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1.  Introduction
  The JAGUAR analytical procedures have been augment-
ed to provide accurate calculation of detonation properties 
of high-blast aluminized explosives 1). These new routines 
are an extension of the EXP-6 thermochemical equation of 
state procedures previously developed and optimized for 
H-C-N-O explosives 2). Accurate relationships for the melt-
ing curves of aluminum and aluminum oxide are utilized 
to identify the correct phases present at every calcula-
tion point. The individual aluminum and aluminum oxide 
descriptions have been carefully parameterized to repro-
duce existing experimental Hugoniot data. This new capa-
bility was subsequently utilized to investigate the detona-
tion behavior of aluminized explosives.

2.  Chapman-Jouguet calculations
  For a large number of aluminized explosives, Chapman-
Jouguet (CJ) detonation velocities calculated with 
JAGUAR and the assumption of little or no aluminum 
reaction are consistent with recent experimental values to 
within the accuracy of the data and the analytical proce-
dures utilized 3). For most of the explosives studied, the 
calculated CJ detonation velocities decrease slightly in the 

range 0-25 % aluminum reaction, and are substantially 
lower for 100 % reaction. Comparisons of experimen-
tal detonation velocities indicate that even with micron 
or sub-micron particles, at most a small amount of the 
aluminum reacts at the detonation front. For sub-micron 
particles, the inclusion of a realistic fraction of initial alu-
minum oxide improves the JAGUAR agreement for zero 
aluminum reaction with the corresponding experimental 
detonation velocities.
  In Table 1 recent experimental detonation velocities 4)-8) 
are compared with CJ values calculated with JAGUAR 
with the assumption of 0 % or 100 % aluminum reac-
tion. Measurements obtained by standard procedures 9) at 
Picatinny Arsenal are included for PAX-3 (an HMX based 
explosive with 20 wt % aluminum), and for PAX-29, 
PAX-30, and PAX-42, aluminized formulations with 
Cl-20, HMX, and RDX, respectively. The aluminum 
particle sizes of the data range from large to sub-micron. 
For sub-micron particles, the initial aluminum content is 
assumed to include 13 wt % aluminum oxide. For larger 
particles the calculated detonation velocities are inde-
pendent of the particle size. For 35 aluminized explosive 
detonation velocity experiments with various composi-
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tions included in Table 1, the average absolute deviation 
between the experimental and calculated CJ values is  
1.34 % for 0 % aluminum reaction and 8.24 % for 100 % 
reaction. In Fig. 1, detonation velocities for PAX-30 calcu-
lated with JAGUAR at an initial density of 1909 kg m-3 are 
presented for varying extents of aluminum reaction. It can 
be seen that the experimental value is in close agreement 
to the CJ velocity corresponding to no aluminum reaction.
  The analyses of cylinder test data indicate that with 
the use of large particles, such as for Picatinny Arsenal  
measurements for PAX-3, little or no reaction occurs for 
more than 10 volume expansions 3). However, with smaller 
aluminum particles there is evidence that substantial  
aluminum reaction can occur at low values of expansion 5).

3.  Model for aluminized explosives
  In order to account for the observed behavior of alumi-
nized explosives, a model is postulated in which the explo-
sive expands through a reaction zone at constant detona-
tion velocity. At the zero aluminum reaction Hugoniot, the 
other gaseous and solid C-H-N-O products are in equilib-
rium. For the partially reacted aluminum Hugoniots, the 
reacted aluminum fraction detonation products (unreacted 
aluminum and aluminum oxide) are in equilibrium with 
the other C-H-N-O products. The reasoning behind this 
construct is that the organic reactions are significantly 
faster than aluminum decomposition and reaction. For the 
reaction zone, a standard assumption is adopted, where 
the necessary Hugoniot and Rayleigh line relationships 
are satisfied. However, it has been noted that for the  
aluminized explosives investigated to date, the unreacted 
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Table 1    Detonation velocities of aluminized explosives.
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aluminum Hugoniot curve actually lies above the reacted 
aluminum Hugoniots. For this reason, the minimum 
detonation velocity solution (and minimum entropy solu-
tion) occurs with the Rayleigh line intersecting the zero 
aluminum reaction Hugoniot at the tangency point. The 
associated detonation velocity is the velocity that would be 
measured in experiment. This type of detonation is known 
in the literature as an eigenvalue detonation 10). The eigen-
value detonation velocity, which is consistent with the 
measured detonation velocity, is determined by the tangen-
cy of the Rayleigh line to the unreacted Hugoniot curve.
  In Fig. 2, Hugoniot curves (P versus V* = v/vR) are pre-
sented for BTNEN at an initial density of 1990 kg m-3 for 
varying fractions of reacted aluminum. For zero aluminum 
reaction, the initial point is at P = 334 Kbar, T = 3247 K,  
and v = 3.87 × 10-4 m3 kg-1. The calculated detonation 
velocity for zero reaction (8.53 Km s-1) is attained on 
the Hugoniot curve for 100% reaction at P = 170 Kbar,  
T = 4901 K, and v = 4.44 × 10-4 m3 kg-1. The points of 
intersection of the Rayleigh line with the Hugoniot curves 

are designated as “W-points”, since they are weak inter-
sections of the curves. The W-point conditions for 100 %  
aluminum reaction compare with those at the CJ point 
for 100 % reaction: P = 249 Kbar, v =3.95 × 10-4 m3 kg-1,  
T= 4745 K. Since the entropies at the W-point and 100 %  
reaction C-J point are very similar, as shown in Fig. 3 
almost identical energies on the isentropic expansion curve 
result from either starting point, even though the CJ point 
is never achieved.
  In Fig. 4, Hugoniot curves are presented for PAX-3 at an 
initial density of 1866 kg m-3 for 0 and 100 % of reacted 
aluminum. At this density with 50 micron particles, the 
detonation velocity measured at Picatinny Arsenal is 7.96 
Km s-1. For zero aluminum reaction, the initial detona-
tion point is at P = 294 Kbar, T = 2941 K. The calculated 
eigenvalue detonation velocity for zero aluminum reaction 
(8.05 Km s-1) is attained on the Hugoniot curve for 100 % 
reaction at P =195 Kbar, T =3543 K. The W-point condi-
tions compare with those of the never achieved 100 % alu-
minum reaction CJ point for which the calculated detona-
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tion velocity is 7.66 Km s-1: P =265 Kbar, T = 3578 K.
  New JAGUAR procedures were developed to enable the 
determination of the reaction zone conditions for alumi-
nized explosives. At a specified initial density, the W-Point 
is established as the point on the 100 % reaction Hugoniot 
curve with the eigenvalue detonation velocity established 
for zero reaction. The detonation velocity at each Hugoniot 
point is calculated as:

(1)

where PR and vR are the pressure and specific volume at the 
reference state.

4.  Effect of melting behavior of aluminum
     particles
  The melting behavior of aluminum and aluminum oxide 
has been examined for an explanation of the reaction zone 
behavior of aluminized explosives. For BTNEN with three 
per cent aluminum oxide content, at the initial zero reac-
tion point the temperature and pressure are 3251 K and 
333 Kbar, and the unreacted aluminum is liquid and the 
aluminum oxide coating solid at these conditions. The 
thermal conductivity of aluminum oxide, which is con-
siderably lower than aluminum, decreases strongly with 
temperature 11). Therefore, the aluminum oxide layer may 
serve to insulate the aluminum core to a lower tempera-
ture than the gas and to suppress the melting and reaction 
of the particles. As the pressure decreases in the reac-
tion zone, aluminum and aluminum oxide will melt and 
therefore reaction of the aluminum core may occur almost 
instantaneously.
  The JAGUAR procedures were modified to enable a tem-
perature difference between the gas and aluminum particle 
cores. All thermodynamic properties for aluminum are 

calculated at its specified temperature. Estimated curves 
for the temperature and pressure variation for BTNEN in 
the reaction zone from 0 % to 100 % aluminum reaction 
are shown in Figs. 5 and 6. The temperature of alumi-
num at the zero reaction point was selected so that it is 
solid and close to its melting point (2550 K ) at 343 Kbar. 
Calculations were then performed by the W-Point proce-
dures for varying fractions of aluminum reaction to deter-
mine the corresponding states with the zero-point detona-
tion velocity, D = 8.49 Km s-1. The aluminum temperature 
was assumed to become equal to the gas temperature at 
50% conversion, and to vary linearly for intermediate frac-
tional conversions. It can be seen from Fig. 5 that the gas 
temperature increases in the reaction zone because of the 
aluminum reaction. These calculations indicate that alumi-
num oxide is liquid for most of the reaction zone.
  These calculations are consistent with observed experi-
mental data. For BTNEN with 15 weight per cent alumi-
num, the cylinder velocity data of Gogulya et al 5) with  
150 micron particles are considerably lower than the  
values for 15 micron for this system at an initial density 
of 1990 kg m-3. JAGUAR calculations indicate that virtu-
ally no aluminum reaction occurs at early time expansions 
for the data with 150 micron particles 3). Some reaction 
may occur with these large particles at higher expansions. 
With large particles the products may expand unreacted 
from the initial point because of insufficient time for melt-
ing and aluminum reaction. For BTNEN with micron 
aluminum particles, the equilibration time is sufficiently 
small that aluminum reaction can occur at least partially 
in the reaction zone. The aluminum reaction then proceeds 
to completion at early times along the expansion curve. 
Measured brightness experiments by Gogulya et al 5) indi-
cated that the temperatures of aluminized BTNEN explo-
sives with micron or sub-micron particles are somewhat 
higher than for pure BTNEN after a short time behind the 
detonation front.
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5. Conclusions
  It appears that for most explosives with all aluminum 
particle sizes (large, micron and sub-micron), appre-
ciable aluminum reaction does not occur at the reaction 
zone front, which establishes the detonation velocity for 
the reaction zone. The organic detonation products are 
considered to reach chemical equilibrium at the reaction 
zone front. This initial state appears to control the stable 
detonation velocity, producing the zero aluminum reac-
tion detonation velocity observed in the time frame of 
experimental measurements. This is consistent with an 
eigenvalue detonation theory model, where the minimum 
detonation velocity solution occurs with the Rayleigh line 
intersecting the zero aluminum reaction Hugoniot at the 
tangency point. There is evidence that for some explosives 
such as BTNEN, which has a favorable oxygen balance, 
significant aluminum reaction is attained in a short time 
after the initial point. This is in contrast to explosives 
incorporating large aluminum particles where the gaseous 
products expand to low pressures before significant alumi-
num reaction takes place. The stable detonation velocity 
corresponds to the eigenvalue detonation solution for zero 
aluminum reaction, regardless of the extent of aluminum 
reaction achieved in the reaction zone.
  An important factor for the behavior of aluminized explo-
sives appears to be the variation of the melting conditions 
for aluminum and aluminum oxide until complete alu-
minum reaction. The reaction may not occur appreciably 
until the temperature and pressure conditions enable both 
aluminum and aluminum oxide to be in the liquid phase.
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