was always 
considered detrimental for efficient utilization, the reduction in ignition temperature observed with agglomerates 
in comparison to single particles can exceed 1000 K. The ignition of the boron agglomerate as shown both 
experimentally and theoretically in the present work, is a dual stage phenomenon resulting from a complex 
interplay between boron oxidation, evaporation of the oxide, and diffusion of oxygen towards the large internal 
agglomerate surface area. Because of the large reactive surface area, the first ignition stage of the agglomerate 
occurs at relatively low temperatures when evaporation of the boron oxide is practically negligible. The build-up of 
the boron oxide inside the agglomerate during the first stage ignition process eventually blocks diffusion delivery 
of oxygen towards the agglomerate internal surface and may result in agglomerate quenching. However, if the 
peak temperature reached during the first ignition stage is sufficiently high, the rapid evaporation of the oxide 
eventually unblocks the internal surface for reaction providing conditions for the second stage ignition. The second 
ignition stage results in complete evaporation of the oxide from both external and internal surfaces of the 
agglomerate, resulting in transition to agglomerate combustion controlled by diffusion external to the 
agglomerate. 

A simple way to facilitate boron combustion is to combine it with a more reactive constituent such as, for 
example, aluminum in a form of a binary mechanical mixture of corresponding powders. The more reactive metal 
component of the fuel (aluminum) will raise the temperature of the flow thus theoretically allowing for faster 
heterogeneous boron reactions. Such a blended fuel though having lower theoretical performance in comparison 
to fuel based on pure elementary boron may, nevertheless, in practice exceed performance of the compositions 
based on pure boron due to more efficient boron combustion. The current study of boron aluminum flame in 
products of the hydrocarbon (methane) combustion was performed on the apparatus “hybrid flame burner”. 
Analogous to the stabilization in a ducted rocket of metalized fuel, a laminar flow of metal powder suspension 
entrained in hydrocarbon-air mixture has the ability to sustain a Bunsen flame on a nozzle.  We have confirmed 
possibility of stabilization of the dust flame in suspension of 85% of aluminum (Valimet H-5) and 15% of 
amorphous boron powder. Spectroscopic analysis of the flame showing presence of molecular band of 
intermediate boron oxides and flame temperatures deducted from the continuous part of the spectra provide 
indication to a fully developed boron combustion. 

 
B) The aluminum-water reaction has been widely investigated over the years. In most cases, studies 

focused on the combustion process of aluminum and steam in two major areas: underwater propulsion technology 
and the high-temperature aluminum combustion in solid propellants. During the past few years, other applications 
of metal-water reactions have emerged, including aluminum-water “green” propellants which possess a specific 
impulse of around 230 s. These propellants can be used in various fields, and are most prominent in the area of 
space propulsion due to the light hydrogen gas produced during combustion. In combustion-related applications, 
however, only the thermal part of the energy associated to Al-water reaction is typically used (around 55%), while 
hydrogen serves merely as the exhaust gas.  

For the last decade, another high-profile application of the metal water reaction has emerged: in-situ 
hydrogen generation, which can be utilized in fuel cells, generators and other devices. This topic has gained 
growing interest due to global climate change and the need for a clean, non-polluting fuel to replace 
hydrocarbons. Typically, the devices are operated under atmospheric pressures and at temperatures below the 
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boiling point of water, thus only the hydrogen-air reaction energy is used, and the thermal energy released in the 
aluminum-water reaction is lost. Efficient use of metal as an energy carrier requires harvesting the maximum 
energy that aluminum-water reaction can deliver utilizing both the hydrogen and the thermal energy released 
during its generation. In order to harness the heat generated during hydrogen production (using a steam turbine, 
thermoelectric (TE) generator or an externally-heated Stirling-type engine) the reaction has to be performed at 
temperatures considerably higher than the environment. While the aluminum-water combustion temperature 
(~3000 K) cannot be handled efficiently in practical devices, reactors operated at several hundred degrees can be 
designed and used, though elevated pressures are required in order to prevent the water from boiling. However, 
very limited data are available for the Al-water kinetics in the intermediate temperature regime, and therefore no 
reliable estimations on the feasibility and performance of such reactors have been published.  

This study seeks to broaden our understanding of aluminum-water reactions over the temperature range 
from 20°C to 200°C, where hydrogen production is accompanied by possible utilization of the heat of the reaction. 
The reaction of aluminum powders with liquid distilled water was investigated for three spherical aluminum 
powders (ALEX, H-2 and H-10) with average particle sizes of 0.12, 6.0 and 13.8 microns, respectively. Experiments 
were performed in a batch-type reactor, at temperatures ranging from 20ºC to 200ºC and corresponding pressures 
of up to 2 MPa. The results show that, as reaction temperature increases, both the hydrogen production rate and 
total hydrogen yield increase. It was also demonstrated that a smaller-diameter powder reacted more quickly, had 
a higher hydrogen production rate, and produced a greater total yield of hydrogen throughout the temperature 
range. Hydrogen production rate per surface area was found to be independent of particle size, and an 
Arrhenius-type expression was derived for its temperature dependency. The estimated activation energy of the 
overall reaction was calculated to be 41.0 kJ/mol. Ultrasound experiments were conducted with various powders 
at temperatures as high as 90°C. The ultrasonic agitation resulted in increased hydrogen production rate, as well as 
in total hydrogen yield. The observed inhibitive mechanism for hydrogen production led to the introduction of a 
parameter, termed the penetration thickness, which represents the maximal hydrated layer thickness in an 
aluminum particle. It was shown that, penetration thickness increases with temperature and has little or no 
dependency on particle size.  

The dependence of the burning rate on pressure of aluminum-water propellants containing different 
nano-size powders was investigated in order to study and characterize their properties. Three nano aluminum 
powders were examined: uncoated (U-ALEX, which includes the protective oxide layer), Palmitic acid coated 
(L-ALEX) and Viton coated (V-ALEX). It was found that all investigated compositions demonstrate increase in the 
burning rate with pressure in the pressure range below 3000 psi while the smallest pressure exponent was 
demonstrated by propellant with Viton coated nano-aluminum. However, all compositions have demonstrated a 
rapid decrease in burning rate at 3500 psi pressure that can be possibly associated with change of the propellant 
combustion regime above the  critical point of water (3206 psi, 647 K). 

We have also theoretically evaluated the possible use of metal-water composition as a gun propellant. A 
quasi-one-dimensional Lagrangian ballistics code has been developed in order to model the internal ballistics of a 
water-aluminum light gas gun. Using the information from the chemical equilibrium software calculations has 
indicate projectile speeds above 4 km/s for realistic projectile densities and driving gas mass/projectile mass ratios. 
This is well above the capacity of powder guns, which are limited to approximately 2.5 km/s for the same lunching 
conditions.  

The other work that was initiated in the course of the current contract includes study of metal-water reaction 
at supercritical conditions and development of the flame temperature measurement technique using an “atomic 
tracers” method (atomic lines thermometry), building and testing apparatus of for observing of the hybrid (metal-
hydrocarbon) flame propagation and quenching in vertical tubes and the conceptual design of the high-pressure 
strand burner with the optical access. 
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Chapter I. Dual-stage ignition of boron particle agglomerates 

 

Symb
ol Term Value or relation used to 

determine the constant Unit 

 Pre-exponential factor for boron oxidation   

 Solid boron heat capacity   

 Liquid boron oxide heat capacity   

 Diffusivity of  in    

 Knudsen diffusivity -  

 Molecular diffusivity -  

d Thickness of each layer -  

 Activation temperature for boron oxidation   

 Heat of vaporization of liquid    

 Agglomerate-gas heat transfer coefficient   

I Relative intensity of light - Arbitrary unit 

i Index of the current layer - - 

 Mass transfer coefficient of  vapor in    

 Boron molar weight   

 Boron oxide molar weight   

 Nusselt number  - 

 Number of boron particles in the  layer - - 

 Concentration of  in the  layer -  

 Boron oxide vapor pressure   

 Heat released by boron oxidation   

 Agglomerate radius -  

 Boron particle radius  in the  layer -  

 Agglomerate temperature -  

 Agglomerate volume -  
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The numerical values of the constants and correlations are adapted from King’s model of individual boron 

particle ignition [5] and [6]. 

Elemental boron is an attractive fuel for air-breathing propulsion applications since it has the highest 
volumetric heat production among all elements in reaction with oxygen, and the third highest heat production 
potential on a mass basis (after hydrogen and beryllium). Elemental boron powder can be utilized for propulsion in 
the form of slurries in hydrocarbon fuels [1], in fuel-rich solid propellant formulations [2], or fed directly into the 
combustion chamber from a compacted powder bed [3]. Agglomeration of the initially micron-sized (crystalline 
boron) or submicron-sized (amorphous boron) particles inevitably occurs in all of the propulsion applications 
mentioned above. Porous particle agglomerates in the size range from tens to hundreds of microns are formed as 
liquid hydrocarbon fuel is evaporated from the droplets in the case of fuel slurries. As particles cluster on the 
burning surface of a fuel-rich solid propellant, the agglomeration of boron is very pronounced due to the low 
melting point of the boron oxide glass and its high surface tension and viscosity [4]. The ignition behavior of such 
particle agglomerates, consisting of hundreds or even thousands of densely packed particles and thus having a 
large internal reactive surface area, differs considerably from the ignition mechanism of a single micron-size boron 
particle or a low density particulate suspension. In spite of the obvious practical importance of boron 
agglomerates, the bulk of experimental and theoretical research literature is dedicated to investigation of ignition 
and combustion of a single boron particle or low density dust clouds [5,6,7]. Only two prior studies have attempted 
experimental investigation of the ignition process of boron particle agglomerates. The first study by Shevchuck et 
al. [8] examined ignition of boron particle agglomerates suspended on a tungsten wire in a flow of dry air heated 
by an electrical furnace up to 1100 K. They found that agglomerates with sizes from 2 to 5 mm comprised of 
powders of amorphous and crystalline boron can be ignited at temperatures as low as 800 K, in contrast to the 
much higher temperatures, around 1900 K, that are characteristic for ignition of individual boron particles [9]. This 
dramatic reduction in ignition temperature did not, however, result in transition to full-fledged boron combustion 
as expected after a short period of rapid temperature rise; the agglomerates quenched and the degree of boron 
oxidation was low. 

 
The second study by Holl et al. [10] investigated ignition and combustion of boron slurry agglomerates ( = 

0.088-0.4 mm) supported by a quartz wire in the post-flame gases of a flat-flame burner in the higher temperature 
range between 1690 and 1950 K. By studying agglomerate images from high speed camera recordings and surface 

 Thickness of  film in the  layer - cm 

 Evaporation coefficient of liquid   - 

 Stoichiometric ratio of  to   - 

 Stoichiometric ratio of   to   - 

 Stefan-Boltzmann constant   

 Agglomerate emissivity  - 

 Henry's constant converting partial pressure to 
concentration    

Wavelength -

 Hertz-Knudsen impingement factor   

 Density of solid boron   

 Density of liquid    
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was also observed. As in the wet flows, agglomerates quenched if the oxygen concentration in the flow was below 
some critical value or underwent the second stage ignition followed by combustion at higher oxygen 
concentrations. The values of the first stage ignition temperatures and the critical oxygen concentrations needed 
for the second stage ignition in dry flows were, however, noticeably higher, demonstrating the positive effect of 
boron oxide gasification by water vapors on the boron ignition process. The ignition characteristics of boron 
agglomerates in wet and dry flows are compared in Table 2 below. Though the presence of water vapors in the 
flow did not change the two-stage agglomerate ignition process qualitatively, water vapor noticeably decreased 
the first stage ignition temperature and the critical oxygen concentration for the second stage ignition both for 
crystalline and amorphous boron agglomerates, as shown in Table 2.  

 
Table 2 Comparison of agglomerates ignition characteristics in wet and dry flows 

F
low 

Boron 1st ignition 
temperature, 

K 

2nd ignition 
critical O2 

concentration, % 

2nd ignition 
temperature, K 

2
0 % 

H
2O 

Crystalline 715 56 1730 
Amorphou

s 
828 44 1690 

D
ry 

Crystalline 896 70 1890 
Amorphou

s 
958 55 1860 

 
 

 

 
As can be seen from the experimental results presented in Section 3, the most prominent feature of the boron 

agglomerate ignition process that separates it from ignition of a single particle is the observed two-stage ignition 
phenomenon. Unlike for a single particle, wherein ignition, once started, leads to particle combustion in the 
diffusion regime [5], the thermal explosion that occurs within the boron agglomerate at relatively low 
temperatures does not always result in a transition to self-sustained combustion. If the oxygen concentration in 
the flow is below some critical value, ignition is followed by agglomerate quenching and the degree of boron 
oxidation is low. At higher oxygen concentrations, thermal ignition of the agglomerate results in a transition to 
self-sustained combustion via the second ignition event, as manifested by a distinctive kink in the rate of 
temperature increase (see Fig. 8(b)) and, at oxygen concentrations close to critical, is observed after the 
temperature history briefly takes on a plateau value. Thus, the main objective of the theoretical effort described 
below is to identify the key physical mechanisms responsible for the agglomerate quenching and the dual ignition 
phenomenon while simplifying other aspects of the complex agglomerate ignition process as much as possible. 

 

 
Ignition of a single boron particle, as described by the classical model of King [5,6], is governed by the 

interaction between boron oxidation through the protective layer of the boron oxide liquid film and film removal 
due to evaporation and gasification by water vapor in wet flows. Ignition occurs at the temperature at which the 
rate of film evaporation and gasification [14] exceeds its rate of growth, leading to a rapid decrease in the film 
thickness, eventually exposing the bare boron surface to the flowing oxygen. Due to the low diffusivity of oxygen 
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through boron oxide in comparison to gas, the oxygen concentration at the external surface of the oxide film that 
envelopes the particle during the entire ignition process is practically equal to the oxygen concentration in the free 
flow. Thus, the gaseous diffusion of oxygen can be neglected until the boron surface becomes practically free of 
the oxide film. Unlike a single isolated particle, boron particles at different distances from the inside surface of the 
agglomerate are exposed during the ignition process to constantly changing oxygen concentrations that are 
considerably lower than that in the free flow due to oxygen consumption in the outer agglomerated layers and the 
higher diffusion resistance of the porous media in comparison to gases. In the course of ignition, the oxide film 
around each particle grows, the cross section of the agglomerate pores decreases, leading to a proportional 
decrease in the oxygen diffusivity inside the agglomerate.  

 
The most important simplifications assumed by the model can be summarized as follows: 
 

− The agglomerate and all constituent particles are of spherical shape. All particles have equal size. 
− The agglomerate is assumed to be isothermal, i.e., any temperature gradient inside the agglomerate is 

neglected. 
− The heat exchange with the environment via convection and radiation takes place through the external surface 

of the agglomerate. 
− The boron oxide is evaporated in the kinetic regime, i.e., diffusion resistance to oxide vapors inside the 

agglomerate is neglected. Consequently, outflowing boron oxide vapors have no effect on the oxygen diffusion 
inside the agglomerate.   

− The model considers ignition only in dry flows and thus neglects gasification of the boron oxide by water 
vapor. 

 



 
The ag

the oxide 
covered by
concentrat
inside the 
are also sp

 
In our

approxima
oxygen co
within eac
inside the 
the diffusio
each layer
particle rad

 

Figure
individual 
the concep

 
Based

(where  is
layers): 

gglomerate te
film covering 
y a film of liqu
tion to which t
agglomerate, t

patially depend

r model, we ap
ation the agglo
ncentration in
h layer have a
agglomerate a
on resistance i
can be calcula

dius and the th

e 11 (a) Illust
reacting boro

pt of “bottle-n

 on the above
s the index of t

mperature, th
the particles a
id boron oxide
the particle is 
the reaction ra

dent paramete

pproximate the
omerate is divid
nside each laye
an equal radius
at each time st
in each layer to
ated by trackin
hickness of the

tration of the
n particle; (b) 
eck” diffusion

 stated assum
the current lay

e mass of eac
are the time-d
e depends on t

exposed. Due
ate of each par
rs. 

e gradient of o
ded, as shown
er is considere
s and the equa
tep can be obt
o be proportio
ng the change

e oxide film. 

e realistic bo
illustration of
 area 

ptions and lim
er,  is the nu

 
18 

h boron partic
dependent par
the thickness o
 to the consta
rticle, and ther

oxygen concen
 in Fig. 11(b), 

ed to be unifo
al thickness of 
ained by solvin

onal to a time-d
 of the extern

        
ron particle a
f the simplified

mitations, the h
umber of partic

cle inside the a
rameters.  The
of the film, tem
antly changing 
refore its mass

ntration inside
into N equidist
rm and varies 
the oxide film

ng the diffusio
dependent po
al particle rad

agglomerate, 
d model of the

heat balance e
cles in the i-th l

agglomerate, a
e reaction rate
mperature, and

gradient of ox
s and the mass

e the agglomer
tant concentri
 only with tim

m. An oxygen c
on equation in 
ore diameter. T

ius which is th

oxygen diffu
e boron partic

equation can b
layer, and  is 

and the thickn
e of a boron p
d the current o
xygen concent
s of the boron 

rate by steps. 
c layers (shells

me. Thus all pa
concentration p

reacting medi
The pore diame
he sum of the 

sion channels
cle agglomerat

be written as f
the total num

ness of 
article 

oxygen 
tration 
oxide, 

In this 
s). The 
articles 
profile 
a with 
eter in 
boron 

 

s, and 
te and 

ollows 
mber of 



 
19 

                                                                                                                         (1) 

 
The left hand side of Eq. (1) takes into account the change in mass of the boron and boron oxide within the 

agglomerate by summarizing the heat capacities of agglomerate layers. The first term on the right hand side 
represents the rate of heat transfer via convection and radiation through the external surface of the agglomerate. 
The second term is the rate of heat generation by the reaction of boron with oxygen. The last term describes the 
rate of heat loss caused by evaporation of liquid boron oxide.  

The mass balance equation for the boron oxide in the i-th layer can be written as: 

                                                                                                    (2) 

 and the mass balance equation for boron in the i-th layer as:    

                                                                                                                                     (3) 

 
For each boron particle inside the agglomerate, the model adapts the same boron oxidation (4) and boron 

oxide evaporation (5) laws as formulated by King for a single particle ignition model [5]:  

                                                                                                                                          (4) 

                                                                                                                                                (5) 

 
As illustrated in Fig. 11(a), the reaction is limited by the oxygen diffusion rate through the liquid boron oxide 

film and is inversely proportional to its thickness (4). The rate of the boron oxide evaporation in King’s formulation 
considers both the kinetic and the diffusion resistances. However, since in the current model the concentration of 
boron oxide vapor inside the agglomerate is assumed to be equal to that of the free stream, the evaporation rate 
is controlled by kinetics. 

 
The oxygen concentration profile at each time step of the agglomerate ignition process can be found by 

solving a steady-state oxygen diffusion equation in each layer:  

                                                                                                                                         (6)   

where  

The analytical solution for equation (6) is the zero-order modified Bessel function: 

                                                                                                                          (7) 

where C2 is equal to zero since  must be finite. Using an approximation of  by a second order series, Eq. (7) 
can be simplified as follows: 
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                                                                                                                                                  (8) 

The unknown coefficient  in ith layer can be found from the partial pressure of oxygen in the previous i-1 
layer and the expression for the oxygen partial pressure in the ith layer can be written as follows: 

                                                                                               (9) 

Here d =ra/N  is the thickness of each layer. 
 
As the oxygen concentration in the external layer ( ) is always close to that in the free flow, the 

oxygen concentration profile inside the agglomerate can be computed recursively from the top layer to the last 
bottom layer at each time step. 

 
The delivery of oxygen inside agglomerate by the gas diffusion through the pores is interrupted when the 

growing layer of the boron oxide blocks the pore channel cross section at some ‘bottle-neck” location inside the 
agglomerate as schematically illustrated in Fig. 11(c). Even for an ideal mono-disperse spherical powder, the pore 
cross section in high porosity agglomerates varies due to density fluctuations and the formation of branch-like 
structures [15]. Both the crystalline and amorphous boron powders used in the present experiments have wide 
particle size distributions, as shown in Fig 1, that will result in an even larger distribution of pore size. Thus defining 
the bottle-neck distance is somewhat arbitrary and has to be calibrated by comparing model predictions to 
qualitative experimental results. The model predicts that if the bottle-neck distance is chosen to be above 20% of 
the average pore diameter, the agglomerate consisting of spherical monosize particles will not quench under any 
circumstances after undergoing the first stage ignition. On the other hand, if the bottle-neck cross section is below 
6% of the average pore diameter, the agglomerate always quenches after the first stage ignition without 
undergoing a transition to the second stage combustion. Thus for the calculation shown below we have considered 
bottle-neck cross section to be about 10% of the average pore diameter. 

 
When in the process of calculations the growth of the boron oxide film exceeds the chosen critical width of 

the bottle-neck area in the  layer, the channel is plugged and both oxygen diffusion and boron oxide evaporation 
are blocked in the layers underneath. The model predicts (see below) that blocked channels may re-open in later 
times if the thickness of boron oxide decreases below critical width due to intensive evaporation at high 
temperatures. Hence, the number of “active” layers participating in oxidation is constantly changing and may first 
decrease and then increase in the course of the ignition process.  

 

The numerical simulation of the agglomerate reacting in dry oxidizing flow has been performed with the 
model dividing the agglomerate into 100 equidistant layers. Numerical values for the boron oxidation reaction 
constants in Eq. (3) and boron oxide evaporation in Eq. (5) were taken from King’s work [5]. The radiation 
emissivity of the external surface of the agglomerate is assumed to be 0.8 and the heat and mass transfer 
coefficients inside and outside the agglomerate were considered temperature dependent in accordance to 
established values in the literature [16]. The calculated time-temperature history of the agglomerate that is rapidly 
inserted into the oxidizing flows having different temperatures but the same 20% oxygen content is shown in Fig. 
12(a). As shown in Fig. 12(a), the model correctly captures the qualitative picture of the agglomerate two-stage 
ignition process. Below 1150 K the agglomerate undergoes only an inert heating to the flow temperature. At about 
1150 K, the thermal explosion within the agglomerate rapidly elevates its temperature to the peak value of about 
1500 K, after which the reaction practically stops and the agglomerate begins to cool down to the flow 
temperature as an inert body. At flow temperatures above 1190 K, after the agglomerate temperature briefly 
reaches a plateau at about 1600 K, the second ignition stage occurs and is manifested by a very sharp rise in 
agglomerate temperature and the intensive evaporation of the boron oxide within the agglomerate. The model 
results also confirm the experimental observations that transition from the first to the second stage ignition can be 



induced by
of the mo
temperatu
whereas e
agglomera

 

Figure
with (a) di
at 1050 K. 
0.01μm, an

 
As me

of the agg
changing o
whereas, i
layer is con
be comple
of oxygen 
13.  

 
During

13, is prac
concentrat
Eventually 
blockage o
rate and co
point.” If t
the oxide p
increased 
exponentia
sustained 
blockage p
external ag

 

y the increase o
odel simulatio

ure of 1050 K. 
experiments pe

tes (see the re

e 12 Model res
ifferent tempe
Agglomerate 

nd the agglom

entioned befor
lomerate, the 
oxygen conce
n the case of 
nstant. At som
tely cut off by 
concentration

g inert agglom
ctically the sam
tion with radiu
the reactive s

of the pore cha
oincides with a
he agglomerat
pore blockage,
reaction surfa

al temperature
agglomerate c

progresses tow
gglomerate sur

of oxygen conc
on of the ag

The model pr
erformed in d
esults in Table 2

sults showing 
eratures and th
diameter is 3 

merate density 

re, the differen
reaction surfa

ntration that 
a single partic
e point, the ox
the boron oxid
 profiles withi

erate heating 
me as in the f
us (curve 2) ma
surface below 
annel by the bu
a plateau on t
te temperature
, permitting on
ace area, in c
e increase and 
combustion. In
wards the sur
rface, resulting

centration at a
gglomerate ign
redicts transiti
ry flows show
2). 

time history o
he same 20% o
mm, boron pa
is 0.8 g/cm3. 

nce between ig
ace area within
depends both

cle, the concen
xygen access to
de film blockin
n the agglome

(curve 1) the o
free flow. The 
aking reaction e

some point in
uild-up of the b
he temperatur
e is sufficiently
nce again oxyg
combination w
fast evaporati

n the opposite
rface of the a
g in quenching

 
21 

a relatively low
nition process
ion from the f

w transition at 

 
of agglomerate
oxygen conten
article size is 3

gnition of a sin
n the agglome
h on the dista
ntration of oxy
o layers below

ng the channel 
erate during th

oxygen concen
first stage ign

effectively loca
nside the agglo
boron oxide (cu
re curve. The b
y high, the eva
en delivery de

with high tem
on of the rema
e case, when 
gglomerate, s
.  

w flow tempera
s at different
first to the se
approximately

e temperature
nt and (b) with
3 μm, initial th

ngle particle an
erate is expose
ance from the
ygen on the o

w some location
at a bottle-nec

he two stage ig

ntration within
nition is manif
alized in layers
omerate is com
urve 3). This le
beginning of th

aporation of th
eep inside the a
perature and 
aining boron o
the temperat

shrinking the r

ature. Thus Fig
t oxygen conc
cond stage ign
y 70% of O2 f

e inserted into
h different oxy
hickness of the

nd agglomerat
ed during ignit
e agglomerate

outside surface
n deep within t
ck location. Th
gnition process

 the agglomer
fested by a sh
s close to the a
mpletely cut o
eads to a rapid 
he plateau is e

he boron oxide
agglomerate (c
the thinner o

oxide, resulting
ure is not hig
reaction surfa

. 12(b) shows r
centrations at
nition at 79% 
for crystalline 

o dry oxidizing
ygen concentr
e boron oxide 

e is that, in th
ion to a dynam
e surface and 
e of the boron
the agglomera

he complex dyn
s is illustrated 

ate, as shown 
harp drop in o
agglomerate su
off from oxyge

drop in the re
effectively a “t
e eventually rem
curve 4). The r
oxide film, lea

g in transition t
gh enough, the
ace area to ju

results 
t flow 
of O2, 
boron 

 

g flows 
rations 
film is 

e case 
mically 
 time, 
 oxide 

ate can 
namics 
in Fig. 

in Fig. 
oxygen 
urface. 
n by a 

eaction 
tipping 
moves 
rapidly 
ads to 
to self-
e pore 
st the 



Figure
ignition pr
first stage 
second sta

 
The n

experimen
the model
value of 
experimen
that the fi
crystalline 
showing t
agglomera
to amorph
nano-sized
at about 1
diffusion in
the beginn
can be pre
Because th
increases a
model dev
amorphou

 
Agglom

viewed as 
loss in spe
drastic red
boron, wh
in ignition 

 
The ig

phenomen
of oxygen 
ignition sta
practically 
eventually 

e 13 Model res
rocess and (b) 

ignition, 2-du
age ignition. 

umerical resu
ntal results obt
 predicts a cri
70% and pre

ntally. Due to t
rst ignition sta
boron agglom

that crystallin
tes. This sugge

hous boron ag
d particles, and
100 nm. The m
n pores associ
ning of the ign
esented as the
he mean molec
and dominates
veloped above
s boron agglom

meration of pa
a purely delet

ecific impulse. 
duction in the
ose high igniti
temperature o

gnition of the 
non resulting fr
towards the la
age of the agg
negligible. The
blocks diffus

sults showing (
the correspon

uring the first 

ults obtained f
ained for cryst
tical oxygen c

edicts the firs
the very large 
age temperatu

merates. As ca
ne boron agg
ests that the cu
glomerates.  I

d the second p
ean path leng
ated with the 
ition process. T
e sum of mole
cular free path
s in later stage

e should be m
merates.  

articles, often o
terious phenom
As shown in t
 ignition temp
on temperatu

observed with 

boron agglom
rom a complex
arge internal ag
glomerate occu
e build-up of th
sion delivery o

(a) concentrat
nding time hist
stage ignition

from the mod
talline boron a
oncentration f

st ignition tem
specific surfac
ure for amorp
an be seen fr
glomerates ign
urrent model b
ndeed, as see

peak of the bim
th between m
nanometric ta
The total diffu
ecular 1/Dm an
 is proportiona
es of the igniti
odified in futu

observed in va
menon that inc
the current wo
perature of th
re was always 
agglomerates 

merate is show
x interplay bet
gglomerate su
urs at relative
he boron oxide
of oxygen tow

 
22 

tion profiles in
tory of agglom

n, 3-at a tempe

del are also in
gglomerates in
for the second
mperature of 
ce area of amo
phous boron a
rom Table 2, t
nite at lowe
based on mole
en from Fig. 1,
modal particle 

molecular collis
ale in particle s
usion resistanc
nd Knudsen 1/
al to the gas te
ion process fo
ure to include 

arious propulsi
creases combu
ork, this negat

he agglomerat
considered de
in comparison

wn both exper
ween boron o
rface area. Bec
ly low temper
e inside the ag
wards the agg

nside agglomer
merate temper

erature platea

n relatively go
n dry oxidizing 
d stage ignition

1050 K in c
orphous boron
gglomerates s
this prediction
r flow tempe

ecular diffusion
, amorphous b
size distributio
ions at 1000 K
size distributio
e of the oxyge
/Dk diffusion r

emperature, th
or the amorpho

Knudsen diffu

on systems ut
ustion time of 
tive effect can

te in comparis
etrimental for 

n to single part

rimentally and
xidation, evap
cause of the la
ratures when e
gglomerate dur
glomerate int

rate during dif
rature. 1- Inert
au tipping poi

ood quantitat
flows. Thus, a

n of 79% vers
comparison to

n (see Table 1),
should be low
n contradicts 
erature than 
n in porous me
boron contains
on in amorpho

K is about 230 
on is of the Kn
en delivery ins
resistances: 1/

he role of slowe
ous boron agg
usion in order 

tilizing metal fu
the fuel and f

n be offset, at 
son to a single

efficient utiliz
icles can excee

d theoretically 
poration of the 
arge reactive s
evaporation o
ring the first st
ternal surface 

 
fferent stages 
t heating befo
nt and 4-durin

ive agreement
s mentioned b
us the experim
o 900 K mea
, the model pr
er in comparis
experimental 
amorphous 

edia is not app
s a large num
ous boron pow
nm, suggestin

nudsen type, e
ide the agglom
/D =1/Dm+1/D
er Knudsen dif

glomerate. Thu
 to be applica

uel, has always
frequently lead

least partially
e particle. Thu
zation, the red
ed 1000 K.  

 to be a dual
 oxide, and dif
urface area, th
f the boron ox
tage ignition p

and may res

of the 
ore the 
ng the 

t with 
before, 
mental 
asured 
redicts 
son to 
result 
boron 
licable 
ber of 

wder is 
ng that 
ven at 

merate 
k [17]. 

ffusion 
us, the 
able to 

s been 
ds to a 
y, by a 
us, for 
uction 

 stage 
ffusion 
he first 
xide is 
rocess 
sult in 



 
23 

agglomerate quenching. However, if the peak temperature reached during the first ignition stage is sufficiently 
high, the rapid evaporation of the oxide eventually unblocks the internal surface for reaction providing conditions 
for the second stage ignition. The second ignition stage results in complete evaporation of the oxide from both 
external and internal surfaces of the agglomerate, resulting in transition to agglomerate combustion controlled by 
diffusion external to the agglomerate.  
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Chapter II. Combustion of Boron-Aluminum suspension in products of the 
hydrocarbon flame 

 

The use of boron in air-augmented combustion either in a hydrocarbon matrix [1] or as purely metal 
powder fuel ramjet [2] has been considered as a method to boost the energy density of fuels and to provide a safe, 
thermally insensitive propellant with a long shelf life. The use of catalytic substances has been proposed (fluorine 
oxidizers, H2O vapor, etc) [3, 4] as a potential way to increase reaction rates and provide pathways for more 
energetically favorable combustion. An even simpler way to accelerate the boron reaction is to combine the boron 
powder with a more reactive constituent (binary mixture of powdered metal fuels). The more energetic 
component of the fuel raises the temperature of the mixture theoretically allowing for faster boron reactions.  

Analogous to the stabilization of the air-fuel mixture produced by a fuel-rich propellant in a ducted rocket, 
a flow metal powder suspension in air has the ability to sustain a flame on a nozzle. [5]. It has been shown that 
when mixed with hydrocarbon fuel, the flame front of the aluminum couples with the hydrocarbon front allowing 
flame stabilization at lower concentrations of metal fuel [6]. This is analogous to boron metal combustion and 
flame propagation in propellant formulations with metal and hydrocarbon fuel. Hydrocarbon fuel allows presence 
of hydroxyl groups reacting with BO to form metaboric acid (HOBO) and boron oxide hydride (HBO) which are B2O3 
oxidation reaction inhibitors at the high temperatures in the flame. It is unknown how the hydrocarbon presence 
will affect flame propagation in aluminum boron mixtures. 

There is also considerable interest to determine the effect of the boron loading and the ability to 
contribute to the flame propagation in the aluminum-hydrocarbon coupled flame front as demonstrated by Soo et 
al. [6]. This study is meant to examine laminar flame propagation in suspensions of aluminum-boron powder 
mixtures in air and in a hydrocarbon flame.  

 

Boron has a hydroscopic oxide layer which makes dispersion difficult due to its tendency to agglomerate. 
However, when mixed with aluminum powder in small weight fractions, the powder mixture is capable of laminar 
dispersion. A 5% (gravimetric) mixture of amorphous boron and 95% aluminum were used to study the flame 
propagation of the dust suspension in 26% oxygen.  

The experiments were performed with a mixture of 15% (gravimetric) amorphous boron and 85% 
aluminum. The powders were mixed batches of 100g in a laboratory powder mixer. The powders were then dried 
overnight to remove any excess moisture to minimize agglomeration. The aluminum powder used was Ampal 637 
and amorphous Boron. The size-distribution was acquired with the Malvern Mastersizer 2000 and is shown for 
each individual powder in Figure 1 and Figure 2 and in the 15% boron mixture in Figure 3. 
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The aluminum-water reaction has been widely investigated over the years. In most cases, studies focused on 
the combustion process of aluminum and steam in two major areas: underwater propulsion technology [1-2] and 
the high-temperature aluminum combustion in solid propellants [3-4]. During the past few years, other 
applications of metal-water reactions have emerged, including aluminum-water “green” propellants which possess 
a specific impulse of around 230 s. These propellants can be used in various fields, and are most prominent in the 
area of space propulsion [5-7] due to the light hydrogen gas produced during combustion. In combustion-related 
applications, however, only the thermal part of the energy associated to Al-water reaction is typically used (around 
55%), while hydrogen serves merely as the exhaust gas. 

For the last decade, another high-profile application of the metal water reaction has emerged: in-situ 
hydrogen generation, which can be utilized in fuel cells, generators and other devices [8]. This topic has gained 
growing interest due to global climate change and the need for a clean, non-polluting fuel to replace 
hydrocarbons. Typically, the devices are operated under atmospheric pressures and at temperatures below the 
boiling point of water, thus only the hydrogen-air reaction energy is used, and the thermal energy released in the 
aluminum-water reaction is lost.  

Efficient use of metal as an energy carrier requires harvesting the maximum energy that aluminum-water 
reaction can deliver utilizing both the hydrogen and the thermal energy released during its generation. In order to 
harness the heat generated during hydrogen production (using a steam turbine, thermoelectric (TE) generator or 
an externally-heated Stirling-type engine) the reaction has to be performed at temperatures considerably higher 
than the environment. While the aluminum-water combustion temperature (~3000 K) cannot be handled 
efficiently in practical devices, reactors operated at several hundred degrees can be designed and used, though 
elevated pressures are required in order to prevent the water from boiling. However, very limited data are 
available for the Al-water kinetics in the intermediate temperature regime, and therefore no reliable estimations 
on the feasibility and performance of such reactors have been published. This study seeks to broaden our 
understanding of aluminum-water reactions over the temperature range from 20°C to 200°C, where hydrogen 
production is accompanied by possible utilization of the heat of the reaction.  

 

Metal-water reactions enable the production of hydrogen on demand, thus bypassing some of the 
disadvantages related to the use of elemental hydrogen [8]. This method is relatively safe and inexpensive, 
requires no hydrogen cooling and pressurization, and the volumetric hydrogen content in water is more than 50% 
higher than it is in the form of pure liquid hydrogen (111 vs. 71 kg/m3) [9] – a solution to the severe storage issues 
resulting from hydrogen’s low volumetric energy density. 

A complete reaction between metal and water can be described as follows:  
           (1) 

where x and y are determined by the metal’s ion charge. However, in some cases, especially at relatively low 
temperatures, intermediate products can also be obtained (mainly metal-hydroxides) and the metal is not fully 
oxidized. In these cases, however, hydrogen yield is expected to stay unchanged, as long as enough water is 
available to react, as seen in Eq. 2:  

          (2) 
Studies have investigated the metal-water reaction for several metals, such as aluminum, zinc and magnesium 

[10-16]. Among these metals, aluminum was found to be the most appropriate for hydrogen production due its 
highly positive ion (+3), low price, and abundance in the Earth’s crust. The recycling technologies from aluminum 
oxide to aluminum are also very mature and inexpensive, and are used extensively in the aluminum industry. 
Table 1 shows that compared to other common metals, aluminum will produce the highest hydrogen yield, both 
gravimetrically and volumetrically.  
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Table 1: Gravimetric and volumetric hydrogen yield for different metals 
 

Metal Mg Al Fe Cu Zn
Atomic mass [amu] 24.3 27 55.8 63.5 65.4
Density [g/cm3] 1.74 2.70 7.87 8.96 7.14
Hydrogen produced from 1 kg of metal [mol] 41 56 18 16 15
Hydrogen produced from 1 dm3 of metal [mol] 72 150 141 141 109

 
Most of the recent publications studied Al-water kinetics at temperatures below the boiling point of water and 

at low pressures [17-33]. This relatively low reaction temperature results in poor reaction rates and hydrogen 
yields due to the protective aluminum oxide layer. Several methods have been used in order to overcome this 
limitation. The most common method studied to date is the use of alkali hydroxide additives [17-20], which allow 
water penetration through the alumina layer and accelerate hydrogen production. However, the corrosive and 
potentially dangerous nature of alkali hydroxides is undesirable. Aluminum alloys were also considered as reaction 
promoters [21-25] due to the addition of reactive metal catalysts. High reaction rates were reported for several 
compositions, but the decrease in potential hydrogen yield, the low availability of the metal additives [25] and the 
increased complexity due to the seeding process make this method unattractive. A different and unique approach 
to overcome the passive alumina layer was employed by Rosenband and Gany [26]. They used a small fraction of 
lithium-based activator to form an activated aluminum powder, which undergoes a spontaneous reaction with 
water. They reported a fast, self-sustained reaction of activated aluminum with water even at room temperature, 
and practically 100% yield of hydrogen generation in some cases. They showed that the reaction rate may be 
controlled by the aluminum particle size, water temperature, metal activation conditions, and metal/water mass 
ratio. 

Other studies investigated the use of nano aluminum, and reported enhanced reaction rates [27-28]. 
However, the low percentage of available active aluminum in the nano powder, its high price, and the relatively 
fast degradation and oxidation of the powder make nano aluminum less favorable in terms of commercial 
hydrogen production. Another novel approach to accelerate the metal-water reaction involves ultrasonic agitation 
of the Al-water mixture. This method has yet to be used and no previous studies on the subject have been 
published. It is believed that better mixing will increase the interaction between metal powder particles and the 
surrounding water environment, leading to higher reaction rates and increased hydrogen yields. The proposed 
method, if proven effective, could eliminate the need for reaction catalysts and additives that are now widely used 
for the enhancement of hydrogen production rate. 

The exact mechanism of the Al-water reaction is not fully understood, though it is believed the chemical 
reaction at temperatures up to 280°C follows the scheme shown in Eq. 3 to produce Bayerite (Al(OH)3) in addition 
to hydrogen [29]: 

          (3) 
This was supported by Bunker et al. [30], who used Secondary Ion Mass Spectrometry (SIMS) to examine the 

passive oxide layer of aluminum particles. They reported high concentration of hydroxides in the passive aluminum 
oxide film, suggesting that hydration of that film plays an important role in mediating its properties. Deng et al. 
[31] and Deng et al. [32] proposed a model explaining the different stages in Al-water reaction leading to the final 
one-step reaction described in Eq. 3:  

1. At the aluminum particle surface, the oxide layer is hydrated and Boehmite is formed: 
                           (4) 

2. At the AlOOH:Al2O3:Al interface, aluminum and Boehmite produce alumina and hydrogen bubbles:  
              (5) 

3. The non-reacted Boehmite reacts with excess water, if present, to produce Bayerite:  
           (6) 

They speculated that the pressure difference between the trapped hydrogen bubbles and the environment 
results in failure of the hydrated layer, allowing water to come in contact with the aluminum core and restart the 
described process. For 3 m powder, they showed increasing hydrogen production with temperature (up to 50°C) 
under near-vacuum conditions but, surprisingly, almost no production at 75°C and at atmospheric pressure. 

Many studies have tried to establish the activation energy (Ea) of the Al-water reaction. Ivanov et al. [27] 
performed Al-water experiments at the 50-75°C temperature range, using ultra-dispersed particles with specific 
surface of 5-25 m2/g, corresponding to particle diameter of 90-450 nm. They observed an increasing reaction rate 
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with temperature (from 30 to 330 cm3/min/gAl) and a decrease in reaction induction time with temperature (from 
78 min at 50°C to 2.5 min at 75°C), and calculate the reaction activation energy to be 85 kJ/mol. Lyashko et al. [28] 
studied the reaction of water with different powders in the 130-270 nm range, and reported activation energies of 
54-100 kJ/mol. They, however, used data from only two temperatures, 45°C and 60°C, which together with the 
wide range of reported Ea values, suggests high uncertainty in the Ea values obtained. Studart et al. [33] 
investigated the Al-H2O kinetics for cement casting processes. They offered a four-stage reaction mechanism 
explaining hydrogen generation from aluminum-water reaction. They suggested that the two most dominant 
parameters controlling hydrogen production are the PH level and the  ion concentration in the aqueous 
solution. Their experimental results were analyzed to estimate the activation energy of Boehmite (AlOOH) and 
Bayerite (Al(OH)3), and values of 62 kJ/mol and 53 kJ/mol, respectively, were reported. In general, the relatively 
narrow temperature range in these studies (20-75°C) leads to considerable uncertainty regarding the reported 
values for activation energy.  

Although showing useful and promising results, low temperature Al-water reaction is somewhat limiting, since 
it requires the use of additives or other methods in order to overcome the passive oxide shell. The narrow 
experimental temperature range in previous studies (20-80°C) limits the degree of certainty of the extracted 
reaction properties, mainly activation energy. As mentioned, it also precludes the utilization of heat generated 
during metal-water reaction, so more than half (54-56%) of the reaction energy is lost. Working at higher 
temperatures is expected to enhance the hydrogen production rate, leading to a reduced need for additives or 
nano powders. The experimental work conducted by Laritchev et al. [34] studied aluminum reaction with water 
(up to 100°C) and water vapor (up to 900°C). They report that full oxidation of aluminum with water and water 
vapor is achieved during a reasonable time (up to 60 minutes) for micron and submicron powders, as well as for 
flakes less than one micron thick. They note that the composition of solid reaction products depends on the 
average size of Al particles, and changes from Al(OH)3 for the micron size particles to AlOOH for the submicron and 
flake aluminum. Although showing similar trends between the results for water and for water vapor, there is still a 
gap with regards to the behavior of aluminum-water mixtures for temperatures higher than 100°C. Water vapor 
also possesses much lower density, making the use of it less attractive. Potapova et al. [35] investigated the 
kinetics of aluminum oxidation by water vapor at 150-250°C range and steam pressure of 500-5000 kPa. In their 
0.5-6.5 hr long experiments they used 24 m aluminum particles, and extracted reaction order and activation 
energy from their results. They calculated Ea to be as low as 10 kJ/mol.  

Despite a lack of experimental data for aluminum-water reactions at intermediate temperatures, the benefit 
of utilizing the reaction heat as part of a power cycle has been noted in prior studies. An analysis of the combined 
hydrogen-production/power-generation concept was made by Franzoni et al. [36]. They estimated the energy 
conversion efficiency of a power system based on Al–H2O combustion when adopting a superheated steam cycle 
or a combined heat and power cycle. In both cases, the efficiency ranges between 0.62 and 0.85, assuming that 
the hydrogen produced by the system is then employed in a fuel cell. Barone et al. [37] extended this idea into a 
feasibility study of using the aluminum-water reaction to power unmanned underwater vehicles (UUVs). They 
showed analysis of several proposed systems including different engines (Stirling, steam or TE generator) and 
various uses for the produced hydrogen. They estimated the specific energy obtained from the system to be 
800-1600 (W-hr)/kg, well beyond the 600 (W-hr)/kg long-duration mission requirement defined in their study. 

This paper investigates aluminum-water reactions over a wide temperature range (20-200°C). Little is known 
on the behavior and characteristics of the Al-water reaction in this temperature range, and this study aims at filling 
some of these gaps. The effect of particle size on the reaction characteristics has yet to be fully explored, and the 
current research examines the effect of this parameter through the use of three different particle sizes. In 
addition, results for Al-water experiments where ultrasonic agitation is used are presented and discussed. A simple 
physical mechanism is proposed to explain the effects of reaction temperature and particle size on the reaction 
yield.  

 

The present apparatus is designed to enable measurements of the main characteristics of the reaction, hydrogen 
production rate and hydrogen yield, as a function of temperature. The setup consists of a high-pressure reactor, 
where metal powder reacts with high temperature, pressurized water to release hydrogen. High pressure, which is 
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Figure 3: SEM image (a) and volumetric size distribution (b) of H-10 aluminum powder. 
 
 
 
 
 
 
 
                         (a)                                                                                                 (b) 

 
 
 
 
 
 
 
 
 
 

Figure 4: TEM image (a) and volumetric size distribution (b) ALEX aluminum powder. 
 
In order to explore the effects of ultrasonic agitation, several experiments included an ultrasonic rod (sono-

rode) connected to the reactor via a 7 mm port (see Fig. 1b), and sealed with an O-ring between the sono-rode and 
a brass sleeve. The rod was connected to a UP50H Hielscher ultrasound processor, enabling ultrasonic vibration at 
power levels up to 50 W. The ultrasound setup was not designed to hold pressures higher than atmospheric 
pressure, therefore the temperature in ultrasound experiments was limited to a maximum of 90ºC. In this study, 
the ultrasonic processor was operated at a power of 30 W during the experiments.   

 

Experiments were performed with different powders over a range of temperatures. An example for data taken 
from experiments conducted with H-2 powder at several temperatures is given in Fig. 5. In all three cases an 
induction time is observed, in which it is believed that the passive oxide layer starts to hydrate and decompose. 
Following that, hydrogen generation commences until reaching peak production, followed by a sharp decay of the 
production rate and termination of the reaction.  

a. Reaction temperature 
Increasing reaction temperature, as seen in Fig. 5, results in a faster Al-water reaction and a higher flow rate of 

produced hydrogen, as expected due to Arrhenius-type behavior. A time-to-peak, , is defined as the time to reach 
maximum hydrogen production rate. As reaction temperature increases, it can be noted that the time-to-peak, , is 
decreased.  
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Figure 5: Produced hydrogen flow rate vs. time for experiments conducted with H-2 aluminum powder at 

different temperatures. 
When integrating the curves shown in Fig. 5 with time, one can obtain the hydrogen yield for each case, which 

is proportional to the area under the hydrogen flow curves. Figure 6 shows the total hydrogen yield in experiments 
conducted with the same powder (H-2) at various temperatures. Higher reaction temperature is expected to 
increase the reaction rate and shorten the time-to-peak, but the observed trend of increased yield with 
temperature shown in Fig. 6 suggests an additional clear advantage for conducting Al-water reaction at high 
temperatures. The recorded higher hydrogen yield indicates enhanced reaction efficiency, making it more 
attractive for use in commercial systems. It may also allow the use of micron size particles, rather than nano 
powders, without affecting overall system performance. 

 
Figure 6: Hydrogen yield vs. time at various temperatures for experiments conducted with H-2 aluminum 

powder. 
b. Particle size 
The effect of aluminum particle size on the Al-water reaction was studied using three different powders. The 

larger flow rate for the smaller H-2 powder compared to the H-10 powder is presented in Fig. 7. It is clear that the 
Al-water reaction with smaller aluminum particles (H-2) produces hydrogen at a higher rate, and also results in 
larger total yield. The larger specific surface of the smaller powder leads to increased reaction rates. The increased 
reaction completeness, i.e. total yield, is an additional benefit of smaller particles.  
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Figure 7: Produced hydrogen flow rate vs. time for experiments conducted at 115ºC with H-2 (6 m) and 

H-10 (13.8 m) aluminum powders. 
The observed trend of higher hydrogen production for smaller powder (H-2 vs. H-10) was also examined 

during experiments conducted with nano size aluminum powder (ALEX). Figure 8 shows a dramatic increase in 
hydrogen generation for the nano-scale powder for experiments conducted at 70°C. The total hydrogen yield in 
this experiment (nano size particles, 70°C) reached 98%, meaning the aluminum powder had reacted almost fully 
with the surrounding distilled water. The recorded maximum flow rate in this experiment is almost four times 
larger than that of [27], which was conducted in a similar temperature. The large difference is probably due to the 
slightly different particle size – 120 nm in this study vs. 90-450 nm in [27]. It could also stem from the relatively 
fresh powder used in this work (2-3 months after production) since nano size powders may quickly degrade and 
oxidize if not sealed and stored well. The high reactivity of ALEX powder was also noticed during the experiments 
conducted at 100°C and 115°C. In these experiments, thermal runaway was observed, as the temperature in the 
reactor rapidly increased by 60-70°C due to the fast Al-water reaction. The hydrogen flowmeter displayed 
saturated values not only due to the high hydrogen flow but also due to the rapid boiling of water into steam, 
resulting from the sudden increase in temperature, which overwhelmed the capabilities of the bubbler-condenser 
used. Obviously, flow rate measurements from these two experiments cannot be considered during data 
processing, although it is safe to argue that hydrogen yield reached practically 100% for these cases. Thermal 
runaway was not observed in the ALEX experiment conducted at 90°C, indicating that the runaway limit for this 
powder lies between 90-100°C.  

 
Figure 8: Produced hydrogen flow rate vs. time for experiments conducted at 70ºC with ALEX (nano-Al, 

0.12 m) and H-2 (6 m) aluminum powders. 
c. Production rate 
The maximum production rates measured during the experiments were plotted versus inverse temperature 

for H-2, H-10 and ALEX powders. The exponential behavior is seen well in the semi-logarithmic plot of Fig. 9. It is 
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observed that all three powders follow the Arrhenius behavior, resulting in fairly linear curves on the semi-log plot. 
The slopes of the three curves seem very similar, implying Ea is not a function of particle size. As expected, smaller 
particle powders experience higher flow rate throughout the temperature range. 

 
Figure 9: Maximum hydrogen production rate vs. inverse reaction temperature for experiments conducted 

with H-2, H-10 and ALEX aluminum powders. 
Since the aluminum-water reaction is primarily a surface reaction, it is interesting to normalize the recorded 

flow rates by the sample surface area, rather than by mass. The semi-logarithmic plot in Fig. 10 shows the 
maximum hydrogen flow per aluminum area vs. inverse temperature. Here, all three powder data collapse 
narrowly into very similar values, substantiating the claim that the reaction between water and aluminum particles 
has a significant dependence on surface area, i.e. powder particle size. The consistent trend appearing in Fig. 10 
enables the prediction of flow rate for a given operating temperature and particle size. This can lead to better, 
more accurate design of Al-water systems, depending on the needed hydrogen flow rate. For an increased 
production rate, one can choose to apply any of the three well-understood parameters: increase reaction 
temperature, use smaller size powder, or increase the amount of powder.  

 
Figure 10: Maximum hydrogen production rate per aluminum area vs. inverse reaction temperature, for 

experiments conducted with H-2, H-10 and ALEX aluminum powders. 
 

The collected data presented in Fig. 10 is used to calculate the activation energy of the reaction Ea using the 
linear slope, since the reaction rate typically follows the equation:  

                   (7) 
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where w is the hydrogen production rate, given in units of ,  is the universal gas constant 

( ) and T is the reaction temperature. The calculated activation energy, which was independent of 
particle size, was found to be 41±5.3 kJ/mol, and the pre-exponential factor  was calculated to be 

, with 95% confidence interval in the range of . The value obtained for Ea is 

slightly lower than those reported by [26-28, 33] (53-85 kJ/mol), but is based on a much wider temperature range 
(180°C vs. 55°C), as well as on powders of different particle size.   

d. Hydrogen yield 
The hydrogen yield was determined by integrating the hydrogen flow with time, and was normalized by the 

maximum attainable theoretical yield that results from Eq. 3, which is . It was found that for H-2, H-10 

and ALEX powders, hydrogen yield increases with reaction temperature, as seen in Fig. 11.  

 
Figure 11: Hydrogen yield vs. reaction temperature for experiments conducted with H-2, H-10 and ALEX 

aluminum powders. 
Higher yield was observed in experiments conducted with H-2 powder compared to experiments conducted 

with H-10 powder throughout the temperature range. In the nano-powder experiments, the recorded yield was 
almost 100% at temperatures higher than 50ºC. Figure 11 demonstrates the advantage of using smaller aluminum 
particles at a given temperature, showing a clear gap in hydrogen yield between the three powders. Nevertheless, 
high yield efficiencies were observed for the large H-10 powder at high temperatures, making it an attractive 
candidate for commercial use due to its lower price and high active aluminum content. It can be seen that for each 
powder, close to 100% yield is reached at a different temperature, suggesting the existence of an optimal reaction 
temperature as a function of particle size. This can exclude the need for hydroxide additives or other methods 
previously used to enhance production, thus making the process much simpler and less expensive. 

e. Ultrasonic agitation 
Effects of ultrasonic agitation on hydrogen production were also explored in this study. A UP50H Hielscher 

ultrasound processor was used in experiments conducted with H-2 and H-10 powders, agitating the Al-water 
mixture at a constant power of 30 W. The temperature in these experiments (with ultrasound, denoted US) ranged 
up to 90ºC, due to the apparatus limitations discussed previously. Figure 12 demonstrates the effect of ultrasound 
on hydrogen generation, showing data from H-10 experiments at 90ºC, with and without ultrasound. It can be 
seen that hydrogen peak production is significantly higher for the experiment conducted with ultrasonic agitation 
(181 vs. 78 cm3/min/gAl). When calculating total yield for both experiments, a substantial difference is also noticed 
– 41% of maximum attainable hydrogen for the US experiment versus 26% for the experiment conducted without 
ultrasound.  
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Figure 12: Produced hydrogen flow rate vs. time for experiments conducted at 90ºC with H-10 (13.8 m) 

aluminum powder, with and without ultrasonic agitation. 
The behavior observed in Fig. 12 repeated throughout the 20-90ºC temperature range, for both H-2 and H-10 

powders. In most experiments, maximum production rate experienced a notable increase due to ultrasound use, 
but more importantly – a distinct rise in hydrogen yield was observed for these experiments compared to the non-
US experiments at the same temperature and with the same powder. A clear yield increase in the US experiments 
is shown in Fig. 13, for the H-2 (13a) and H-10 (13b) powders. It can be seen that for both powders, the use of 
ultrasonic agitation in Al-water reaction is equivalent (yield-wise) to experiments conducted at temperatures 60-
80ºC higher. It is believed that the ultrasound vibrations create cracks in the protective oxide layer surrounding the 
aluminum particle, thus exposing more aluminum sites to freely react with the excess water. Moreover, ultrasonic 
agitation promotes the discharge of hydrogen bubbles trapped inside the aluminum particle, and by that increases 
recorded yield. The use of ultrasound also damages the weak external hydrated layer, resulting in the removal of 
parts of that aluminum hydrate layer. This makes the effective particle diameter smaller and promotes hydrogen 
release, thus increasing the recorded yield.  

 
 
  

 
 
 
                                            (a)                                                                                             (b) 

 
 
 
 
 

Figure 13: Hydrogen yield vs. reaction temperature for experiments conducted with H-2 (a) and H-10 (b) 
aluminum powders, with and without ultrasonic agitation. 

 

Data obtained throughout the experiments clearly indicate that hydrogen yield changes with both aluminum 
particle size and reaction temperature, and in many cases fails to reach 100%. This implies the existence of an 
inhibitive mechanism which prevents the aluminum from reacting completely with the surrounding water, leaving 
an unreacted aluminum core in the middle of the particle. A penetration thickness, tc, is defined as the distance 
from the particle edge to the unreacted aluminum core (Fig. 14). Its value represents the maximal hydrated layer 
thickness for which hydrogen production is not negligible.  
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yield. This can lead to a reduced need for reaction-rate enhancers such as alloy additives or corrosive alkali 
hydroxides. In addition, another clear advantage of working at elevated temperatures is the ability to utilize the 
heat produced by the exothermic reaction. The results presented in this study suggest that both hydrogen 
production and heat utilization would experience increased efficiencies from performing reactions at elevated 
temperatures.  

A comparison between the characteristics of aluminum powders with different particle diameter was 
conducted. It was shown that for the same reaction temperature, a smaller-diameter powder reacted more 
quickly, had a higher hydrogen production rate, and produced a greater total yield of hydrogen. Therefore, in order 
to increase reaction performance, one can either increase reaction temperature or use smaller diameter powders. 
It was found that for each powder, close to 100% yield was reached at a different temperature, suggesting the 
existence of an optimal reaction temperature as a function of particle size. Hydrogen production rate was shown 
to have significant dependency on particle size. When normalized by sample surface area, all three powders 
exhibited similar maximum-flow-rate values for a given reaction temperature. This suggests that the Al-water 
reaction is controlled by a global mechanism, and possess properties that are universal and independent of particle 
size. The activation energy of the reaction was calculated using the recorded maximum flow rates per area of all 
three powders and was found to be 41 kJ/mol. The relatively wide temperature range (180°C) from which Ea was 
extracted increases the accuracy of its value, compared to values reported in literature which were based on much 
smaller temperature ranges – spanning from a range of 15°C to a range of 55°C. A formula for the maximum 
hydrogen production rate per particle surface area as a function of temperature has been proposed, which can be 
used to assist the design of Al-water reaction systems, as well as to choose appropriate candidate powders for 
practical devices. 

Ultrasonic agitation of the aluminum-water mixture was proven to be an effective method to increase 
hydrogen production rate, as well as total hydrogen yield. Experiments were performed at temperatures up to 
90°C, and the recorded hydrogen yield was found to be similar to the yields of non-ultrasonic experiments 
conducted at temperatures 60-80°C higher. It is believed that the ultrasound cracks the oxide layer surrounding 
the aluminum particle and exposes more aluminum sites to freely react with excess water. Moreover, ultrasonic 
agitation promotes the discharge of hydrogen bubbles trapped inside the aluminum particle, as well as damages 
and removes some of the weak external hydrated layer. This makes the effective particle diameter smaller and, 
since penetration thickness (tc) remains constant, allows the reaction to continue deeper into the particle, which 
increases the recorded yield.  

The penetration thickness, tc, is a parameter introduced to assess the completeness of the Al-water reaction, 
and it represents the maximal hydrated layer thickness for which hydrogen production is not negligible. As long as 
the hydrated layer is thinner than the critical penetration thickness, water or water ions would continue to diffuse 
and promote hydrogen generation. Penetration thickness is observed to depend on reaction temperature, which 
controls water (or water ions) and hydrogen diffusivities. At higher temperatures, diffusivities of both oxidizing 
species and hydrogen increase, resulting in a larger tc and higher hydrogen yield. Penetration thickness was also 
shown to have no dependency on particle size, presenting a universal depth of reaction which controls, together 
with particle diameter, the overall hydrogen yield and reaction efficiency. This discovery, along with the maximum 
hydrogen production rate expression proposed in this paper, allows the assessment and prediction of production 
rates and efficiencies for a given aluminum powder and operating temperature, providing important design criteria 
to hydrogen generation technologies relying on the Al-water reaction. 
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Figure 4: Burn rate of Al-water propellant strands vs. pressure 

 
It is important to note, though, that as of now the relatively low number of experiments, as well as the large 

scatter in results prevents any conclusive inference with regards to the aluminum-water propellants behavior. 
Further tests and experiments have to be performed at a wide pressure range, and perhaps in various equivalence 
ratios, in order to reach decisive conclusions regarding this propellant.  
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Chapter V. Conceptual study of the light gas gun utilizing aluminum-water propellant   
 
The main products of aluminum-water combustion are aluminum oxide and hydrogen gas. Although the 

adiabatic flame temperature is approximately 3000 K, at sufficiently high system pressures, the aluminum oxide 
remains in its condensed liquid phase. Therefore, the combustion reaction is capable of producing relatively pure 
high temperature hydrogen gas, which is an ideal propellant for a high speed gun. Experiments that are planned 
with supercritical water described in the above paragraph, will verify that the reaction rates are sufficient to 
produce large quantities of hydrogen within the timescale of the launch cycle. Nevertheless, it is a worthwhile 
exercise to evaluate the potential performance of a water-aluminum launcher.  

It should be noted that a number of simplifying assumptions have been made for the purpose of providing a 
first order approximation of the potential performance of the water-aluminum launcher. The propellant is treated 
as an ideal gas, composed of pure non-dissociated hydrogen (specific heat ratio ( ) of 1.4, molecular weight (MW) 
of 2 kg/k-mol). All forms of losses have been neglected, including heat loss, gas friction, projectile friction, and 
projectile back-pressure. 

Evaluating the theoretical performance of a pre-burnt propellant ideal gas gun (PPIG) allows us to gain insight 
into the main factors affecting gun performance. The ratio of the driving pressure over the initial pressure in a PPIG 
is given by Equation 1. The maximum theoretical velocity of a PPIG is given by Equation 2. Both equations show the 
need for having a high sound-speed (co) propellant. 

 

     (1) 

 

      (2) 

 
The sound-speed of a propellant is given by Equation 3.  
 

      (3) 

 
As can be seen, in order to maximize its sound-speed, a propellant should have a very high temperature and a 

very low molecular weight. The maximum launch cycle temperature is typically kept bellow 3000 K, in order to 
avoid excessive ablation damage to the gun. The molecular weight of the driver gas is dictated by the type of 
propellant being used, which is why heavy nitrocellulose (gun powder) propellants typically have relatively low 
performance capabilities. Although a number of light gas (hydrogen or helium) gun technologies exist, such as the 
two stage light gas gun, they typically require very large launchers and long set up times. A water-aluminum light 
gas gun would have the advantage of having a high temperature and low molecular weight propellant in a compact 
design, allowing it to reach velocities well above the capabilities of gun powder launchers in a similarly compact 
design. 

A quasi-one-dimensional Lagrangian ballistics code has been developed in order to model the internal 
ballistics of a water-aluminum light gas gun. The code uses a second-order accurate numerical scheme developed 
by J. Von Neumann & R.D. Richtmyer (A Method for the Numerical Calculation of Hydrodynamic Shocks, 1950). The 
code has been validated against a number of analytical solutions, as well as published CFD data found in A. Seigel 
(The Theory of High Speed Guns, 1965). In order to perform the PPIG simulations, a chemical equilibrium code was 
used to determine the final composition, pressure, and temperature of the products. 

PPIG (Pre-Burnt Propellant Gun Ideal Gas Gun Simulations) simulations were used as a first estimate of the 
performance of the water-aluminum light gas gun. A chemical equilibrium Russian code Thermo was used to 
determine the properties of the driver gas. The equilibrium simulation consisted of a constant volume reaction of 
water-aluminum in a 300 K vessel pressurized to 10 MPa with hydrogen. Zirconium dioxide was also included in the 
simulation to represent the high temperature filter which would be needed to prevent the liquid aluminum oxide 
from moving with the flow. The “realistic” simulated gas conditions are illustrated in Fig. 8.  
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Figure 8:  “Realistic” simulation parameters of aluminum-water light gas gun. 
 
The initial and equilibrium compositions are shown in Table 1. As can be seen, molecular hydrogen (H2) is the 

dominant gaseous species, indicating that treating the gas as pure hydrogen is a good estimate. The equilibrium 
temperature was of 2982 K, and the final pressure 69.3 MPa. Care was taken to ensure that the equilibrium gas 
pressure was not so high as to exceed what could be contained by a steel vessel.  

Table 3: Initial and final compositions in the equilibrium code 
Initial Composition Final Composition 

Species Moles Species Moles Gaseous Molar Fraction 

Al (s) 2 Al (g) 9.40E-04 0.01% 

H2O (l) 3 H2O (g) 0.0132 0.18% 

H2 (g) 4.5 H2 (g) 7.4755 99.47% 

ZrO2 (s) 0.5 ZrO2 (l) 0.3342 N/A 

   ZrO2 (s) 0.1658 N/A 

   H (g) 0.017 0.23% 

   AlHO (g) 0.0024 0.03% 

   Al2O (g) 0.0031 0.04% 

   AlH (g) 0.0025 0.03% 

   AlH2 (g) 3.45E-04 0.00% 

    Al2O3 (l) 0.9937 N/A 

 
Using the information from the chemical equilibrium software, PPIG simulations could be run to estimate the 

performance of the launcher. Figure 1 shows projectile velocity as a function of position (in calibers) for a number 
of different projectiles. The ratio of projectile mass (M) to driver gas mass (G), was varied from 1 to 5. Care was 
taken to choose realistic projectile aerial density values. In this case, the G/M of 5 projectile is equivalent to a 0.5 
caliber long plastic projectile, while the G/M of 1 projectile is equivalent to a 2.5 caliber long plastic projectile. The 
figure indicates that for substantially large G/M ratios, velocities above 4 km/s are possible with reasonably long 
barrels and light projectiles. This is well above the capacity of powder guns, which are limited to approximately 
2.5 km/s.  
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Figure 9: Projectile velocity as a function of position in calibers for a number of gas to projectile mass ratios 
 
Although PPIG simulations give us some insight into the capabilities of the water-aluminum light gas gun, they 

are not an adequate design tool for a launcher. The performance of the launcher will depend strongly on the rate 
of production of high temperature hydrogen during the combustion reaction, which is not taken into account in a 
PPIG simulation.   

Provided estimations show that a water-aluminum light gas gun has the potential reaching velocities well 
above the capabilities of conventional powder guns. Its design is expected to be much more compact that other 
light gas gun technologies and possibly suited for the field applications. In order to continue developing the 
launcher, the current Lagrangian ballistics code will need to be modified to incorporate a propellant burn rate 
model. This will allow the code to model a complete launch cycle, which incorporates the kinetics of the water-
aluminum reaction. The reaction rates at high pressures and temperature typically encountered during the launch 
cycle are in the range above the water critical point. Thus the described in the previous paragraph (A2) planned 
work on supercritical aluminum oxidation will answer the question if the aluminum-water propellant light gas gun 
concept is realistic. 
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