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ABS1RACT 

Non-ideal behavior of condensed explosives with metal partic1e additives has been 

observed experimentally. In general, adding metal partic1es to a homogeneous explosive 

leads to a reduction in the detonation velocity and pressure, depending on the charge 

diameter, the concentration of the additive, and the partic1e size. To investigate these 

phenomena, detonation propagation in liquid and aluminized liquid explosives has been 

studied theoretically by including source terms in the I-D conservation equations for 

mass, momentum and energy. To predict the steady state detonation parameters and the 

detailed structure of the detonation, the generalized C-J condition has been used to obtain 

a unique solution from the spectrum of possible solutions to the differential equations. 

The eigenvalue detonation solution is first determined for a weakly confined, 

cylindrical liquid explosive charge. The steady-state analysis assuming an Arrhenius 

reaction rate predicts the detonation failure diameter which depends on the curvature of 

the detonation wave, wall friction, and heat loss to the wall. The calculated detonation 

velocity deficit for liquid nitromethane (NM) is less than 2.1 % near the failure diameter. 

The predicted failure diameter for liquid NM varies from 15-18 mm for activation energy 

E*, ranging from 30-40 kcallmol. These results agree weIl with the experimental data. A 

second form for the reaction rate law is also considered (i.e., the so-called "simple" law 

in which the reaction rate is not dependent on temperature). In this case, the detonation 

failure is not correctly predicted, and hence this rate law is not appropriate for liquid NM. 

Detonation propagation in an aluminized liquid explosive involves complex 

exothermic and endothermic processes. A two-phase flow model is proposed to take into 

account the non-equilibrium processes which determine the differences in velocity and 

temperature between the liquid explosive detonation products and solid partic1es. The 

onset of reaction of the Al particles in the detonation zone is set based on a simple 

ignition criterion. 

The calculations show that micron-sized Al particles are chemically inert whereas 

nanoscale partic1es may react within the detonation zone. For an explosive with 
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nanoscale additives, the reaction heat of the particles in the detonation zone, if any, 

contributes to an increase in the detonation temperature. The large detonation velocity 

deficit for an aluminized liquid explosive is primarily due to momentum losses to the 

particles, with heat losses playing a relatively minor role, unless the particles are very 

small. The calculations also reproduce the measured effects of particle size and 

concentration on detonation velocity. From Chariton's theory of failure diameter, the 

comparison of the measured failure diameter to the prediction of the detonation zone 

timescales by the two-phase model with an Arrhenius reaction rate law suggests that the 

addition of solid particles alters the chemical kinetics of the liquid explosive. A so-called 

"hot spot" reaction rate law is proposed. With this new reaction rate law, the model 

predicts the effects of particle size and concentration on the detonation velocity and the 

detonation zone timescale" in general agreement with the experimental observations. 
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ABRÉGÉ 

On a observé expérimentalement le comportement non-idéal des explosifs condensés 

auxquels des particules en métal ont été ajoutées. En général, l'ajout de particules 

métalliques à un explosif homogène mène à une réduction de la vitesse et de la pression 

de la détonation, selon le diamètre de la charge, de la concentration de l'additif, et de la 

dimension des particules. Pour étudier ces phénomènes, la propagation de détonations 

dans les explosifs liquides purs et avec de l'aluminium a été étudiée théoriquement en 

incluant des termes de source dans les équations de conservation I-D de masse, de 

quantité de mouvement et d'énergie. Pour prédire les paramètres de détonation et la 

structure détaillée de la détonation, le critère généralisé de C-J a été employé pour obtenir 

une solution unique à l'éventail des solutions possibles aux équations. 

La solution de détonation de valeur propre est d'abord déterminée pour une charge 

explosive liquide faiblement confinée et cylindrique. L'analyse temporellement 

invariante, supposant un taux de réaction Arrhenius prédit le diamètre auquel aucune 

solution n'existe (diamètre critique), qui dépend de la courbure de la détonation ainsi que 

de la friction et de la perte de chaleur au mur. Le déficit calculé de vitesse de détonation 

pour le nitrométhane liquide (NM) est moins de 2.1 % près du diamètre critique. Ce 

diamètre varie de 15 à 18 millimètres pour les valeurs d'énergie d'activation, E*, variant 

de 30 à 40 kcal/mol. Ces résultats sont en accord avec des données expérimentales. Une 

deuxième forme du taux de réaction est également considérée, la loi "simple," 

indépendante de la température. Dans ce cas-ci, le diamètre critique ne peut être 

correctement prédit, et par conséquent cette loi n'est pas appropriée pour le NM liquide. 

La propagation d'une détonation dans un explosif liquide contenant des particules 

d'aluminium implique des processus exothermiques et endothermiques complexes. On 

propose un modèle à deux phases pour tenir compte des processus en déséquilibre 

mécanique et thermique, qui déterminent les différences de vitesses et de températures 

entre les produits de détonation et les particules solides. L'initiation de réaction des 
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particules d'aluminium dans la zone de détonation est fixé en se basant sur un critère 

simple d'ignition. 

Les calculs démontrent que les particules micrométriques d'aluminium sont 

chimiquement inertes tandis que les particules nanométriques peuvent réagir dans la zone 

de détonation. Pour un explosif avec des additifs nanométriques, la chaleur de réaction 

des particules dans la zone de détonation contribue à une augmentation de la température 

de la détonation. Le déficit important de vitesse de la détonation pour un explosif liquide 

avec aluminium est principalement. dû aux pertes de quantité de mouvement aux 

particules. Les pertes de chaleur jouent un rôle relativement mineur, à moins que les 

particules ne soient très petites. Les calculs reproduisent également les effets mesurés de 

la dimension des particules et de la concentration sur la vitesse de la détonation. En se 

basant sur la théorie de Chariton du diamètre critique, la comparaison entre le diamètre 

critique mesuré et la prédiction de la durée caractéristique de la zone de détonation par le 

modèle à deux phases avec taux de réaction d'Arrhenius, suggère que l'addition de 

particules solides change la cinétique chimique de l'explosif liquide. On propose une loi 

de taux de réaction "hot spot. " Avec cette nouvelle loi de taux de réaction, le modèle 

prédit les effets de la dimension et de la concentration des particules sur la vitesse de la 

détonation et sur la heure de la zone de détonation, généralement en accord avec les 

observations expérimentales. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

A large amount of effort is expended throughout the world each year within the 

energetic materials community to develop new explosives and propellants with 

improved performance as weIl as decreased sensitivity (for safer handling). Even a 

small increase in the energy density or improvement in the dynamic performance of 

the material is considered to be significant. New explosives are typically constructed 

by either i) developing new chemical formulations, or ii) adding energetic additives to 

existing explosives. 

A common technique in the explosives industry is to add reactive metal particles 

to an explosive. A common additive is aluminum (Al) powder, which then produces 

a so-called aluminized explosive. Since the energy release for the complete oxidation 

of aluminum is about 30 MJ/kg, in comparison with the typical energy release of an 

explosive of 5-6 MJ/kg, even a modest addition of aluminum leads to a significant 

increase in the energy density. However, it has been shown that although the 

potential for improved performance exists, predicting the effectiveness of aluminized 

explosives in various applications is complicated by the lack of knowledge of the 

chemical kinetic mechanisms during the extreme conditions that occur when these 

heterogeneous explosives are detonated. 

Past experimental work on aluminized solid and liquid explosives will first he 

described, including the recent work with adding nanoscale aluminum powder to 

explosives. This is then followed by a review of models for detonation in 

homogeneous and heterogeneous explosives. 

1 



1.2 Review of Experimental Work with Aluminized Explosives 

1.2.1 Aluminized Solid Explosives. Finger et al. (1970) were sorne of the first 

researchers to look at the effectiveness of adding aluminum to explosives. They 

measured the detonation velocity In composites consisting of HMX 

(cyclotetramethylene tetranitramine, C4HsNsOs ) with combinations of AP 

(ammonium perchlorate, :NH.CL04), Al (aluminum) and Viton (vinylidine fluoride­

hexafluoropropylene copolymer) using a conventional cylinder test. The overa11 

results indicate that although the experimental detonation velocity decreases with the 

addition of aluminum particles, the ballistic performance of the explosive (i.e., the 

ability of the expanding combustion products to accelerate metal) actually improves. 

Another study performed on the effects of adding aluminum to explosives was 

done by McGuire and Finger (1985). They measured the detonation parameters using 

a cylinder test for composite explosives containing HMX, TATB (1,3,5-triamino-

2,4,6-trinitrobenzene, C6~N606), BTF (l,2,5-oxadiazole-l-oxide, C6N60 6) and Al. 

They found that by adding both BTF and Al, the ballistic performance of the 

explosive was improved. From experiments, they concluded that increasing the 

detonation temperature plays a key role in increasing the explosive energy delivered 

at low expansion volumes and that fine particle sizes (-1 f..I.m) for the aluminum 

additives lead to an improved performance. 

Grishkin et al. (1993) performed experiments to determine the effects of various 

forms (i.e., spherical or flaked powders) of aluminum additives on the detonation 

properties for desensitized RDX (cyclotrimenthylene trinitramine; C3~N606) and 

HMX. The results of the experiments indicate that the detonation velocity for 

mixtures of HMX or RDX with aluminum particles decreases with increasing 

aluminum content. The measurements of radial and frontal acceleration indicate an 

increase in the performance of the explosives with a maximum occurring between 7 

and 14% aluminum content. 
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Ishida et al. (1991) measured the detonation pressure and velocity of HMX with 

aluminum or lithium fluoride (LiF) additives using a shock-induced polarization 

method. LiF was added for comparison due to the fact that it is inert and has the same 

density and shock properties as aluminum. Several key results were reported by these 

authors. First, the LiF additive does not affect the extent of the reaction of the primary 

explosive, although there was a reduction in the detonation velocity and pressure. In 

addition, the reaction zone lengths for the organic explosive and composite explosive 

containing inert particles were more than 1 mm. For the aluminized explosives, the 

detonation zone length was determined to be more than twice this value. The 

measured particle velocity in PMMA (polymethacrylate )-cased samples for 

aluminized explosives exhibited a non-linear behaviour with aluminum mass content 

while the particle velocity for the explosive with LiF added decreased linearly with 

increasing LiF mass content. This suggests that there is sorne combustion of the 

aluminum particles which affects the detonation pressure even though the detonation 

velocity is similar for both LiF and aluminum loaded samples. The authors suggest 

that there are competitive energy balances that will affect these values. First, there is 

an endothermic behavior due to the heating and melting of the aluminum particles. 

Altematively there is an exothermic behavior due to the aluminum reaction with the 

detonation product gases. These competing forces must be studied to further 

understand their effects on the detonation wave structure. 

Arkhipov et al. (2000) studied the characteristics of explosions of HMX mixtures 

with aluminum particles 0.5, 20, 50, and 150 J..lm in size at Al weight concentrations 

of 5, 15, and 25%. They measured the detonation velocity, the velocity of copper 

cylinder expansion, the velocity of a steel plate accelerated by the explosion and the 

heat of detonation. The experimental results show that the addition of the aluminum 

particles reduces the detonation velocity of the explosive. The smaller the aluminum 

particles, the greater the detonation velocity deficit. In spite of a decrease in 

detonation velocity, aluminum additives significantly increase the total explosion 
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energy. The energy released by the aluminum oxidation in the expanding explosion 

produets inereases the veloeity of aeeelerated metal plates. 

1.2.2 Heterogeneous Liquid Explosives. The effeet of partic1e additives on the 

failure diameter of a liquid explosive was illustrated in the pioneering work of 

Engelke (1983). He investigated the effeet of the number density ofheterogeneities 

on the failure diameter of liquid NM (with the addition of 1.25% by weight of guar 

gum to increase the viseosity of the NM). Small amounts of glass beads with sizes of 

1-4, 35-45, and 105-125 J.tm were dispersed in the NMlguar explosive mixture. His 

experimental results showed that addition of the 35-45 and 105-125 J.tm diameter 

heterogeneities in amounts up to 9.0 wt. % produeed no failure diameter reduetion. 

However, addition of 1-4 J.tm diameter beads, in amounts as small as 0.5 wt. % 

produeed a failure diameter reduetion. The effeet was enhaneed as more 1-4 J.tm 

diameter heterogeneities were added up to, at least, 9.0 wt. %. A failure diameter 

reduetion of about 40% at both the 3.0 and 9.0 wt. % levels was observed. 

Kato et al. (1981, 1983, 1984, and 1985) eondueted a series of experiments to 

determine the detonation eharaeteristies of an aluminized liquid explosive eonsisting 

of aluminum partic1es with a 10 J.tm mean diameter suspended in a mixture of 97% 

NM with 3% PMMA added as a gelling agent. They investigated the detonation 

veloeity as a function of charge diameter, the effeet of aluminum addition on the 

detonation sensitivity, and on the brightness temperature of the detonation produets. 

Sorne interesting results were obtained. Pirst, the addition of aluminum partic1es 

deereases the detonation veloeity relative to pure NM. Due to the narrow reaetion 

zone in NM (Sheffield, 1999) the amount of heat transfer to the aluminum partic1es 

within the reaction zone is insignifieant. Henee the Al partic1es are effectively 

ehemieally inert within the detonation zone. Seeond1y, the brightness temperature 

measurements showed that aluminum partieles reaet, after a delay, with the gaseous 

produets produeed by the detonation of the liquid explosive. They estimated that the 

ignition delay is less than 100 ns and the duration of the aluminum reaetion exeeeds 2 
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J..lS for aluminum particles of mean diameter 10 J..lID. The time evolution of the 

measured brightness temperature of the detonation products containing aluminized 

compounds depends strongly on the aluminum concentration in the mixture. The 

brightness temperature at time zero (i.e., the C-J temperature) decreases with 

increasing aluminum concentration. This indicates that aluminum is chemically inert 

within the detonation zone, and the heat transfer to the aluminum particles is not 

sufficient to initiate chemical reaction of the aluminum in the detonation zone of the 

explosive component. The maximum brightness temperature occurred from 1 - 1.5 J..ls 

for all the NM-PMMAI Al mixtures studied, and increased with the aluminum 

. concentration. This indicates that there are exothermic reactions between the 

aluminum particles and the detonation products of the NM after the detonation zone. 

Finally, they observed that an increase in Al concentration sensitized the explosive 

mixtures. 

Lee et al. (1995) investigated the detonation of a heterogeneous mixture 

consisting of sensitized liquid nitromethane in a packed bed of inert spherical glass 

beads. The average propagation velocity of a detonation wave through this 

heterogeneous mixture is less than the detonation velocity of the liquid explosive 

itselfbut significantly in excess (-50%) of the ideal equilibrium C-J predictions based 

on full thermal, mechanical as weIl as chemical equilibrium. They found that for a 

packed bed of inert monodisperse spherical beads saturated with sensitized NM, two 

distinct propagation mechanisms can occur, depending on the bead diameter. The 

heterogeneous explosive is most insensitive (i.e., the failure diameter reaches a 

maximum) when the bead diameter is a critical value, which is on the order of the 

failure diameter for the pure liquid explosive. For larger beads, detonation wavelets 

can successfully propagate in the liquid explosive between the beads. The global 

detonation front thus consists of a series of wavelets that propagate in winding paths 

through the geometric irregularities of the pores. In this "large-bead" regime, as the 

bead size increases, diffraction effects become less severe and hence the failure 

diameter of the mixture decreases. For bead diameters less than the critical value, the 
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detonation fails to propagate around the beads, but instead the shock propagation 

through the beads is sufficient to initia te the explosion of the liquid in the interstitial 

pores. In turn, the explosions in the liquid explosive generate more shocks in the 

neighboring inert beads ahead. This results in sustained "sympathetic" detonation 

propagation through the heterogeneous explosive medium. In this "small-bead" 

regime, as the bead size decreases, the density of artificial hot-spots associated with 

the beads increases and failure diameter decreases. The average detonation velocity in 

the large bead regime is typically larger than that for the small-bead regime. 

Haskins et al. (1998) reported experimental results on the detonation 

characteristics of neat nitromethane containing high volume percentages of small 

spherical glass beads and aluminum particles. These mixes were found to detonate at 

diameters less than that of the pure liquid explosive partly due to the hot-spot 

sensitization effect of solid particles. The detonation velocity of such mixtures again 

was less than that ofNM alone but higher than would be expected if the particles and 

detonation products were always in equilibrium in detonation process. The authors 

suggested that the shock velocity within the solid particles also plays a role in 

determining the detonation velocity. 

In general for the particle sizes that were typically used (10-100 Ilm) in the above 

experiments, the timescale of the ignition and combustion of the Al particles was 

much longer than that of the explosive itself (Kato & Brochet, 1984). Therefore, 

within the detonation zone of the explosive, the transfer of heat and momentum to the 

particles actually serves to reduce the detonation velocity and pressure. However, the 

later burning of the particles in the expanding detonation products increases the 

temperature of the product gases and the energy available to do expansion work, 

which is important for applications such as the commercial blasting of rock and 

underwater explosions (Persson et al., 1994). 
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1.2.3 Nanoscale Aluminum Additives. As the size of an Al particle is reduced, the 

surface area to volume ratio of the particle increases and the characteristic times for 

particle heating and combustion both decrease (Baudin, 1998). For submicron-sized 

(or nanoscale) particles, for sorne explosives, the particle ignition delay time can be 

smaller than the explosive detonation time, and therefore the energy release from the 

particles may augment the detonation pressure and velocity (Miller, 1998). Recent 

developments in materials technology have allowed the fabrication and processing of 

chemically stable ultra-fine reactive metal particles with particle sizes on the order of 

50-100 nm. The most widely tested product is the ultrafine aluminum powder 

denoted "Alex©" which is comprised of spherical particles having a diameter of 100-

200 nm (Argonide Corporation, FL). The potential for producing a new class of 

explosives with improved performance by mixing nanoscale powders with 

conventional explosives has received considerable interest recently. 

Baudin et al. (1998) assessed the effect of the aluminum particle size in 

explosives. Liquid (NM + 3 wt. % PMMA) and solid (TNT) explosives with 

micrometric (5 Jl11l) or nanocrystalline (100 nm) aluminum powder additives were 

compared using the conventional 1 inch cylinder test. Initially, the addition of 

nanoscale aluminum powder was expected to enhance the ballistic capability of the 

explosive. However, the cylinder test results obtained for 60-40 and 80-20 wt. % NM­

Al gelled explosives, and 80-20 wt. % TNT-Al solid explosives showed similar 

efficiencies for both 5 Jl11l and nanoscale Al particles. Moreover, the reduction in 

aluminum particle size led to a decrease in the detonation velocity. The authors 

speculated that a possible reason for the decrease in detonation velocity was the faster 

heat transfer between the cold nanoscale Al particles and the detonation products due 

to the larger specific surface area of the smaller particles. However, the fluxmeter 

records indicated that the temperature obtained with nanoscale Al particles was 

higher than that obtained with 5 !-lm Al particles during the first 200 ns of the 

interaction of the detonation products with the glass window. The authors speculated 

that a faster oxidization of the nanoscale particles in the detonation products had 
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moved the Al energy release c10ser to the detonation front. Other experiments done 

by these authors on high explosives containing RDX, AP, Al and wax binder with 5 

J.lm and 100 nm aluminum partic1es resulted in the same detonation characteristics as 

that of the aluminized NM explosive, i.e., the detonation velocity decreased with 

decreasing partic1e size. They also observed a higher detonation products 

temperature, underwater impulse and bubble effect for nanoscale aluminum. 

Brousseau et al. (2002) also studied the effect of adding nanometric aluminum 

partic1es to explosives. Various plastic-bonded explosives (PBXs) and TNT -based 

formulations were developed to compare the effect of adding ultra-fine "Alex" 

powder with conventional micron-sized (2 J.lm, 12 J.lID and 21 J.lm) aluminum 

powders. Explosive performance was determined by detonation velocity 

measurements and plate dent depth tests. The study was also complemented by air­

blast tests to evaluate the difference in energy release in the far-field. The 

experimental results showed that the detonation velocity of PBXs based on an 

energetic binder is decreased when Alex replaces micrometric aluminum. In 

composition Band ANFO, at 10% Al, adding Alex powder also reduced the 

detonation velocity, but increased the heat of detonation. In TNT/Al mixtures, Alex 

increases the heat of detonation and the detonation velocity, presumably due to 

reaction of Alex in the detonation zone. No increase of pressure was found in 

aquarium tests with nanometric Al formulations. However, the expansion of the gas 

appears faster for Tritonal-type formulations containing nanometrie aluminum. Alex 

was shown to significantly decrease the critical diameter of Tritonal-type mixes. They 

showed that there was no increase in air-blast performance with nanometric 

aluminum. In faet, for PBXs and melt-cast explosives, there seemed to be a reduction 

of air-blast pressure. 

Miller et al. (1998) examined the effect of Al particle size (50 nm to 20 J.lm) on 

the detonation characteristies (detonation veloeity and plate-push velocity) of 

ammonium dinitramide (ADN). The addition of about 25% Al with particle sizes of 

3 and 20 )..Lm gave detonation velocities of slightly less than, but nearly 4.0 mm/)..LS of 
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neat ADN (- 4.0 mmI,.A.s), while the addition of 150 nm and 50nm sized Al produced 

detonation velocities of 25 and 50% greater than of neat ADN, respectively. 

Likewise, the results from the terminal velocity plate-push tests revealed that the 

large 20 /-lm Al decreased the observed velocity from that of neat ADN, while the 

3J.llll, 50nm and 150nm Al all increased the observed velocity in a similar manner. 

These results clearly demonstrate that varying the metal reaction kinetics can strongly 

affect the performance characteristics of the metalized explosives. In this case, AND 

has a relatively long reaction zone, so metal reaction within the reaction zone actually 

leads to augmentation of the detonation velocity. 

Gogulya et al. (1998, 2002) studied the detonation performance of BTNEN (bis 

(2,2,2,-trinitro-ethyl) nitramine, CJl4NSÛ14) and HMX with added Al. BTNEN has a 

positive oxygen balance while HMX is a negative oxygen balance explosive. They 

measured the detonation velocity using contact gauges, the temperature profile using 

an optical pyrometer, the velocities of expansion of a copper cylinder wall using a 

cylinder test, the velocities of a steel plate accelerated by the detonation products 

using a standard technique and also the heat release using a calorimeter. In general, 

detonation velocities for both mixtures were smaller than those of pure high 

explosives. The smaller the Al particles, the larger was the detonation velocity defi.cit. 

Their investigation into the detonation performance of aluminized compositions 

based on high explosives of different classes has shown that the Al influence depends 

both on the nature of the high explosive and the Al particle size. The benefits of using 

nanoscale Al are obvious only when the characteristic time of the Al interaction with 

the detonation products is rather small, and the specific surface area plays a leading 

role. However, when this characteristic time is larger, the acceleration ability was 

found to be largest for particles with a size of about several micrometers. The authors 

explained this by the fact that the decrease of Al particle size from sub-micron to 

nanometric size is accompanied with an increase of the mass fraction of Al oxide, and 

hence with a drop in the initial aluminum content of the powder. 
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It appears that the reaction mechanism of nanoscale aluminum particles in 

explosives is still unclear. Many researchers have reported on a large number of 

different compositions with mixed results. Figs. 1 and 2 summarize some 

experimental results for the effect of aluminum mass fraction and aluminum particle 

size on the detonation velocity in aluminized high explosives. From these 

experiments, two distinct detonation characteristics of the aluminized high explosives 

can be seen. First, the detonation velocity of the explosives decreases as the Al 

concentration increases. Secondly, the Al particle size affects the detonation velocity. 

For conventional micron-sized aluminum particles, the addition of aluminum 

generally decreases the detonation velocity of high explosive mixtures. The smaller 

the aluminum particles are, the larger the detonation velocity deficit. For nano-sized 

particles, the detonation velocity can increase or decrease depending on the reaction 

mechanism of the aluminum particles within the detonation zone. 

1.3. Review of Detonation Models 

1.3.1 Equilibrium Chapman-Jouguet Model. To predict the detonation 

performance of an explosive material, various theories have been developed. At the 

end of the 19th century, based on the experimental observation that detonation waves, 

once initiated, propagate with a well-defined constant velocity in a given explosive 

mixture. Chapman (1899), in his original paper, suggested that the only unique 

solution to the conservation laws is the one that corresponded to the minimum 

detonation velocity when the Rayleigh line is tangent to the Hugoniot curve. He 

adopted this as the criterion for selecting the steady detonation solution. Later, 

Jouguet (1906) demonstrated that this tangency solution also corresponds to one 

where the detonation products flow at a sonic velocity relative to the shock front. 

Thus, one can altematively use the sonic condition as a criterion to determine a steady 

detonation solution. Following Chapman and Jouguet, the ideal steady detonation 

solution based on the minimum velocity (the tangency solution) or the sonic condition 
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is now referred to as the Chapman-Jouguet (C-J) solution. This ideal C-J solution can 

be obtained on the basis of the conservation laws and equilibrium thermodynamics 

without considering the details of the non-equilibrium detonation structure. Rence, 

the C-J detonation solution is independent of any chemical kinetics rate information. 

The C-J theory also predicts a detonation velocity independent of the initial and 

boundary conditions since it is based solely on the conservation laws for steady state, 

planar, one-dimension flow and the thermodynamic properties of the reactant and 

product species (e.g., heat of formation, heat capacity) across the wave front. 

Complete thermal artd chemical equilibrium are assumed to occur at the C-J plane . 

. The C-J theory can be considered to be very successful since, in general, it 

predicts a detonation velocity within a few percent of the experimental value in 

homogenous explosives when the boundary condition (e.g., charge diameter) is far 

from the limiting values. Rowever, in many situations, the measured experimental 

detonation velocities can be considerably lower than the equilibrium C-J values and 

in some chemical systems, the experimental values can even exceed the C-J values 

significantly. In the present investigation, detonation calculations for NMI Al mixtures 

have been carried out using the Cheetah equilibrium code (Fried et al., 1998) which is 

based on C-J theory. Detonation velocities calculated with the assumption that the 

aluminum particles are either fully reactive or inert are both lower than experimental 

values from Kato (1983), Baudin (1998), and Frost (2005) as shown in Fig. 1.3. 

Moreover, due to the assumptions inherent in the equilibrium calculations, the effect 

of varying the aluminum particle size on the detonation velocity cannot be 

determined. The departure of the ideal C-J predictions from the experimental results 

suggests that some of the assumptions inherent in the ideal theory (such as 

equilibrium at the downstream plane) are not valid. 

As an aluminized explosive is a typical example of a heterogeneous explosive, the 

poor performance of thermo-chemical equilibrium codes when applied to these 

explosives is usually attributed to the relatively long reaction times of the metal 

additives (which may be an order ofmilliseconds) as compared to most homogeneous 
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condensed explosives (e.g., the detonation zone in pure NM has a timescale -20 ns). 

In this case the C-J assumption of thermodynamic equilibrium at the CJ plane breaks 

down. For heterogeneous explosives, it is therefore necessary to consider the role of 

chemical kinetics to more accurately model the detonation propagation. 

1.3.2 ZND Model. Zel'dovich (1940), Von Neumann (1942) and Dôring (1943) 

independently arrived at the so-called "ZND" theory of detonation by considering a 

particular model for the structure of a detonation wave. ZND theory assumes a 

steady structure for a detonation wave which links the initial state to the equilibrium 

end state. A ZND detonation is described by an inert shock wave propagating into a 

reactive material. The passage of the shock wave leaves the material in a locally 

subsonic, high temperature state. The high temperature initiates an exothermic 

chemical reaction. Energy released by this chemical reaction then is coupled with the 

leading shock driving the detonation wave complex forward. For wave speeds greater 

than the C-J speed, the solution terminates at the so-called strong solution family, a 

subsonic state which requires piston support to remain steady. For a C-J wave, the 

solution terminates at a sonic point and thus is able to propagate without piston 

support. This classical ZND theory predicts the existence of a high pressure transient 

preceding the CJ state. The plane wave nature of the system considered, however, 

guarantees that the C-J state is always reached. Another consequence is that the 

detonation velocity in the classical ZND theory is always the same as that of C-J 

theory. 

1.3.3 Detonation Front Curvature. It is found experimentally, however, that the 

detonation velocity for heterogeneous explosives varies distinctly from the CJ value. 

Moreover, the detonation velocity in heterogeneous explosives is observed to be a 

strong function of charge diameter (Engelke et al., 1979). Wood and Kirkwood (WK, 

1954) proposed a two dimensional steady state kinetic detonation theory that avoids 

Many of the limitations of the classical ZND theory. WK considered a cylindrical 
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charge of infinite length. They solved the hydrodynamic Euler equations in the steady 

state limit along the central streamline of the cylinder. Radial expansion was treated 

as a source term in the one-dimensional flow along the streamline. The WK equations 

have been extensively analyzed by Erpenbeck and co-workers (1962). It is found that 

the detonation velocity depends on the interplay between chemical kinetics and radial 

expansion. In the limit of no radial expansion, the ZND plane wave result is obtained. 

When radial expansion is allowed, the detonation velocity can vary from the C-J 

prediction. In the li:tnit of strong radial expansion (or a severe curvature of the 

detonation front), the detonation wave fails. Bdzil (1981) and Steward (1998) have 

generalized the WK theory to off-axis flow and developed the so-called detonation 

shock dynamic (DSD) model. By appropriately modeling the detonation front 

curvature, they are able to reproduce qualitatively the so-called "diameter effect" (i.e., 

the dependence of detonation velocity on detonation front curvature) in PBX 

explosives, and thus provide a physical explanation for the existence of a failure 

diameter. Frost et al. (1999) used the DSD theory to track the detonation propagation 

in a heterogeneous explosive consisting of an array of inert cylindrical obstacles with 

a liquid explosive in the interstitial space. Using a simple Huygens construction, the 

average detonation velocity through the explosive is less than that for the liquid 

explosive alone, due to the increased detonation path length. With the use of the 

DSD model, which accounts for the dependence of velocity on the front curvature, 

the detonation velocity is reduced further. The detonation velocity deficits obtained in 

the computations are of the same order as those observed experimentally for a 

heterogeneous explosive consisting of a packed bed of spherical inert beads saturated 

\vith sensitized nitromethane in the so-called "large bead" regime. 

1.3.4 Generalized C-J Criterion. It has long been known that flow impediments 

(wall roughness, obstacles, porous beds) may have a profound effect on the 

propagation of a gaseous detonation and can markedly reduce its propagation velocity 

compared to the corresponding C-J value. Moreover, the impediments can induce 
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striking jump-wise transitions from a high-velocity sub-CJ detonation (or quasi­

detonation) to a low-velocity detonation. Previous researchers, (e.g., Zel'dovich, 

1986; Dionne, 2000; Brailovsky, 2002) have successfully predicted the effects of 

momentum and heat losses to the flow impediments, on the multiplicity of detonation 

regimes, by adding appropriate source terms in the conservation equations. Due to the 

presence of the source terms in the conservation equations, the flow may become 

sonic prior to complete equilibrium of the flow properties. Rence, the ideal C-J 

criterion is no longer valid. An alternative criterion that relaxes the equilibrium 

requirement of the ideal C-J theory has to be used. Fickett and Davis (1979) describe 

how ZND theory can be placed in the context of the general theory of systems of 

ordinary differential equations. Details of this theory can be found in standard texts 

(Fickett and Davis, 1979). The theory describes how, given a set of ordinary 

differential equations, solutions link an initial state to a particular final state. In a 

steady-state detonation, these final states are defined at the points where the forcing 

functions for each differential equation are simultaneously zero. This is equivalent to 

stating that the numerator and the denominator of the differential equation (e.g., for 

the particle velocity) must vanish simultaneously for a regular solution. This is now 

referred to as the "generalized C-J criterion". Whether or not a final state is reached 

depends on the particular form of the differential equations. A solution which does 

not reach the defined point is rejected as a steady solution. Although the work of 

Zel'dovich (1986), Dionne (2000), and Brailovsky (2002) mainly focused on the 

phenomena of gaseous detonations, the procedure of including the source terms to 

represent the effects of mass, momentum and heat exchange is relevant for modeling 

the non-ideal detonations in heterogeneous explosives. Rere, a "non-ideal detonation" 

is defined as a detonation that is not governed by the classical C-J theory. 

1.3.5 Multiphase Models. Similar methods have been extensively used in the study 

of the detonation structure in heterogeneous media consisting of a gaseous component 

with solid particles. Two-phase media are treated separate1y and interaction terms are 
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introduced in the conservation equations to take into account the exchange of mass, 

momentum, and energy between the particles and gas. For example, Veyssiere et al. 

(1983, 1986, 1991) have systematically investigated the detonation of a gaseous 

explosive mixture with aluminum particles in suspension by considering a one­

dimensional, two-phase flow with different velocities and temperatures for the 

particles and gas. The existence of a steady propagation regime for non-ideal 

detonations in such a hybrid two-phase mixture was studied numerically for different 

values of the mean solid particle size and shock tube diameter. Three steady regimes 

were identified in mixtures of aluminum particles with detonable gases, denoted as a 

pseudo gas (i.e., effectivelya gas) detonation, a double-front detonation and a single­

front detonation. In the pseudo gas detonation (pGD), the aluminum particles are not 

ignited upstream of the CJ plane. A single-front detonation (SFD) is supported by 

heat release from both gaseous reactions and solid particle-gas reactions. In the 

double-front detonation (DFD), a secondary detonation wave (supported by the 

reaction between the particles and the gas) propagates with a constant time delay, r 

downstream of the leading detonation wave (supported by heat release from the 

gaseous reactions). In sorne particle concentration ranges, both a PGD and SFD may 

propagate but the velocity of a SFD is higher than that of a PGD. When the particle 

size decreases or the tube diameter increases, the domain of the SFD increases, 

whereas for coarse particles or small shock tube diameters, the PGD is the dominant 

detonation regime. For a given composition of the gas mixture, there are optimal 

values of the particle size and shock tube diameter for which the domain of the DFD 

is the large st. An increase in the particle size (or reduction of the tube diameter) 

increases the delay r between the two fronts of a DFD which eventually disappears, 

being replaced by a PGD. With a decrease of the particle size (or increase of the tube 

diameter) a SFD propagation becomes more and more likely. Fedorovand Khmel 

(1999,2002) also studied the steady-state detonation regimes on the basis of the non­

equilibrium model of detonation of aluminum particles in oxygen taking into account 

differences in velocities and temperatures of the mixture components. The final 
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steady state was analyzed by detennining the types of final singularities as a function 

of the relaxation parameters (the ratios of the characteristic times of thennal and 

velocity relaxation and combustion). The regions of existence of steady-state regimes 

were found numerically, depending on the detonation velocity and relaxation 

parameters. A similar two-phase model has also been widely used to study the 

problem of deflagration-to-detonation transition in granulated solid explosives by 

Krier, et al. (1978), Baer and Nunziato (1986), and Powers (1988), among others. 

Although the above models deal with different systems, their common 

characteristic is the introduction of source tenns in the conservation equations to 

account for non-equilibrium effects. Area change (i.e., expansion of the products) 

and/or mass transfer between the phases require the addition of a source tenn in the 

conservation of mass, friction and drag require a source tenn in the momentum 

equation, and heat transfers are taken into account by a source tenn in the 

conservation of energy equation. The conservation equations with source tenns can 

then be integrated to obtain the detonation structure ofthe non-ideal detonation. 

Orth (1999) presented an unsteady, one-dimensional model to simulate the 

buildup toward steady detonation in the condensed explosive HMX containing 

dispersed aluminum particles. She considered the heat transfer from the detonation 

products to the aluminum particles and mass transfer due to the fonnation of 

aluminum oxide particles. Heat liberated by secondary oxidation reactions of Al with 

the products of the initial decomposition of the explosive was also modeled, and 

parametric studies were presented in which the ignition delay time and the rate of the 

aluminum reactions were varied. Her results indicated that the induction delay for the 

aluminum particle ignition, combined with endothennic processes, alter the structure 

of the reaction zone, and produce a secondary shock wave which never reaches the 

detonation wave front. Under certain combinations of heat transfer rate and chemical 

release rate, the observed behaviour that detonation velocity and pressure decrease 

with the addition of micron-sized aluminum particles can be reproduced with the 

generalized model. However, the effects of aluminum particle size on the detonation 
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properties cannot be simulated. This work does not inc1ude momentum transfer 

effects which can play an important role in the detonation properties of two-phase 

mixtures. 

Gonor et al. (2002) developed a more comprehensive, I-D model of the steady­

state detonation in a heterogeneous charge with metallic reactive particles. The model 

accounts for carrier, particle and oxide phases, velocities and temperatures of carrier 

and particle phases, their densities, pressure, etc. Sub-models were included for the 

vaporisation of the metallic particles at high pressure, the vapour-phase and 

heterogeneous combustion of the partic1es and the particle interaction with the 

leading shock wave. The calculations using the model show that a heterogeneous 

mixture of RDX with 100 nm aluminum partic1es leads to a reduction in detonation 

velocity compared to its corresponding value for pure RDX or a mixture with inert 

partic1es. Nanoscale particles bum completely in the RDX reaction zone for 

detonation with a partic1e mass fraction less than 20%. While 5 J.l.m aluminum 

particles do not bum in the reaction zone. Analysis of the model results indicates that 

the detonation velocity of the heterogeneous mixture decreases as the intensity of the 

heterogeneous and vapour-phase combustion of the partic1es is increased. An 

important factor affecting the decrease in detonation velocity is the reduction in mass 

fraction of the gaseous component of the detonation products. However, with the 

many physical submodels included in this model (with the associated uncertainties), it 

is very difficult to determine the relative importance of the various physical 

parameters used in validating this model, e.g., the uncertain mechanisms on mass 

transfer and parti cie combustion. 

Hawken et al (2002) developed a multiphase model within their IFSAS 2 code to 

simulate the detonation development in nitromethane mixed with metallic particles. 

The fluid and partic1es are treated as separate continua and their interactions are once 

again described using source terms of mass, momentum, and energy. The calculation 

is sensitive to the exponential pre-factor used in the Arrhenius law for gas reaction. 

The detonation decays unless the pre-exponential factor is above a certain value. 
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Above this value, the detonation is sustained but is initiaIly slower than without the 

presence of particles. After a certain amount of time the detonation starts to accelerate 

and the velocity exceeds the velocity without particles. Although this transient 

analysis simulates the effect of mass, momentum and energy transfer from the gas to 

the partiel es, it is not very successful in predicting the detonation parameters of the 

nitromethane-particle system. 

An aluminized explosive is a complex reactive system. Addition of aluminum 

particles will affect the detonation properties and structure, and may alter the 

chemical kinetics of the explosive due to the weIl known "hot-spot" effect of the 

particles under shock diffraction. Under shock loading, the multiphase system 

consisting of detonation products and aluminum particles can result in significant 

momentum transfer between the explosive products and the particles. This has been 

verified by the experiments in gas-particle systems (Boiko et al., 1983~ Frost et al., 

2001). In addition, the chemical reaction of organic explosives occurs very rapidly 

(e.g., on a ns timescale for NM). The metal particles are rapidly heated, removing 

energy from the detonation products. Following that, the particles undergo a slow 

reaction which can occur within the detonation zone or in the Taylor expansion zone, 

depending on the particle size. Therefore, heat transfers both to and from the particles 

to the detonation product gases are important in the detonation process. An 

understanding of how the rates of energy release from the metal particles, the ignition 

delays due to metal heating, and the thermicity effects (due to mass, momentum and 

heat transfer between the organic explosive, the metal particles and boundaries) affect 

the detonation parameters is critical to determine the performance of the aluminized 

explosives and to develop modeling capabilities. This research entailed the 

development of a hydrodynamic code to study the effects of the chemical mtes, 

ignition delays and thermicity processes on the detonation wave structure, especia11y 

for a heterogeneous explosive of NM containing aluminum particles. The goal of the 

work was to determine the relative contribution of the various source terms to the 
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divergence of the properties of the heterogeneous explosive from that of a 

homogeneous explosive. 

1.4 Outline of Thesis 

The analysis of detonation propagation in homogenous liquid explosive is first 

considered in chapter 2. In particular, a model and implementation procedure are 

presented which give the detonation properties and detonation velocity-diameter 

effect of liquid explosives by solving the quasi-one-dimension conservation equations 

with source terms for mass, momentum and energy transfer. This analysis is then 

applied to the case of liquid nitromethane as a test bed to simulate the eigenvalue 

detonation of nitromethane and its failure. This is essential to verify an appropriate 

equation of state and choose suitable parameters for the reaction rate law of NM. 

Chapter 3 presents the I-D two-phase fluid flow model for the aluminized liquid 

explosive detonation based on the characteristic analysis of the drag and heat transfer 

between the unreacted aluminum particles and liquid NM behind the leading shock 

wave. In this hydrodynamic model, the unreacted liquid explosive and its detonation 

products are taken as the fluid phase, with aluminum particles as the solid phase. 

Following the continuum theory of mixtures, the two phases are assumed to coexist at 

each spatial location, and are assigned individual state variables such as density, 

velocity, specific internaI energy, etc. Each phase obeys the balance laws of mass, 

momentwn and energy similar to those for a single continuum, except that the 

exchange of the se quantities across the phase boundaries is represented by interaction 

source terms in the balance equations. With this set of equations, the detonation 

solution of the explosive system is determined by applying the generalized C-J 

eriterion. A ZND detonation structure of the aluminized liquid explosive eonsisting of 

a steady flow from the Von Neumann state down to the sonic point is exhibited. For 

this non-ideal detonation, the flow is in a non-equilibrium state at the sonic plane. As 

a result, chemical reactions and other types of mass, momentum and energy transfer 
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are still occurring downstream of the sonic plane, while the flow proceeds towards 

complete equilibrium in a non-steady manner. These non-steady events behind the 

sonic plane can not have any influence on the propagation of the detonation wave 

since the sonic plane acts as a physical barrier, isolating the detonation zone from the 

transient flow in the products. The application of the I-D two-phase fluid flow model 

to the non-ideal detonation of aluminized nitromethane is presented in chapter 4. 

Thermogravimetric (TGA) experimental results relevant to modeling the onset of 

partic1e oxidation are discussed. Compared with existing experimental results, this 

hydrodynamic code predicts well the detonation structure of aluminized NM and the 

effect of different sized aluminum partic1es in the detonation zone. Finally, the 

hydrodynamic code is modified to inc1ude a hot-spot reaction law and compared with 

experimental results. A summary of the work along with recommendations for further 

work is presented in Chapter 5. 
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Chapter 2 Eigenvalue Detonation ofNitromethane and Its Failure 

2.1 Introduction 

A detonation in a chemical explosive consists of a shock wave followed by a 

region of chemical reaction. The passage of the shock wave initiates the reaction and, 

in turn, the chemical heat release sustains the shock wave. A detonation is steady if 

the flow in the reaction zone, as seen by an observer riding on the shock wave, is not 

time dependent. Due to the extreme conditions generated by condensed material 

detonations, it is difficult to determine experimentally even simple reaction zone 

properties in such materials, e.g., the dependence of the chemical heat release rate on 

the thermodynamic state. Hence it is appropriate to seek theoretical models for the 

reaction zone properties. As noted in the last chapter, a one-dimensional steady-state 

model (ZND model) for the structure of detonation waves was first introduced in the 

1940's. This model consists of an inert shock wave (normal shock moving at the 

detonation velocity) following by a reaction zone. The passage of the shock wave 

heats the reactants, which initiates the chemical reaction (an irreversible reaction is 

assumed). The reaction proceeds to completion, i.e., Â = 1, and the final C-J solution 

is reached (here Â is the degree of reaction: Â = 0 refers to no reaction and Â = 1 

refers to complete reaction). As the reaction progresses towards completion, the 

pressure P and density p of the detonation products decrease as shown in figure 2.1 

while the temperature T and relative partic1e velocity u behind the detonation wave 

increase. In a one-dimensional detonation, none of the chemical heat release causes 

lateral material motion. The planar nature of the system considered guarantees that 

the C-J state is always reached. Another consequence is that the detonation velocity in 

this c1assical ZND theory is always the same as that of C-J theory, i.e. the CJ plane 

detonation has a sonic state c = u at the end of its reaction zone, Â = 1. Here c refers 

to the local sound speed. The simple argument made is that the weak disturbance 
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behind the detonation reaction zone can neither disturb nor catch up to the leading 

shock wave by passing through the reaction zone region from the detonation shock to 

the sonic locus. This planar, steady structure can be modified by wave shape changes 

or other los ses in the reaction zone, which then alter the simple description and lead 

naturally to the concept ofan eigenvalue detonation. Ficket & Davis (1979) attribute 

the earliest example of an eigenvalue detonation to Von Neumann's discussion of 

pathological detonation structure due to a mole decrement in the reaction zone. The 

state at the sonic locus is no longer a complete reaction state and independent of the 

detonation speed but instead depends on a special eigenvalue detonation speed that is 

determined as a consequence of constructing the solution in the reaction zone. 

The eigenvalue detonation that we are concemed with here is associated with 

detonation shock curvature and wall losses. One of its first manifestations occurred 

during World War II with the observation of the diameter effect. At infinite diameter, 

the plane CJ detonation is obtained since the chemical-heat release does not cause any 

lateral material motion. In contrast to this, a detonation traveling in a charge of finite 

laterai extent uses sorne of its chemical heat to produce lateraI material motion. There 

are three important consequences of this: (1) the shock pressure decreases as one 

moves along the shock from the charge center to its edge, (2) the shock velocity is 

reduced, and (3) a critical value of the lateral dimension exists, called the "failure 

diameter," below which a steady wave will not propagate. 

It is known from previous work (Engelke, 1979~ Dremin, 1999) that diameter­

effect curves of high-density explosives appear to fall into two classes. High-density 

solid explosives at less than theoretical maximum density have diameter-effect curves 

which show a strong downward concavity and velocity decrements of approximately 

10% between the infinite-medium detonation velocity and that at the failure diameter. 

The second class of diameter-effect curves is for (homogeneous) liquid explosives. 

The diameter-effect curves for the liquid forms of the explosives such as 

nitromethane and trinitrotoluene (TNT) are nearly linear and show very small 

velocity decrements at failure « 2%). One can pose the question: what causes the 

22 



differences between the diameter effect curves for solid (at less than theoretical 

maximum density) and liquid explosives? Bdzil (1981) postulated that the difference 

"is due to there being two mechanisms supporting wave propagation in 

heterogeneous solids; i.e., hot spots and homogenous bum, while in homogenous 

explosives only homogenous bum is present. Thus, one can speculate that in 

heterogeneous explosives at large diameters both mechanisms contribute to 

driving the wave while at diameters near fai/ure only the hot-spot mechanism 

sustains wave motion. The lack of a region of sharp drop in the liquid curves is 

due then to absence of the hot-spot mechanism. " 

Thus, the response of a detonation (i.e., the shape and velocity of the shock) to a 

change in the diameter of the charge is determined by the interaction between the 

fluid mechanics and the heat-release rate law in the reaction zone. In order to infer the 

thermodynamic-state dependence of the reaction rate from experimental 

measurements and predict the detonation properties of finite charge explosives, 

various theories of steady state detonation have been developed (Chan, 1983; 

Engelke, 1983; Zel'dovich, 1986; Stewart, 1998; Dionne, 2000) to predict the 

velocity-diameter effect. Among them is the quasi-one-dimensional steady ZND 

model with losses (e.g., Dionne, 2000). In the framework ofthis model, endothermic 

reactions, area divergence, momentum and heat losses are aIl of the same nature and 

can be treated as "negative" source terms in the one-dimensional Euler equations. The 

detonation propagation in the presence of these source terms possesses the common 

phenomenon that a wave velocity deficit with respect to the C-J value occurs. In the 

case of finite diameter charge detonation, a competition between the chemical energy 

release of the explosive (i.e., the "positive" source term) and the "negative" source 

terms such as detonation front curvature, momentum and heat losses to the charge 

wall, results in a deficit in the energy supporting the wave propagation and hence 

causes the wave velocity deficit. To simulate this so-called eigenvalue detonation in 

condensed explosives, most work in the past assumed the gaseous products obeyed 

the perfect gas lawand detonation front curvature was considered only. In fact, to 

23 



predict the diameter effect of condensed explosives well, more realistic equations of 

state and wall effects besides the detonation front curvature should be taken into 

account. Here we report a solution of these problems for a detonation in liquid NM 

based on the Euler equations with source terms together with non-ideal equations of 

state and an appropriate reaction rate law. Our objectives are to determine whether the 

chosen equation of state and reaction rate law can reproduce the diameter effect of 

this explosive, to determine the most appropriate reaction rate law from the point of 

view of detonation failure and to investigate how and to what degree the detonation 

front curvature or charge diameter affects the detonation parameters in the reaction 

zone. In fact, the determination of an appropriate equation of state and reaction rate 

law for pure liquid explosives is required prior to simulating the non-ideal detonation 

of an aluminized liquid explosive with the two-phase flow mode!. 

2.2 Governing Equations and Generalized C-J Condition 

The one-dimensional steady Euler equations with source terms of mass, 

momentum and energy can be written as follows in the shock-attached frame (details 

are given in Appendix 1) 

_d (",-pu----,-) = m 
dx 

d(pu2 + P) = um + / 
dx 

u2 P 
d[pu(e+-+-)] 2 

____ 2-'p'--- = m(e + _u + p) + uf _ q 
dx 2 p 

(2.1) 

(2.2) 

(2.3) 

Here the variables D,p,P,u and edenote the detonation velocity, density, pressure, 

relative partic1e velocity and the internaI energy, respectively; the source terms 

m,/,q are the rate of mass, momentum and energy losses, respectively. To further 

simplify equations (2.1)-(2.3), we consider internaI energy e to be a function of P, p 
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(or specific volume v ) and degree of reaction Â, i.e., e = e(P, v,À). Hence, the local 

sound speed e of flow can he written as 

2 ôe 
v [P+(-)pÂ.l 

2 av ' e = ----...!::'-'---
ôe 

(ôp)v'Â. 

(2.4) 

By using equation (2.4) and rearranging (2.1)-(2.3), the governing equations for a I-D 

steady state detonation can be written explicitly as (see equations (27), (30), (31), (32) 

in Appendix 1) 

du ljI 
-=-
dx 11 

dp m du 
-=--p-
dx u dx 

dP du 
dx =f-pu dx 

de P dp q 
dx = p2 dx - pu 

Here ljI is the thennicity and 11 is the sonic condition: 

OP dÀ 2 q oP 
ljI = u( oÀ )v,e dx - [uf - me + p ( ôe )v,Â.] 

11 = p(e2 
- u2

) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

In the right hand side of equation (2.9), the first tenn represents the heat release of 

detonation, the second tenn represents the heat losses due to the curvature of 

detonation wave, the wall friction and the heat transfer to the wall. It is just the 

competition hetween the exothennic and the endothermic that detennines the 

eigenvalue detonation. 

With the presence of source tenns in equation (2.5), the c1assical C-J criterion can 

no longer be used to select the unique detonation solution. Chapman's minimum 

velocity solution does not apply, since the integral curve is no longer a straight line 

(Rayleigh line) to pennit a solution tangent to the equilibrium Hugoniot to be found 
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directly. Jouguet's criterion is also invalid, since the detonation products are no 

longer in equilibrium within the reaction zone when the sonic plane is reached. 

Rence, an alternative criterion has to be defined to seek a unique solution to the 

conservation equations for the detonation structure. When the partic1e velocity u 

becomes sonic (i.e., Mach number M= U/C =1) in equation (2.5) the denominator 1] 

vanishes. Rence, the governing equation (2.5) will be singular if 1] passes through 

zero unless I.f/ becomes zero at that point as weIl. If 1] goes through zero when I.f/ is 

not zero, steady-state shock propagation at the specified shock velocity is not 

possible. It is also possible that 1] never goes through zero. These solutions are 

overdriven. Self-supported detonation occurs at the boundary between the over-driven 

and non-propagating solutions. Renee 1] must go through zero exactly when I.f/ = 0 . 

This results in an indeterminate value for the derivative du/dx and permits a smooth 

transition through the sonic point. The condition of requiring that the numerator 

vanishes when the sonic ,condition c = u is reached is often referred to as the 

generalized C-J condition in the literature, even though both of the classical criteria of 

Chapman and Jouguet do not involve the analysis of a non-equilibrium detonation 

structure. This criterion provides a means of seeking a particular integral curve to the 

conservation laws for the detonation structure. By solving the equations (2.5)-(2.8) 

with this generalized C-J condition, we can determine the eigenvalue detonation 

parameters and the detonation structure. The initial conditions for solving equations 

(2.5)-(2.8) are the chemical concentrations and the initial pressure and partic1e 

velocity at the shock front. For a very thin shock front, it is usually assumed that no 

reaction takes place, i.e., Â = 0 across the shock front. In the caleulation procedure, a 

shock velocity D is first specified, then a series of (P, v) states with different 

chemieal concentrations are determined until the final condition I.f/ = 0, 1] = 0 is 

satisfied. 
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2.3 Equations ofState and Reaction Rate Laws 

In order to solve equations (2.5)-(2.8), several elements are needed: reaction 

product components and reaction heat release, the specification of the kinetic law 

dÂ , and the calibrated parameters of the equations of state of the detonation products 
dt 

and reactants. 

2.3.1 Equations of State (EOS). The calculation of the detonation properties of an 

explosive requires the equation of state to define the P -v-T behavior of the detonation 

products. The inaccuracy of these equations of state can be a source of deviation 

between the theoretical detonation velocity and experimental observations. The 

perfect gas EOS used for low-pressure gaseous explosive detonation products is very 

simple and easy to incorporate into the detonation calculation. However, when 

dealing with condensed explosives, the detonation pressure is so high that the perfect 

gas and even real gas EOS are not valid. At these extremely high pressures (on the 

order of 10 GPa), the gases are very dense and we shaH refer to them as fluids. They 

deviate significantly from ideal gas behavior. For instance, the compressibility factor 

can reach values as high as 8 compared to 1 for the ideal case. It has been verified 

that the ideal gas EOS is not adequate to make quantitative predictions for condensed 

explosives (Steward, 1998) and hence a more realistic EOS must be selected. Indeed, 

for condensed explosives, the equations of state become a major source of difficulties, 

due to their limited accuracy, as well as their complicated functional forms required 

to fit the experimental data. So far, the quest for accurate and realistic equations of 

state for very high pressure detonation calculations is an on-going process. However, 

there exists a number of EOS' s applicable in condensed explosives, such as the 

BKW, the Jez and the JWL. These equations of state are based on empirical 

observations. They contain arbitrary constants determined by fitting to experiments. 

The Jones-Wilkins-Lee (JWL) is an example of these equations of state. The JWL 
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EOS consists of additive corrections to a perfect gas EOS. Parameters may be found 

by fitting to a relatively narrow range of states, e.g., the region of a single expansion 

adiabatic in a cylinder test. Tables of the constants for the JWL equation of state, 

calibrated for many explosives are available in Dobratz and Crawford (1985). 

Although the physical validity is limited to the range of the data to which it is fitted, 

the JWL EOS is computationally efficient and is the most convenient EOS due to the 

fact that it relates the pressure to the density and specific internaI energy. The JWL 

equation of state has proven to he very useful by Steward (1998) for calculating the 

normal detonation shock velocity-curvature of the PBX9502 explosive and has been 

widely used for engineering calculations. Here, we also assume the JWL EOS for 

detonation products and the Mie-Gruneisen EOS for the unreacted explosive in this 

study. 

Considering a "u p , D" shock Hugoniot for the unreacted materiaI, the measured 

shock velocity D in response to a piston impact with speed u p' is assumed to ohey 

the standard form 

(2.11) 

Where Co is the ambient sound speed in the unreacted explosive, and 8 0 is a slope 

determined experimentally from piston impact experiments. A Mie-Gruneisen EOS 

form (Steward, 1998) for the unreacted explosive that is consistent with the equation 

(2.11) is 

(2.12) 

Where 

(2.13) 

(2.14) 
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and r is Gruneisen gamma, v is specifie volume, subscript "0" denotes initial state. 

The JWL BOS of the detonation products is assumed to be of the form (Stewart, 

1998) 

(2.15) 

Here 

(2.16) 

(2.17) 

andA,B,Rj ,R2 ,O are the fitted parameters of the JWL BOS. 

In the detonation zone, the detonation products and unreacted explosive consist of 

a mixture of gas, liquid and solid components. Often we need a mixing rule for this 

mixture when no experimental equation of state is available. Sorne approaches have 

been given by Kennedy (1993) and Davis (2000). A common treatment is to assume 

that the mixture is a continuum and the detailed micro-structure is not considered. A 

consequence of the continuum assumption is that the different material components 

are assumed to be moving together; that is, there is just one partic1e velocity, and it is 

the same for ail the materials of the mixture. No relative flow is taken into account, 

and treatment is one dimensional, so no transverse motion is allowed. Another 

consequence is that all the materials are at the same pressure. For simplicity, 

following Kennedy (1993), we also assume that the unreacted explosive and 

detonation products have the same density or specifie volume. The energy of the 

mixture is the sum of the energies of the components, so the internaI energy 

(inc1uding specifie internai energy and chemical energy) can be written as 

(2.18) 

i.e., 
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e = (l-À{eh + ~ (P-Ph}+, + ~ (P-P')-Q ] 

= (l-À{eh - ~ P']+11, - ~p. -Q ]+P[(l-À)~ +À ;] 
(2.19) 

Where Q is heat of detonation, which can be detennined as long as the detonation 

product species are known. 

The products fonned during the detonation of explosives can be estimated by 

applying the simple product hierarchy for CHNO explosives (and propellants) which 

states the following "rules ofthumb" (Cooper, 1996) 

1. First aIl the nitrogen fonns N2. 

2. Then aIl the hydrogen is burned to H2D. 

3. Any oxygen left after H20 fonnation burns carbon to CO. 

4. Any oxygen left after CO fonnation burns CO to CO2. 

5. Any oxygen left after CO2 fonnation fonns 02. 

6. Traces of NOx (mixed oxides of nitrogen) are always fonned. 

As long as the components of detonation products are known, the heat of 

detonation of the explosive can he detennined by 

Q = L MIj (detonation products) - MIj (explosive) (2.20) 

where Ml~ is the heat offonnation (Cooper, 1996). 

From equation (2.19), we can derive the explicit expression for pressure and its 

derivative with respect to the reaction variable 

e+(l-À{~ Ph -eh ]+À[~ P, -1, +Q] 
p = --,--_.....::::.-_---==---=------=-

(1-.1,) Vo +À~ 
r n 
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Where 

vo v 
e+(I-Â)(-P. -e )+Â(-P -1 +Q) rh h n s P v v 

+ ~-~ 

[ 

Vo v]2 r n 
(I-Â)r+ Â n 

= J(v) + P (VO _~) 
S(v,Â) S(v,Â) r n 

v v 
S(v,Â) = (1-Â) ; +Ân 

Differentiating (2.19), we also obtain the derivatives of energy 

(oe) = (1_Â)[oeh _ Vo OPh ]+Â[01p _ ~ _~ oPs]+Â P 
av p,J. av r av av n n av n 

oe vo v 
(-) =(I-Â)-+Â­OP v,J. r n 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

By substituting (2.25), (2.26) into (2.4), the sound speed of the mixture in the 

detonation zone can be calculated. 

As for the temperature of the mixture, we assume it to be of the following form 

T = (1- Â)TMG + ÂTJWL (2.27) 
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WhereTMG = eMG ,is the temperature of unreacted explosive; TJWL = eJEWL 
, is the 

C~G Cv 

temperature of detonation products; C~G' the specifie heat capacity of the unreacted 

explosives; and Cv is the specifie heat capacity of the detonation products. 

2.3.2 Reaction Rate Laws. In general the reaction of an explosive IS given 

schematically by 

(2.28) 

Where species A is the liquid explosive and species B is the detonation products, and 

k is the reaction rate constant. The reaction rate law can be expressed by 

dÂ =k (I-Â) 
dt 

In the shock frame, for steady state, equation (2.29) becomes 

dÂ 
dx =k (l-Â)/u 

(2.29) 

(2.30) 

Several expressions for the reaction rate constant have been considered in the past, 

including a simple constant, temperature and pressure dependent forms, and hot-spot 

models (Fried, 1998). Here we assume that the reaction rate ofNM obeys one of the 

following laws 

Simple law 

Arrhenius law 

dÂ = Z (l-Â) 
dt S 

E' 
dÂ = Z (1- Â)e -RT 

dt 

(2.31) 

(2.32) 

Here Zs and Z are the reaction rate constants; E* is the activation energy; R is the 

specifie gas constant; and T is the temperature. 
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2.4 Detonation of Infinite Diameter Nitromethane 

Nitromethane (NM) is perhaps the most widely studied explosive of aIl time. The 

advantage of using NM as a test bed is the large amount of data available on its 

detonation properties, which are useful for validating the quasi-l-D model, the 

generalized CJ condition and the chosen EOS. In addition, the baseline parameters for 

this explosive, such as the ignition delay and reaction rate, are adjusted to be in 

agreement with measurement of the total reaction time and reaction zone length in 

NM. 

In the case of intinite diameter NM, the source terms m = f = q = O. The 

governing equations (2.5) - (2.8) are then reduced to 

Where 

du If/ 
-=-
dx 17 

dp p du -=----
dx u dx 

dP du 
-=-pu -
dx dx 

de P dp 
dx = p2 dx 

ôp dÂ 
If/ = u(ôÂ)v,e dx ' and 17 = p(e

2 
- u

2
) 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

In order to solve equations (2.33)-(2.36), we need tirst to determine the heat of NM 

detonation, and the parameters (or constants) in the reaction rate law and EOS. 

By applying the above "rules ofthumb" of detonation product formation (Cooper, 

1996), the overall reaction equation ofNM is 

CHiN02 K) 1.5H20 + O.5CO+O.5C +O.5N2 (2.38) 

The heat of detonation ofNM explosive can be determined as 
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QNM = LMIJ(detonation products) - MIJ (explosive) 

=1.5 x (57.8 kcallmol) + 0.5x(26.4157 kcallmol) -1 x (27 kcal/mol) 

= 72.9 kcallmol ~ 5x 106 J/kg 

This caleulation is identical with the experimental result of QNM = 5x106 J/kg 

(Cooper, 1996) 

For NM, various values for the activation energy, i.e., E"=30, 40, 53.6 keallmol, . 

can be found in the literature (Engelke, 1983~ Presles, 1995~ Mader, 1998). Since the 

reaction time ofNM is on the order of t = 7 - 50 ns (Sheffield, 1999,2002), the pre­

exponent factors Zs, Z of the reaetion rate law can be selected to match this time. 

Taking t = 20 ns as the reaction time seale of NM, we can determine the reaetion rate 

constants Zs = 4.5 X 108 andZ = 1.45 x 1010, 2.2x 1012 and 9.5x 1013 for E" =30, 40, 

53.6 kcal/mol, respectively. 

As for an equation of state for NM, Dunnett (1998) gives empirical JWL 

parameters which are optimized to reproduce cylinder expansion data. These 

parameters are A=209.2 GPa, B=5.689 GPa, R1=4.4, R2 =1.20, il =0.30. In the 

unreaeted explosive, the Gruneisen gamma rand NM' s shoek Hugoniot coefficients 

Co, So are determined from Sheffield (1999,2002) whieh are r=2.1, co=1760 mis, So 

=1.56. Winey (2000) has modeled the specifie heat eapaeity CvMG of unreacted but 

shoeked liquid nitromethane as funetions of temperature and volume using the 

existing experimental data and gives the final expression for CvMG(T, v) in units of J/kg 

C (T v)=1.146+ 1.714x
2

e
x 

v , (eX _1)2 (2.39) 

h 2326 + 102.2J.l d vo 1 
w ere x= an J.l=-- . 

T v 

There are two ways to determine the specifie heat eapaeity CvJWL of the 

detonation produets. The frrst method is that we just simply assume CvJWL =eonstant. 

Its value is ealibrated by using the existing temperature data. The fact that numerous 

experiments show that the CJ temperature of NM is in the range of 3400 - 3800 K 
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(Gibson, 1958; Burton 1982; Kato, 1985; He, 1985; Leal, 1998), leads us to 

determine that Cv = 1800 J/kg-K is a good estimation of the specific heat capacity. 

The advantage of the assumption CvJWL = constant is that it simplifies the calculation 

of the governing differential equations and saves considerable computational time. Of 

course, in reality, CvJWL is a function of temperature, especially in the case of high 

temperature and pressure detonation products. Hence, a second method is to make a 

regression of CvJWL as a function of temperature from existing data in the literature 

(Cooper, 1996). Fortunately, plots of specific heat capacity of gases versus absolute 

temperature are very smooth and fit the form of a simple quadratic equation over the 

temperature range of 300 - 5000 K, i.e., 

CWWL = a + bT + cr , (2.40) 

Where the constants a, b, and c vary with each particular gas. Table 2.1 gives the 

values for several gases. The specific heat capacity of solid product carbon is a 

constant that equals to 11.7152 
K·mol 

J 
The specific heat capacity value of 

detonation product mixture is equal to the sum of the products of the mole fraction of 

each component times its heat capacity 

CWWL = Ln;Cvi = 1.5CvHp + O.5Cveo + 0.5CVN2 + 0.5Cve 

= 62.3361 + 12.3535xlO-3 T -1.03546xlO-6 r 

~1021.9 + 0.2 T -1.697xlO-s r J 

K·kg 

J 

K·mol 

The initial conditions for solving equations (2.33)-(2.36) are the chemical 

concentrations and the initial pressure and partic1e velocity at the shock front. Since 

the shock front is very thin, it is usually assumed that no reaction takes, i.e., Â = 0, 

across the shock front. The initial State variables are found by finding the intersection 

of the Rayleigh line 

P=pDu (2.41) 

with the unreacted shock Hugoniot 
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D = co+ So U (2.42) 

if the shock velocity D is specified. From this point on, the calculation procedure 

visits a series of (P, v) states with different chemical concentrations. 

The goveming equations (2.33)-(2.36) will be singular if 77 passes through zero 

unless lf/ becomes zero at that point as weIl. If 77 goes through zero when lf/ is not 

zero, steady-state shock propagation at the specified shock velocity is not possible. It 

is also possible that 77 never goes through zero. These solutions are overdriven. Self­

supported detonation occurs at the boundary between over-driven and non­

propagating solution. 77 must go through zero exactly when lf/ =0. It is often referred 

as the generalized C-J. As a matter offact, from equation (2.33) and the reaction rate 

equations (2.31) and (2.32), the generalized CJ condition 77 = 0, lf/ = 0 leads to 

c = u, Â =1 (2.43) 

This is also the classical C-J condition. Therefore, for the detonation of an infinite 

diameter homogeneous explosive, the generalized CJ condition is identical to the 

classical CJ condition. 

With the above-specified conditions, the solution of equations (2.33)-(2.36) can 

be found by using the 4th order of Runge-Kutta method. Table 2.2 summarizes the 

results of this model together with Cheetah code calculations and some typical 

experimental results in NM. 

The experimental . detonation velocity and CJ pressure for NM with an initial 

density of 1.13 g/cm3 are given by Blais (1997) as 6300 mis and 13 GPa, respectively. 

This model predicts a detonation velocity of 6316.7 mis and a CJ pressure of 12.85 

GPa. The match between the model predictions and the experimental values for 

detonation velocity and pressure is good. In comparison, using the Cheetah code with 

the BKWC EOS, gives good agreement for the predicted CJ temperature, but predicts 

rather low values for the detonation velocity and pressure. This illustrates that the 

selected equations of state play an important role in the accuracy of the theoretical 

model. 
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The profiles of detonation temperature, pressure, density, reaction progress and 

Mach number within the detonation zone ofNM are shown in Fig 2.2, corresponding 

to the different reaction rate laws. It is clear from this plot that although the initial and 

final states of the detonation are the same, the variation of the parameters within the 

reaction zone is strongly dependent on the reaction rate law. This indicates that an 

indirect method for determining the appropriate reaction rate law for an explosive is 

through measuring the profiles within the detonation zone, e.g., of the particle 

velocity and detonation pressure. At the present stage, due to the difficulty of 

measuring these profiles experimentally in the extremely short reaction zone of a 

liquid explosive, it is not clear which reaction rate law is the best choice. Therefore, 

both the simple and Arrhenius laws will be alternatively used in later calculations to 

further explore their validity. 

2.5 Detonation of Finite Diameter NM Charges 

2.5.1 Consideration of Front Curvature. In the case of an unconfined charge, the 

detonation front curvature plays a key role in the detonation-diameter effect. As in the 

WK theory (Wood and Kirkwood, 1954), ifwe examine only the relation between the 

axial detonation velocity of a rate stick and the curvature of the detonation shock on 

the central stream tube, the two-dimensional problem will be reduced to a quasi one­

dimensional problem since the lateral velocity on the central streamline is zero. 

Therefore, the curvature effect of the two-dimensional problem is analogous to the 

standard equations for reactive flow in a nozzle, under the usual assumption of quasi­

one-dimensional flow, i.e., one-dimensional Euler equations with mass source term 

only. Equations (2.1)-(2.4) can therefore be reduced to 

d(p u) 
--=m (2.44) 

dx 

d(p u2 +P) 
----=um 

dx 
(2.45) 

37 



u2 P 
d[pu(e+-+-)] 2 

2 p u P 
(2.46) =m(e+-+-) 

dx 2 p 

Or 

du dp 
(2.47) p-+u-=m 

dx dx 

pu du + dP =0 
dx dx 

(2.48) 

de dv 
(2.49) -+p-=o 

dx dx 

Equations (2.47)-(2.49) are identical with the WK equations (Wood and Kirkwood, 

1954) if the fonn of the source tenn is taken as 

(2.50) 

Where (J)r is the radial flow divergence on the central stream tube. An ad-hoc 

estimation was made for the flow divergence by relating it to the radius of curvature 

of the detonation shock as in the WK model (Wood and Kirkwood, 1954), i.e., 

D-u 
(J) =-­

r R 
c 

(2.51) 

Where Re is the radius of curvature of the detonation front. With this additional 

assumption, we obtain the goveming equations for solving the dependence of the 

axial detonation velocity D on curvature, which are the reduced fonns of equations 

(2.47)-(2.49) in pure NM: 

du 'If 
-=-
dx 17 

(2.52) 

dp 1 du 
dx = -;;(m - p dx) (2.53) 

dP du 
-=-pu -
dx dx 

(2.54) 
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Here 

de P dp 
dx = p2 dx 

ÔP dl 2 
If/ =U(-)ve-+ mc ,and 

ôl . dx 

17=p(C2
-U

2
). 

(2.55) 

(2.56) 

These equations differ from those for plane one-dimensional flow in two ways: (1) 

the relation between p and U now depends on m, and (2) the term m = -2fXJJr is 

added to If/. It is noted that this divergence term in If/ has, for positive OJr, the same 

sign as for an endothermic reaction. With the addition of m these equations form a 

determinate set, and they have a critical point where If/ and 17 vanish simultaneously. 

The vanishing of If/ means that, roughly speaking, the release of energy by the 

chemical reaction is balanced by the expansion due to the radial flow; this point is 

reached before the attainment of chemical equilibrium. Usually If/ = 0 refers to the 

thermicity condition and 17 = 0 refers to the sonic condition in the literature (Fickett 

and Davis, 1979). To solve the eigenvalue detonation problem for a finite diameter 

explosive with curvature is equivalent to saying that these two conditions are satisfied 

simultaneously. 

With the same equations of state and reaction rate laws as used in the detonation 

of infinite diameter NM, iterations are made to determine the eigenvalues of the 

detonation with different curvature values. The results are presented in Figs. 2.3 and 

2.4. Figure 2.4 is a plot of non-dimensional detonation velocity vs. detonation front 

curvature in NM. For both the Arrhenius law and simple law, the predicted detonation 

velocities vary little with curvature. A decrease in the detonation velocity of less than 

1.6% before detonation failure, is consistent with the experimental finding that 

detonation failure occurs with less then 2% velocity deficit. With the Arrhenius rate 

law, the phenomena of critical curvature and detonation failure are also captured in 

this calculation as shown in Fig.2.4. On the other hand, the simple law fails to predict 
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the existence of a critical curvature. We conclude that the Arrhenius rate law is more 

appropriate than the simple law in the simulation of the diameter effect for liquid 

NM. Figure 2.3 shows the change of the detonation zone time, and detonation 

temperature and pressure at the sonic point due to the detonation front curvature. Here 

the detonation zone time is the time from detonation wave front to the sonic point. 

With the Arrhenius rate law, with increasing detonation front curvature, the 

temperature and pressure at the sonic point decrease resulting in an increase in the 

reaction zone length. These results are reasonable in terms of the fact that curvature 

causes radial energy dissipation and hence less energy is available (relative to a C-J 

detonation) to support the detonation propagation. We note that near the detonation 

failure, the temperature at the sonic point decreases from 3676.5 K for a C-J 

detonation to non-ideal values of 3189 K and 3489.48 K for E* =30 and 53.6 

kcallmol, respectively. The temperature deficit corresponds to 13% and 5% for E* = 

30 and 53.6 kcallmol, respectively. Similarly, an increase in the reaction zone length 

occurs near detonation failure (up to a factor of 2 increase for E* =30 kcal/mol). 

These plots illustrate that the detonation temperature and the reaction zone length are 

relatively sensitive parameters for the curvature. On the other hand, near detonation 

failure, the decrease in pressure at the sonic point is relatively small. The fact that the 

maximum deficit in the pressure at the sonic point is only 4% for E* =30 kcallmole 

demonstrates that the detonation pressure is a less sensitive parameter for non-ideal 

detonation behavior. From Fig. 2.4, we also note that far from the critical curvature or 

detonation failure point, the detonation deficits are quite small due to the detonation 

front curvature. Therefore, in dealing with the complex problem of non-ideal 

detonation propagation in an aluminized liquid explosive with a large charge 

diameter, the effects of the global curvature of the front can be neglected to a good 

approximation. In other words, for non-ideal detonation of aluminized explosives 

with large charge diameters, the deficits in detonation velocity, pressure and 

temperature may be due to other factors rather than the global curvature of the 

detonation front. 
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Figure 2.3 also shows the calculation results using the simple reaction rate law. 

Although the detonation temperature and pressure at the sonic point both decrease, 

the result that the detonation zone time also decreases with increasing curvature is not 

physically reasonable. Therefore we conc1ude again that the Arrhenius law is a better 

choice than the simple law in the simulation of eigenvalue detonation ofNM. 

In reality, detonation velocity deficits are often given in terms of the inverse 

charge diameter. To relate the charge diameter with the detonation front curvature, 

Leiper, et al., (1994) suggested the following empirical relation 

~ = 0.165+0.692 dl 
Re d 

(2.57) 

Where d is the charge diameter and dl is the failure diameter. From the critical 

radius of curvature calculated, the failure diameter dl can be evaluated by equation 

(2.57), i.e.: 

dl = (O. 165 +0.692)Re =0.857Re 

The calculated values of the critical diameter are shown in Table 2.3. Compared with 

the experimental data, the calculated failure diameter of NM due to curvature only is 

quite reasonable but a little smaller than that of experiments. This can be improved by 

considering wall effects. 

2.5.2 Detonation of a Finite Diameter NM Charge with Weak Confinement. In 

reality, the confinement of a cylindrical explosive charge depends on the material 

(and thickness) of the charge casing. In this section, we will focus on the detonation 

of charges weak:ly confined by tubes comprised of paper or plastic. With strong 

confinement such as that provided by a thick steel tube, due to its large strength and 

impedance mismatch between the explosive and the tube, the tube may act as a 

reflecting wall for the detonation wave. The role of confinement in reflecting 

transverse shock waves on the surface of a gaseous detonation wave is weIl known. 

Dremin (1999) has described the role of confinement and the generation of hot-spots 
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from shock collisions in the context of the propagation of detonation in condensed 

explosives. In general, increasing the confinement of the explosive reduces the 

failure diameter due to the interaction of a detonation wave with the confining 

material. In the present analysis, we will consider the weak confinement case, in 

which a reaction-quenching expansion wave moves from the charge surface to the 

charge axis leading to detonation failure. To estimate the detonation failure in this 

case, we consider not only the detonation wave curvature due to the lateral expansion, 

but also los ses of momentum and heat from the wall. Frictional losses at the tube 

wall are modeled by introducing a source term f in the momentum equation. For 

example, Zel'dovich et al. (1986) suggested the following form: 

f = kfPUIUI (2.58) 

where U is the particle velocity in the laboratory frame, and kj is a friction factor 

given by Schlichting's formula, i.e.: 

(2.59) 

where ks is the equivalent sand roughness and R is the tube radius. This friction factor 

is valid for flow regimes with full exposure of roughness, and for Reynolds numbers 

based on the height of the roughness elements above 530. The absolute value in 

equation (2.58) accounts for the fact that friction always tends to oppose the motion 

of the flow. Zhang and Lee (1994) used a very similar function where they included 

the effect of the tube diameter independently from kj, i.e.: 

f =(~)kfPulul 
where kjis assumed to obey the Blasius formula, i.e.: 

k _ 0.3164 
f - R 0.25 

e 

(2.60) 

(2.61) 

In the present study, we will use equation (2.60) to account for frictionallosses at the 

tube wall. The Reynolds number is given by the following relation 
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R =pUd 
e (2.62) 

f.J 

where f.J is the viscosity of the detonation products. 

External heat losses are modeled by introducing a source term q in the 

conservation of energy equation. For example, Zel'dovich et al. (1986) used the 

following form to account for heat losses to the tube walls, i.e., 

q = rhcPUC p(T* - TJ ' (2.63) 

Where he is the coefficient of heat transfer for a smooth tube, Cp is the heat capacity 

at constant pressure, 'Y is the adiabatic exponent, u is the particle velocity relative to 

the shock, T* is the stagnation temperature and Tw is the wall temperature. An 

alternative approach to model heat losses in tubes with friction is to use Reynolds 

analogy. This analogy relates the heat los ses to the frictionallosses: 

hc _ Cf _ f 
puC

p 
-2- pu2 (2.64) 

Where hc is the heat transfer coefficient, Cf is coefficient of skin friction, and f is the 

source term for friction, as given in equation (2.60), for example. This relation is then 

used to obtain a functional form for the source term q, i.e.: 

(2.65) 

Where T is the local temperature of the detonation products. In the present study, 

equation (2.65) will be used to account for heat losses. The advantage of using this 

formulation is that no additional coefficient is necessary to account for heat losses. 

If we assume the same curvature-diameter relation as given in equation (2.57), 

with the equations (2.60) and (2.65), the source terms f and q can be easily 

determined for the given charge diameter d. The determination of the source term m 

involves the critical curvature and hence failure diameter. They cannot be determined 

a priori until the eigenvalue problem of equations (2.5) - (2.8) is solved. Therefore an 

iterative process must be used as follows. With an assumed failure diameter di> for a 
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given charge diameter d, the curvature of the detonation front can be estimated by 

equation (2.57). Then the source terms m, f and q can be calculated by equations 

(2.50), (2.60) and (2.65). With the same method as before, the eigenvalue problem of 

equations (2.5) - (2.8) with m, f, and q can he solved with the generalized C-J 

condition. Therefore, a new critical curvature and hence a new failure diameter can 

be derived. If this new failure diameter is close to the assumed value, the eigenvalue 

detonation problem in a weakly confining tube has been solved completely. 

Otherwise, another value of the failure diameter must be assumed. The above process 

is repeated until the calculated failure diameter is close to the assumed value, within a 

prescribed error. Fig. 2.5 shows the calculated result of detonation velocity-inverse 

diameter in NM with the weakly confining tube. The detonation velocity deficit 

obtained (i.e., less than 2% at the failure diameter) is consistent with the experimental 

results. As shown in Table 2.3, with an Arrhenius reaction rate law, failure diameters 

of 15-18 mm are obtained for activation energies in the range of 30-40 kcaVmol, 

which are consistent with experimental values. However, for E* = 53.6 kcal/mol, the 

calculated failure diameter of 22 mm exceeds experimental values. This illustrates 

that the reaction rate constant k = Ze RT plays a key role in determining the failure 

diameter. In other words, since Z is related to the detonation zone time and the term 

e RT represents the sensitivity of the explosive, an explosive with a short reaction 

zone and high sensitivity will have a small failure diameter and vice versa. 

Comparing these calculation results to the experimental value of failure diameter 

(18 mm) for weakly confined liquid NM reported by Dremin (1999), the 

corresponding activation energy in the calculations is E*= 40 kcaVmol. This value 

will be continuously used in later chapters of this thesis. On the other hand, the 

simulation of detonation failure provides a new theoretical way to determine chemical 

kinetics of detonation taking account of experimental difficulty in high speed elapse 

process. 
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Fig. 2.6 shows the temperature and the pressure at the sonic point as a function of 

charge diameter. For a small charge diameter, the lateral expansion wave rapidly 

penetrates to the axis of the combustion products cone, producing a strongly curved 

detonation front. On the other hand, since the ratio of surface area to volume is large 

for a small charge diameter, friction and heat losses to the wall per unit volume are 

also large. The increase in the curvature, friction and heat los ses results in a decrease 

in the detonation temperature and pressure as shown in Fig. 2.6. 

According to Rosing and Chariton (1940), explosive detonation capability is 

governed by a relationship between the detonation chemical reaction time fr and time 

8 necessary for the expansion wave to penetrate to the axis of the charge, as shown 

schematically in Fig. 2.7. The detonation propagates only if the explosive has had 

time to react completely before the expansion wave can cool the products, i.e.: fr< 8. 

If fr > 8, then the propagation fails. Since the lateral rarefaction wave propagates with 

the local sound velocity e, it follows that the critical conditions for detonation failure 

occurs when 

8=~ 
2e 

(2.66) 

where d is the explosive charge diameter. The time-scale equality fr = 8 corresponds 

to the failure diameter. From this relation, Charlton (1947) proposed a formula to 

roughly estimate the failure diameter of an explosive: 

dl ~ 2efr (2.67) 

In essence, the formula is based on the flow pattern inside the reaction zone shown in 

Fig. 2.7., in which the rarefaction wave propagates from the lateral charge surface to 

its axis inside the reaction zone behind the plane detonation shock wave front, it is 

suggested that the reaction proceeds only in the region that the rarefaction wave has 

not reached. Our calculations also show the same trend as equation (2.67), i.e.: if 

_El' 

there are two explosives with different chemical reaction rate constant kl = ZI e RT 
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and k2 =z 2e RT , the explosive with larger failure diameter such as the case of 

E*=53.6 kcal/mol has longer detonation zone than the explosive with smaller failure 

diameter such as the case of E*=30 kcal/mol. As shown in Fig. 2.5 and 2.6. 

Although equation (2.67) is not quantitatively precise, the interpretation of the 

detonation failure related to detonation zone length is very useful. As a matter of fact, 

theoretical prediction is possible for the detonation zone time of heterogeneous 

explosives but it is difficult to predict the failure diameter. In contrast, experimentally 

it is relatively easy to determine the failure diameter of a given explosive but difficult 

to directly measure the detonation zone time. So equation (2.67) will frequently be 

used to interpret our two-phase flow model of non-ideal detonation in the aluminized 

liquid explosives which will be described next in Chapters 3 and 4. 
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CHAPTER 3 I-D TWO-PHASE FLOW MODEL OF DETONATION 
IN ALUMINIZED LIQUID EXPLOSIVE 

3.1 Problem Description 

Detonation of aluminized high explosives has been extensively studied 

experimentally and theoretically since the Middle of the 20th century. These studies 

are of practical interest because aluminum is incorporated in explosives to enhance air 

blast, increase bubble energies in underwater explosives, raise detonation temperature 

and create incendiary effects. On the other hand, this research is also of great 

scientific interest because detonation propagation in high explosives containing 

aluminum partic1es provides a number of challenges for modeling the role of the 

aluminum particles within the detonation zone. 

The key theoretical question is whether the Al reacts in the reaction zone of a 

detonation wave or at a later time. The majority of researchers believe that for the 

case of powerful aluminized high explosives, aluminum behaves as an inert additive 

in the reaction zone and is oxidized only in the expanding detonation products. 

However, there are supporters of the opposite viewpoint stating that Al participates, at 

least partially, in the chemical reaction upstream of the C-J plane. The latter 

researchers generally make their conclusions by using equilibrium thermo-chemical 

codes. They calculate the detonation parameters of powerful aluminized high 

explosives and estimate the extent of Al oxidation, i.e.: the fraction of aluminum 

reacted within the reaction zone of a detonation wave, by adjusting the Al bum 

fraction to provide the best agreement between calculated and measured detonation 

velocities. 

Previous calculations of Al bum fraction in the detonation zone have often been 

contradictory. For example, Imkhovik and Soloviev (1995) interpreted their results 

with RDXI Al explosives to lend support to the conclusion that aluminum does not 
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react within the detonation zone. Conversely, the estimation by Hobbs and Baer 

(1993) that 40% of Al in HMX/AI compositions is consumed is rather high in 

comparison. The result of Cowperthwaite (1993) for RDX!TNT/AI explosives yields 

even 70% for the amount of Al that reacted within the detonation zone. We have also 

carried out calculations with the Cheetah 2.0 equilibrium thermodynamic code to 

calculate the detonation parameters of NM/Al explosives. Figure 1.3 shows the 

comparison of the experiments and Cheetah calculations with the BKWC equation of 

state by assuming that the Al was either inert or totally reactive. From these 

calculations, it is not possible to infer the extent of the reactipn of Al within the 

detonation zone since detonation velocities for both the inert Al and reactive Al cases 

are lower than those of experiments. 

The above discrepancies may be due to the fact that the researchers apply 

different equations of state to de scribe the thermodynamics of the detonation 

products. In addition, the C-J detonation theory is not strictly applicable for the case 

of aluminized high explosives considering that the assumption of instantaneous 

thermodynamic equilibrium of the detonation products breaks down for non-ideal 

explosives. We also note from the experimental data (see Figs. 1.1 and 1.2), that Al 

particle size affects the detonation velocity of explosive compounds. The effect of 

size of the Al particles cannot be addressed by a thermodynamic equilibrium code. In 

fact, if we simply analyze the steady flow of suspensions of particles in liquid 

explosives with the possible existence of shock waves, we can compute the relaxation 

zone structure and length behind normal shock waves which generate velocity and 

temperature differences between the Al particles and the liquid phase. Therefore a 

more sophisticated non-equilibrium detonation theory should be developed to model 

non-ideal detonation of the aluminized explosives. 
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3.21- D Two-Phase Non-Equilibrium Detonation Model 

3.2.1 Non-Equilibrium Flow Theory for Aluminized Liquid Explosives. The 

steady flow of suspensions of particles in compressible gases with the possible 

existence of shock waves has been analyzed by many investigators (e.g., Krier, 1978; 

Boiko, 1983; Veyssiere, 1986). Veyssiere et al. (1986, 1991) reported experimental 

results for the detonation of two-phase media which were composed of an explosive 

ethylene-air mixture with a suspension of 10 J.Lm aluminum particles. They produced 

a qualitative description of the structure of a detonation in these mixtures using streak 

photography and measurement of velocity, pressure, and radiant emissions. 

According to their description, behind the detonation shock front, the aluminum 

particles are accelerated and behave as a chemically inert species as long as they have 

not reached their ignition temperature. 

In the present study, the behavior of aluminum particles in the detonation 

products of a liquid explosive is investigated and the time scales of drag and heat 

transfer between the detonation products and the aluminum particles are important 

physical parameters in the model. Therefore, the problem of interest can be described 

as following: initially the two phases (liquid explosive and aluminum particles) are in 

total equilibrium at velocity U1 =U2 = D, temperature Tl = T2 = To and pressure Po, 

where U is the velocity with respect to laboratory coordinates, D is the detonation 

wave velocity, the subscript '1" refers to liquid properties and "2" refers to solid 

particle properties. A strong shock wave with constant velocity D propagates through 

the mixture and upsets the equilibrium between the two phases. In the non­

equilibrium region, the velocity of the liquid drops whereas the particle velocity rises 

as a result of friction due to the difference in phase velocities. Particles now find 

themselves in a high temperature medium and their temperature rises due to heat 

transfer to the particles. At sorne downstream location, the particle temperature 

reaches its point of ignition, T;gn. The lapse of time from the shock wave front to the 

ignition of the particles is called the particle ignition delay time. After that, chemical 
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reaction of the metallic particles oceurs until the particles bum out. While being 

heated, the particles are also accelerated until they reach the velocity of the liquid 

phase. The lapse of time from the shock wave front to the equilibrium of particle 

velocity ofboth phases is called the relaxation time. The time scales in tbis relaxation 

zone and ignition delay can he roughly estimated by the momentum and energy 

balance equation if the particle volume fraction is negligible. 

From Stokes' law, a simple momentum balance in terms of drag-coefficient gives 

1C 3 dU2 1C 2 CD \1 1 (-d2 )p2-=(-d2X-)Pt(U\-U2"Ut -lI2 6 dt 4 '2 
(3.1) 

For relatively large particles, the particle Reynolds numher will not be small and 

the Stokes drag region will not apply, hence an alternative drag coefficient relation 

must be chosen. A "standard" drag coefficient given by Kessler (1999) is assumed to 

he 

(3.2) 

where the Reynolds numher is 

R = Ptd2(Ut -U2 ) 
e (3.3) 

p 

Equation (3.1) can he used to estimate the relaxation time scale when li} lI:t U] 

It should be pointed out that, a priori, the reaction mechanism of Al particles 

under the extreme pressure and temperature conditions immediately hehind the 

detonation front is not known and is the subject of current intense experimental and 

theoretical investigation. Most experimental data on Al particle ignition is obtained 

in relatively quiescent conditions which May not he applicable to the high convective 

flow conditions experienced by the AI in the detonation products. Development of a 

new reaction model for Al particles is beyond the scope of this thesis, and in light of 

the current uncertainties in the literature, we will foUow the approach of previous 

researchers and use a simple ignition threshold temperature criterion to "tum on" the 
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reaction of the Al with the detonation products. In this simple model, the ignition 

delay will therefore be govemed by the assumption of the ignition temperature Iign of 

the partic1es. According to Friedman and Macek (1962), ignition of an aluminum 

partic1e occurs when the temperature at the surface of the partic1e exceeds the melting 

point of aluminum oxide. They showed that the temperature within the partic1es can 

be considered spatially uniform. If we assume that the equalization of temperature 

inside the partic1e is attained instantaneously and neglect any reaction between the 

partic1es and their surroundings prior to ignition, the heat balance equation 

considering only convective heat transfer gives 

7i 3 dT2 
(r;)d2 P2Cp2 dt =ml2 Âf Nu (1;. -T2 ) 

where the Nusselt number Nu is of the form (Soo, 1990) 

Nu = 2 +0.459(Re)O.55 Pr 

and the Prandtl number Pris 

f.l Cpl p=-­
r Â 

f 

(3.4) 

(3.5) 

(3.6) 

where Âf is the thermal conductivity ofthe liquid and Cp is the specific heat capacity. 

3.2.2 Estimation of Characteristic Times. For numerical calculations of the 

characteristic time of momentum and thermal relaxation between the aluminum 

partic1es and nitromethane, it is simply assumed that the temperature of the fluid 

phase after the shock front is 3000 K which approximately equals the temperature of 

the detonation products. The viscosity and the thermal conductivity of the fluid phase 

are temperature dependence and are given by the following (Gladilin, 1996): 

,u = 0.000085~ 1;. (3.7) 
3000 

Âf = 0.32~ 1;. (3.8) 
3000 
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i) Estimation of Drag Timescale. As discussed above, the particle velocity 

evolution of the solid phase in the flow of the high temperature and pressure 

detonation products Can be obtained from equation (3.1). In particular, the 

calculation procedure is as follows. For a given shock velocity D, the variables U1, P 

and p 1 of the fluid phase immediately behind the shock front can be obtained from 

Rayleigh line (2.41) and shock Hugoniot equation (2.42). With the equilibrium 

pressure assumption for both phases, the variables U2 and P2 of the particle 

immediately behind the shock front are also obtained from Rayleigh line of the solid 

phase as the form of equation (2.41). Then Re and CD are known from equations (3.2) 

and (3.3). The 4th order of Runge-Kutta method is used to solve equation (3.1) with 

each small time interval (LIt =0.1 ns) until to the time when particle velocity 

equilibrium is reached. This time corresponds to particle velocity relaxation 

timescale. This estimation of the particle and fluid velocity after the shock is 

sufficient to illustrate the subsequent acceleration of the particles to the ambient flow 

velocity. However, a further discussion of the jump conditions across the shock is 

given in section 3.6 below. Following the procedure described above, for a 

detonation velocity of 6300 mis, the corresponding particle velocities of Al and NM 

behind the shock front are about 610 and 2800 mis, respectively. Due to this 

difference in the particle velocities, an exchange of momentum between the phases 

occurs. By solving equation (3.1), the characteristic timescales when the particle 

velocities reach 99% of fluid phase may be obtained. Fig. 3.1 shows the particle 

velocity evolution behind the shock front for different Al parti cie sizes. The drag 

between the two phases accelerates the motion of the solid phase until both phases 

have an identical velocity. This relaxation time from shock front to particle velocity 

equilibrium strongly depends on particle size (for a given particle density). Fig. 3.2 

shows the timescale of drag for D = 5500 and 6300 mis, which are typical detonation 

velocities of the aluminized nitromethane. For 100 nm size particles, the timescale of 

drag is about 9 ns which is smaller than the 20 ns detonation zone timescale of NM. 

However, for micron-sized particles, the timescale of drag is on the order of a 
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microsecond which is much longer than the detonation timescale. Therefore. it is 

essential 10 model the non-equilibrium process of velocity equilibration in the 

detonation of aluminized NM, at least for micron-sized metallic particles. Figure 3.2 

also shows the drag timescale with different shock strengths but the same temperature 

of the fluid phase, e.g., D = 6300 and 5500 mis and a 3000 K temperature of the 

detonation products. From this figure, it can he seen that the effect of shock strengths 

on the relaxation timescale is quite weak. The same conclusion can be drawn for the 

effect of the temperature offluid phase. As shown in Fig. 3.3, with aD = 6000 mis 

shock wave, the calculated relaxation times for a given partic1e size aImost remain 

unchanged when the temperature of the fluid phase after the shock front is assumed to 

he 1350 K, the temperature of the shocked but unreacted liquid NM, and 3000 K, the 

typical temperature of the detonation products. This result illustrates that the 

temperature of the fluid phase has no significant effect on the drag timescale. 

ii) Estimation of Ignition Delay Timescale. As mentioned above, the classical Al 

ignition criterion Was proposed by Friedman and Macek (1962). This criterion is 

based on the presence of the oxide layer on the surface of the particle which impedes 

the diffusion of the oxidizing species. Hence they proposed that no ignition is 

possible hefore melting of this oxide film which occurs at a surface temperature of 

about 2310 K. The validity of this criterion may he questionable in some cases, and 

other criteria have been postulated. For example, in their model calculations, 

Veyssiere et al. (1983) chose 1350 K as the ignition temperature of 1-20 flm 

aIuminum particles. Kuehl (1965) reported the ignition of aluminum partic1es in 

pure water vapor at 1427°C. ln shock tube tests, Boiko et al. (1983) have shown that 

small fractions of aluminum powders may he ignited by a shock wave at a 

temperature of 1300 K. which is much lower than the 2300 K melting point of 

alumina. Grosse and Conway (1958) observed ignition of aluminum samples in 

oxygen at 1000°C which were heated beforehand in an inert atmosphere. Phillips and 

De Witt (1979) were even able 10 provoke ignition ofaluminum powders at very low 
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temperatures (of the order of magnitude of the melting point of the metal) with the 

help of fluid dynamic oscillations generated by resonance tube oscillations. For 

nanoscale aluminum particles, the temperature for the onset of alumin~ oxidation 

will likely be much lower (perhaps as low as the value of 825 K observed in thermal 

analysis experiments that will be described later in Chapter 4). 

If we consider the ignition temperature as a parameter, and consider a typical 

detonation wave with a velocity of 6300 mis, we obtain the ignition delay time scale 

as a function ofparticle size by solving the equation (3.4). As shown in Fig. 3.4, the 

ignition delay is strongly dependent on the Al particle sizes and the assumption of the 

threshold ignition temperature. Ignition delays assuming an 825 K ignition 

temperature are an order of smaller than with the assumption of Al ignition at 2350 K. 

For 100 nm sized particles, the ignition delay is only 1 ns or less, whichis much 

smaller than the detonation zone length. This suggests that nanoscale aluminum 

particles may react within the detonation zone. Rowever, other factors (e.g., particle 

agglomeration and sintering, excessive pre-oxidation of particles) may limit the 

degree to which nanoscale particles may practically react within the reaction zone. 

For a typical 10 J..lm sized particle, the ignition delay is on the order of 0.2 - 7 J..ls 

which is much longer than the time associated with the detonation zone. Therefore, 

considering the heat transfer between micron-sized Al particles and liquid explosive 

is essential in modeling the detonation of aluminized liquid NM. 

Kato et al. (1981) measured the brightness temperature in NM-PMMAlAl 

mixtures with Al particles with an average size of 10 J..lm. From their experiments 

they found that the maximum brightness temperature of the detonation products 

occurred at a time of 1-1.5 J..ls. Rence they concluded that a considerable fraction of 

the Al reacted within the first 1 J..lS after passage of the detonation wave. From Fig. 

3.4, we note that the ignition delay of a 10 J..lm Al particle is about 1 J..lS if a threshold 

ignition temperature of 1350 K is applied. A comparison with the experimental 

results from Kato et al. (1981) suggests that an ignition temperature threshold on the 

order of 1350 K is a reasonable estimation for 10 J..lm Al particles. 
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3.2.3 1-D Two Phase Non-Equilibrium Flow Model. When a detonation propagates 

in a liquid-solid particle system, energy release results from the reaction of the 

homogenous liquid phase as weIl as from heterogeneous reactions between the solid 

particles and the gaseous products. The characteristic times for the heat release from 

these two types of reactions may differ by several orders of magnitude. From the 

estimation above, the detonation of aluminized liquid explosives is apparently a non­

equilibrium process in the detonation zone in terms of the relaxation of the particle 

velocity and temperature. This is perhaps the primary reason why the chemical 

equilibrium codes cannot predict the non-ideal detonation of this kind of explosive. 

Here, we propose a I-D two-phase non-equilibrium flow model to predict the 

detonation of aluminized liquid explosives. In fact, two-phase flow models have been 

widely used in the study of shock or detonation waves in gas-droplet and bubbly 

media, gas-solid particles and gas-liquid film systems, and deflagration-to-detonation 

transition in solid explosives. Following these studies, we deal with the aluminized 

liquid explosive as a two-phase system. The unreacted liquid explosive and the 

detonation products of the liquid explosive are one phase called the fluid phase, 

denoted with the subscript "1". The aluminum particles are the other phase referred to 

as the solid phase, and denoted with the subscript "2". Initially the two phases are in 

complete equilibrium at zero velocity, and ambient temperature and pressure. A 

shock wave traveling with a constant velocity D (i.e., the detonation velocity of the 

aluminized liquid explosive), propagating through the mixture disturbs the 

equilibrium between the two phases. As depicted in Fig 3.5, in the non-equilibrium 

region, the particle velocity of the fluid phase drops whereas the particle velocity of 

solid phase increases as a result of drag due to the difference in the phase velocities. 

At the same time, the passage of the shock raises the temperature of the liquid which 

subsequently reacts forming high temperature products. The high temperatures 

generated eventually initiate the reaction of the solid phase. At sorne location 

downstream, the generalized CJ condition is satistied which is followed by the 
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unsteady expansion zone. Depending on the size of the partic1es, they may or may not 

react within the detonation zone. If the ignition of the Al partic1es occurs within the 

detonation zone, the energy release will support the detonation of the fluid phase, 

otherwise the released energy only goes to increase the temperature of the expanding 

detonation products. 

In the mathematical description of this two-phase system, we will apply the 

material continuum model in the following manner: 

(i) Each phase is assigned a density Pa, a specifie volume Va =lIpa, partic1e 

velocity Ua, specifie internaI energy ea, temperature Ta and volume fraction l/Ja, where 

the subscript "a" can be "]" or "2". These variables represent the local, mesoscale 

material specifie average of the microscopie phase variables, and the volume fractions 

satisfy the condition tP1 + l/J2 = 1. 

(ii) On the mesoscale, each phase is in local thermodynamic equilibrium. Phase 

separation then indicates that averaged, material-specific variables for each phase 

(e.g., the internaI energy ea) depend only on the independent variables ofthat phase 

(e.g., the density, the temperature, etc.). 

(iii) The motion of each phase is described by the balance laws for mass, 

momentum, and energy that are the same as those for single-phase materials. The 

interaction between the phases is described by source terms, which can be dependent 

on independent variables from both the phases. 

3.3 ZND Detonation Structure Equations 

The balance laws for this two-phase flow model are expressed in terms of a 

system of eight partial differential equations (Bdzil, 1981), six arising from the 

conservation of mass, momentum and energy for each phase, the seventh an evolution 

equation for the volume fraction, and the eighth the conservation of partic1e number, 

providing c1osure. The one-dimensional governing equations are as follows: 

In laboratory coordinates (x', t') for the fluid phase, the conservation of mass is 
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Ôpl Ô(plUl ) 
-. + . =m 
ôt ôx 

(3.9) 

The conservation of momentum is 

Ô(pl Ul ) Ô(pl U1
2 

+ ~) _ -P. ô<I> 2 U - f 
--..::....!:.-. !..:.. + . - 1 + m 2 

ôt ôx ôx' 
(3.10) 

The conservation of energy is 

ô(plEl) + Ô[Ul(plEl' +lDl =-P.U ô<I>2 +mE' -U f-
ôt' ôx' 1 2 ôx' 2 2 q (3.11 ) 

+t;lqch +(P2 - p)r 

For solid phase, the conservation ofmass is 

Ôp2 Ô(p2U2) -+ =-m 
ôt' ôx' 

(3.12) 

The conservation of momentum is 

The conservation of Energy is 

ô(- E') Ô[U (- E' Pl ô<I> 
P2 2 + 2 P2 2 + 2 =_(P -p)r+P.U _2 -mE' +U f+q+.I' q (3.14) 
ôt' ôx' 2 1 2 ôx' 2 2 '=>2 ch 

The compaction equation for the solid phase is 

ô<I> 2 ô<l> 2 m 
--+U --=r+-
ôt' 2 ôx' P2 

(3.15) 

The equation for the conservation of partic1e number is 

(3.16) 

U 2 

where E' = e + -, is the total energy of each phase, e is the specifie internaI 
2 

energy, P,p, are the pseudo-pressure and bulk density, Pl = <l>lPl' 152 = <l>2P2' 

~ = <l>l~' ~ = <l>2P2 ; P, P, U and <1> are the pressure, true density, partic1e velocity 

and volume concentration, respectiveIy; n is the number of partic1es in a unit volume, 
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cI> 
n = ~ ~ and the subscripts "]" and "2" denote the fluid and solid phases, 

_trr 3 

3 

respectively. The primes indicate values relative to the laboratory frame; m, f, and q 

are the mass, momentum and energy source terms. The subscript "ch" represents the 

chemical reaction term of the aluminum particles; r is the radius of the metal 

particles; 'is the coefficient of the aluminum reaction heat release to each phase and 

r is the rate of compaction with the empirical form (Bdzil, 1981): 

cI> tcI>2(P2 -~ - fi) 
~>fJ 

/-le (3.17) r= 
cI>1cI>2~ 

~5.fi 
/-le 

where /-le is compaction viscosity and fi is the intragranular stress or configuration 

pressure. 

In terms of a reference frame attached to the moving shock, and when the time 

derivatives are equated to zero for a steadily propagating wave, we obtain (see 

Appendix 2 for the details): 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 
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dr 
= 

dx 
(3.25) 

Equations (3.18)-(3.23) are expressed in conservation fOflll. In order to solve for each 

of the parameters explicitly, i.e., in operator fonn, a great deal of substitution and 

algebraic manipulations (see Appendix 2 in details) are required. The resultant 

equations are 

dU l fil 
-=-
dx 1J 

(3.26) 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

where 
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(3.33) 

TJ = Pl (C/ - U1
2
) (3.34) 

and the expression H is given by equation (51) in Appendix 2. 

The determination of P2 and 13 is difficult and subject to considerable debate to 

date. In the original Baer-Nunziato (BN) model (Baer & Nunziato, 1986), the aim 

was to describe a granular explosive in which a gas phase tilis the interstitiai pores 

between chemically reacting solid grains. The velocity, temperature, and pressure of 

the two phases are allowed to be unequal. A dissipation inequality for this mixture is 

employed to formulate the source terms, requiring that at each point the mixture 

entropy be non-decreasing with time. A drag source in the momentum equations 

equilibrates the velocities, a heat-transfer term in the energy equations equilibrates the 

temperatures, and a relaxation equation for the volume fraction serves to equilibrate 

the pressure. Due to the low-pressure material strength of the grains, modeled by the 

configuration pressure, the solid and gas pressures are offset by 13 at equilibrium. In 

contrast to the BN model, many conventional two-phase fluid models assume 

pressure equilibrium. We will fOllOW the latter assumption, and assume pressure 

equilibrium for the detonation of aluminized explosives. And if we consider the dilute 

particle mixture, i.e. Aluminum particle are dispersed in liquid explosive, then 

intergranular stress 13 could be small even vanished., to apply the equations PJ=P2 =p 

and 13= 0 to equations (3.17), (3.24)-(3.32). Therefore, the final differential equations 

for solving the detonation of the aluminized liquid explosives are written as: 

dUI If/ 
-=-
dx TJ 

(3.35) 

(3.36) 
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(3.37) 

(3.38) 

(3.39) 

(3.40) 

dèJ>2 =~ (3.42) 
dx P2U2 

dr mr r dp2 -=----
dx 3èJ>2P2u2 3P2U2 dx 

(3.43) 

For a given shock strength, the states ofboth the phases behind the shock can be 

detennined from the Rankine-Hugoniot relationship which serve as initial conditions 

for the integration of equations (3.35}-(3.43) for the thennodynamics profiles within 

the detonation structure. 

3.4 Equations of State 

The equations of states of the fluid phase have been discussed in Chapter 2. The 

expressions for the pressure, pressure derivative, internaI energy, and local sound 

speed remain unchanged in this two-phase model. 

For the solid phase, we use the simple equation of state 

(3.44) 

and take the specifie heat capacity Cvl of aluminum as a constant in the detonation 

process. 
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3.5 Source Terms 

The reaction of the aluminum with the high pressure and temperature detonation 

products is currently poorly understood. In detonation calculations for a solid~gas 

system and deflagration~to~detonation transition in a condensed explosive (Veyssiere 

et al., 1996; Powers, 1988), the mass change is usually modeled as a single, 

irreversible process from solid to inert gas. Rowever, in the detonation of a liquid 

high explosive, due to the narrow detonation zone, for large metallic partic1es, no 

reaction of the particles is expected to occur in the detonation zone. Renee, in this 

case, the mass exchange term m vanishes. For very small (i.e., nanoscale) metallic 

partic1e, partial reaction of the partic1es within the detonation zone may be possible, 

but complete reaction is unlikely (Raskins, 2001). Given the uncertainty in the degree 

of reaction of even ultrafine partic1es within the reaction zone, we will simply assume 

that the mass exchange term m is vanishingly small. Renee, the Al reaction, if any, 

only contributes thermal energy to the detonation zone. 

The source term 1 corresponds to an exchange of momentum due to the drag 

interaction between the phases. This interaction is modeled with a drag law in which 

the drag is proportional to the difference of partic1e velocity between the phases, and 

inversely proportional to the partic1e radius. From equation (3.1), the drag force on 

each aluminum partic1e is 

ln =(1r d;)(CD )Q,>tPt(u2 -ut )IU2 -utl 
4 2 

The number of partic1es in unit volume is 

Q,> n= __ 2_ 

.!mi3 

6 2 

Therefore, total drag force in unit volume is 

3 1 = -Q,>tQ,>2PtCD(U2-Ut)lu2 - utl 
4d2 
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where the drag coefficient is still in the fonn of equation (3.2) and the Reynolds 

number has the fonn 

R = <P l P1d2(U2 - Ul) 
e Ji' 

(3.48) 

The source tenn q accounts for the exchange of thennal energy between the fluid 

and the solid phases. The thennal energy exchange rate is assumed to be proportional 

to the temperature difference between the two phases, and inversely proportional to 

the square of the particle radius. From equation (3.4), the heat flux for each aluminum 

particle is 

q n = trd2 Âf Nu (r:. -T2 ) 

Therefore, total heat exchange in unit volume is 

6 
q = -2 <P2Nu Âf(r:. - T2) 

d2 

where the Nusselt number Nu is given by equation (3.5). 

(3.49) 

(3.50) 

The heat release rate associated with the aluminum particle reaction is qch. If the 

simple reaction rate law is assumed for the burning of the solid phase, Le., equation 

(2.29) with the independence of reaction rate constant k on temperature and pressure, 

then the source tenn q ch can be expressed as 

(3.51) 

where k2 is the burning rate constant of aluminum which depends on the particle size 

and shape; Â2 is the degree of reaction, Â2 = 0 corresponds to the unreacted solid 

phase, Â2 = 1 corresponds to complete reaction of the aluminum particles; and Qch is 

the heat of reaction for the aluminum particles. 

3.6 Shock Discontinuities 

As in single-phase ZND theory, one must consider shock discontinuities when 

analyzing two-phase detonations. In this two-phase flow model a shock wave is 
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modeled as an infinitely thin zone where aIl flow variables change values 

discontinuously across the shock wave. Such discontinuities are admitted by the 

governing equations because they are hyperbolic. Mechanisms that would define a 

shock structure such as diffusive energy and momentum transfer have been neglected. 

It is assumed that the length scales where these processes are important are much 

smaIler than the length scales associated with the chemical reaction, interphase drag, 

heat transfer, and compaction. 

The shock equations can be derived by considering equations (3.18)-(3.24). 

Through the shock discontinuity, the reaction, drag, heat transfer and compaction 

processes have no time to occur and may thus are neglected. By neglecting these 

terms, a discontinuity analysis provides the following jump conditions when the 

conditionPj =P2=P is applied, 

[P1cI>lU1] = 0 

[P2cI>2U2] = 0 

[P1cI>lUt + P cI>t] = 0 

[P2cI>2u2 + PcI>2] = 0 

(3.52) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 

(3.57) 

(3.58) 

Here the brackets denote jump conditions as defined below for the general variable j: 

[j] = j(shocked state) - j(ambient state) 

From equation (3.58) it is seen that the volume fraction does not change through a 

shock discontinuity. Using this result, the shock equations of the fluid phase along 

with its state equations are sufficient to determine the shocked state of the fluid phase. 

The solid shock equations along with the solid phase equations of state are sufficient 

to solve for the solid shocked state. In fact, when the constant factor of volume 
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fraction is removed from these equations, they are identical to two sets of single­

phase shock equations. The shock states for the fluid phase and solid are thus 

identical to their single-phase equivalents. 

Zhang et al. (2002) questioned the above conditions and pointed out that the 

c1assic assumption of a "non-momentum transfer shock" used in multiphase 

continuum detonation ignition and propagation models may not be valid. With a 

mesoscale model, they calculated partic1e velocities for metal partic1es subjected to a 

shock in liquid explosives and RDX as a function ofpartic1e material density, partic1e 

acoustic impedance and shock strength. Their results showed that immediately 

behind the shock front, the velocity of particles such as Al and magnesium may 

actually achieve 60-94% of the value of the shocked velocity of the explosive itself 

The partic1e velocity after the shock-partic1e interaction strongly depends on the 

initial density ratio of explosive to metal, but is relatively insensitive to other 

" parameters such as the partic1e acoustic impedance, shock strength and bulk explosive 

shock Hugoniot. A curve fit of the numerical data suggested the following velocity 

transmission factor immediately after shock front, 

a+b PlO 
a = PlO P20 

P20 a+b 
(3.59) 

where a is defined as the ratio of the partic1e velocity U2 of the solid phase to the 

partic1e velocity U] of the shocked fluid phase; PlO and Plo are the initial density of the 

fluid phase and solid phase, respectively; a and b are the coefficients from the curve 

fit, i.e., a = 3.947 and b = -1.951. Given the uncertainties regarding the appropria te 

value of the Al partic1es immediately after the shock wave, the alternative jump 

condition for partic1e velocity given above will also be considered in Chapter 4. 
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3.7 Criterion to Determine the Detonation Solution 

To solve the equations of the two-phase detonation mode! and detennine the 

detonation structure, a criterion for detennining the detonation end states must be 

considered first. In the c1assical C-J criterion, the steady-state detonation solution is 

the tangency of the Rayleigh !ine and the equilibrium Hugoniot curve. With the 

presence of source tenns, the c1assical C-J criterion can no longer be used to select 

the unique detonation solution since the detonation products are no longer in 

equilibrium within the reaction zone when the sonic plane is reached. Moreover, in 

two-phase flow, different sonic planes can be defined since two partic1e velocities and 

several sound speeds exist (Fedorov, 1999). However, considering the solid phase is 

dispersed and the fluid phase is dominant, it is possible to de scribe the end state of 

two-phase non-equilibrium detonation as the state at which the partic1e velocity of the 

fluid phase is equal to its sound speed. From a physical point ofview, for steady state 

detonation the end point is traveling at a sonic speed, and hence no rarefaction waves 

downstream of the detonation zone can catch and interfere with the detonation zone. 

From equation (3.35), when the partic1e velocity Ul becomes sonic (Ul = Cl), the 

denominator in equation (3.35) vanishes. For arbitrary values of the numerator, the 

solution becomes singular at the sonic plane. The derivatives of the thennodynamic 

variables then become singular at the sonic plane. This singularity can be removed if 

one seeks a particular integral curve in which the numerator also vanishes 

simultaneously with the denominator. This results in an indetenninate value for the 

derivative du/dx and permits a smooth transition through the sonic point. Therefore 

the condition of requiring that the numerator vanish when the sonic condition is 

reached is the criterion to detennine the solution of two phase non-equilibrium 

detonation or is referred to as the "generalized C-J criterion, i.e., tp =0 when 1] = O. 

With the "generalized CJ condition", convergence to the solution is reached by 

varying the value of detonation velocity, beginning, for example, from that of the 

mixture without aluminum partic1es. In such a way, different integral paths are 
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computed. In fact, the existence of possible solutions for the differential equations of 

the fluid phase has been discussed by Zel'dovich (1940). He pointed out that this 

system of differential equations has a peculiar saddle point, in which the Mach 

number of the fluid phase is equal to 1 and the effective heat release rate is equal to 

zero. 

In the next chapter, the two phase model developed above is solved using the 

generalized C-J criterion and will be applied to the AlINM system to determine the 

dependence of the solution on the various parameters (particle size, mass fraction, 

etc.).· Of particular interest is the relative role of the momentum and heat transfer 

interaction terms on the detonation characteristics. 
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CHAPTER 4 NON-IDEAL DETONATION OF ALUMINIZED 
NITROMETHANE 

4.1 Introduction 

Detonation propagation in a heterogeneous explosive containing metal particles 

involves both exothermic and endothermic processes that proceed with different 

characteristic timescales. As a result, the detonation structure in these systems may 

differ significantly from the ideal C-J case, depending on the metal concentration and 

particle size. To elucidate the detonation characteristics ofthese multiphase explosive 

systems, a one-dimensional, steady-state, two-phase flow model has been developed 

in Chapter 3. PriOT to considering the two-phase system, a model was first developed 

in Chapter 2 for detonation in pure liquid NM to validate the appropriate choice of the 

physical and chemical properties of the fluid phase. Table 4.1 summarizes the 

constants and parameters for nitromethane, aluminum and the detonation products 

which are utilized in the two-phase flow mode!. The remainder of tbis chapter is 

devoted to an exploration of the characteristics of the detonation of aluminized 

nitromethane which is chosen as a mode! of aluminized explosive. The choice of this 

explosive is motivated by the existence of relevant experimental data. Of particular 

interest is the dependence of the particle characteristics (e.g., ignition criterion, 

particle size and mass fraction) on the predicted detonation characteristics. 

4.2 Ignition and Burning of Aluminum Particles 

4.2.1 Aluminum Ignition Mechanism. The behaviour of aluminum particles when 

exposed to a highly transient, high temperature and pressure oxidizing environment is 

poorly understood. Under these conditions, the ignition and subsequent reaction of 
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the particles will depend not only on the particle characteristics (e.g., particle size, 

morphology, thickness of pre-existing oxide layer), but also on the ambient flow 

characteristics (e.g., P, T, relative velocity, concentration of oxidizing species). The 

particle size, the morphology, and the thickness of the pre-existing oxide coating will 

aIl influence the combustion behaviour of the particles. As reviewed earlier in section 

3.1.2, there is considerable variation in the temperature at which ignition of an 

aluminum particle occurs, depending on the experimental arrangement used. In light 

of the earlier work, what is an appropriate ignition mechanism for Al particles 

exposed to high-(T, P) detonation products? For aluminum particles, it is worth 

noting the key role that the oxide layer that forms immediately on the metal surface 

with respect to limiting the diffusion of oxidizer to the metal. If the oxide film is 

disrupted for sorne reason, ignition of the particle may become possible. The oxide 

film can be disrupted by several causes. One of them is due to the difference between 

the thermal expansion coefficients of the metal and oxide. As noted by Veyssiere 

(1983), this coefficient is three times greater for aluminum than for aluminum oxide. 

As a result, even for a modest increase in temperature (e.g., -50°C), the oxide film 

can begin to crack. Moreover, pressure and velocity gradients in the fluid phase 

downstream of the shock may induce deformation of the particle. Shear forces can 

lead to stretching and breaking of the oxide film. Also, initial irregularities on the 

particle surface may be another cause of loss of continuity of the oxide film. As a 

result of the above thermal and mechanical factors, oxidation of the aluminum 

particle may be initiated at temperatures that are considerably lower than the melting 

temperature of the aluminum oxide film. 

Even in the absence of high flow velocity effects, very fine (i.e., nanoscale) 

aluminum particles may begin to oxidize also at relatively low temperatures in 

comparison with micron-sized Al particles. In the next section, the results from sorne 

thermal analysis experiments illustrate this effect. 
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4.2.2 Thermal Analysis of Nanoscale and Micro-Sized AI Particles. Much of the 

earlier work on the addition of nanoscale Al powder to energetic materials used the 

powder denoted "Alex" which was described in Chapter 1. Figure 4.1 shows a SEM 

(Scanning Electron Microscopy) photograph of a sample of Alex in comparison with 

conventional micron-sized Al powder (Ampal 611)·. The use of Alex for increasing 

the burning rate of propellants has been described by Ivanov and Tepper (1998). 

Mench et al. (1998) examined the thermal analysis of Alex in different gases using 

thermogravimetric (TGA) analysis and differential temperature analysis (DTA) 

When they exposed a sample of Alex to air and gradually increased the 

temperature, they observed a rapid weight gain of the sample, which they attributed to 

the oxidation of the aluminum, i.e. 

(4.1) 

A second reaction at about 840°C was associated with the formation of aluminum 

nitride, i.e., 

2Al + N2 -)0 2AIN. (4.2) 

The nitride formed can then oxidize at a higher temperature according to the reaction 

4AIN + 302 -)0 2Al20 3 + 2N2. (4.3) 

Mench et al. (1998) speculated that the graduaI weight gain observed above 1200°C 

corresponds to the above reaction. They found that the oxidation of Alex particles 

occurs at a lower onset temperature and attributed this effect to the greater surface 

area of the Alex particles. 

To investigate particle sizes effects on ignition at different ambient temperatures, 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) have 

been carried out in the present investigation on Alex and Ampal 611 aluminum 

powder (Ampal 611 has a mean particle size of 50-60 !lm) in air (a Setaram Setsys 

1700 system was available within the Shock Wave Physics Group laboratory for the 

tests). These techniques involve measuring the response of the powders exposed to a 

• The SEM images were obtained courtesy of the Microscopy Centre in the Department ofMining, 
Metals and Materials Engineering, Mcgill University. 

70 



given atmosphere and subjected to a slowly increasing ambient temperature (heating 

rate f3 = 7° C /min). The variations of the sample mass and heat flow rate are 

measured to monitor the reaction of the aluminum with the atmospheric gas. 

Fig. 4.2 shows the mass variation and heat flux from a sample of Alex in air. The 

initial mcidation of the nanoscale powders occurs at a lower temperature (about 823 

K) than the melting peak. A second weight gain occurs for the nanoscale powders 

just above the melting point. This suggests that a suitable choice of temperature for 

the onset of oxidation of the Alex powder is on the order of 825 K - this value will be 

used later in calculation for detonation propagation in NM with nanoscale particles. 

It is likely that high pressure and flow effects will reduce, if at aIl, the onset 

temperature for oxidation, so this value is likely a conservative estimate for oxidation 

onset. For micron-sized aluminuin particles, Fig. 4.3 shows that there is negligible 

oxidation under above the melting point of Al. At a temperature of about 1300 K, 

there is a small kink the heat flux and a corresponding mass gain associated with 

oxidation. This temperature value is consistent with the ignition temperature 

threshold chosen for micron-sized aluminum particles in calculations by Veyssiere 

(1983). A temperature of 1300 K will also be taken as a representative ignition 

threshold for micron-sized aluminum particles in later calculations. As a matter of 

fact, the calculations from the two-phase flow model to be presented below show that 

the temperature for micron-sized particles within the detonation zone is much lower 

than this threshold. Renee, to a large degree, the choice of ignition temperature for 

micron-sized particles will not affect the modeling results. The important conclusion 

from the TGAIDSC tests is that nanoscale aluminum powder indeed begins to react at 

significantly lower temperatures with a higher degree of reaction than conventional 

micron-sized powder. 

Once the Al particles begin to react within the detonation zone, a corresponding 

burning rate must be specified for the calculations. The heat release as given in 

equation (3.51) still applies. What we don't know is the contribution of this heat 

release to heat each of the phases, and therefore some assumptions are needed. First, 
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we consider that aIl the thermal energy from the buming of aluminum partic1es 

contributes to heating the fluid phase, i.e., é.;1=1, é.;2=0. Second1y, the temperature of 

aluminum partic1es is assumed to remain constant during reaction. These assumptions 

allow the reaction model within the two-phase model to be specified. 

4.3 Detonation Properties of Nitromethane with Dispersed Micron-Sized 

Aluminum Particles 

In the present model, the compaction work associated with the aluminum partic1es 

is not considered. The compaction term becomes important only for very dense 

mixtures (Baer and Nunziato, 1986), i.e., for mixtures near maximum particle 

loading. In the present calculations, the partic1e mass fraction will be limited to 

values less than about 35%, a value less than that for maximum partic1e loading by a 

factor of about 2. The goveming equations are then in the form of equations (3.35)­

(3.43). For the fluid phase, the jump conditions across shock front are equations 

(3.52), (3.54) and (3.56). The partic1e velocity and temperature of the fluid phase 

right behind the shock front are determined by equation (2.11) and equation (2.27). 

For the solid phase, the partic1e velocity àcross shock front is determined by equation 

(3.59) and no temperature jump is assumed considering the solid phase is dispersed in 

the fluid phase. The two-phase model was computed for several aluminum loadings 

(5, 10, 15, 20, 25, and 30% on a mass basis) with an assumed reaction onset 

temperature of 1300 K. The reaction kinetics of the fluid phase are assumed to have 

an Arrhenius form with activation energy of 40 kcal/mole and reaction rate constant 

of2.2xI012. 

Here we define nitromethane with the dispersed micron-sized Al particles as the 

conventional aluminized nitromethane. Figures 4.4 to 4.6 present the typical results 

for the detonation propagation of conventional aluminized nitromethane with 10 J.llD. 

partic1es. These profiles show that the detonation pressure, temperature and particle 

velocity change relatively slowly for Most of the detonation zone. Very near the 
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sonic point, these detonation parameters have exhibit a sharp decrease or increase due 

to the nature of Arrhenius reaction rate law (i.e., a long induction time). It is this 

sharp decrease of the particle velocity that results in the velocity equilibrium of both 

phases at the end of the detonation zone as shown in Figure 4.6. However, due to the 

continuous increase in the temperature of the combustion products and the relatively 

slow heat transfer to the micron-sized aluminum particles, temperature equilibrium 

between the phases is not achieved by the end of the detonation zone as shown in 

Figure 4.7. From this figure, it is seen that the overall temperature increase of the 

aluminum particles is quite small in the relatively narrow detonation zone. The 

temperature « 450 k) of Al particles attained is far below the ignition threshold 

criterion, which eliminates the possibility of aluminum parti cie reaction within the 

detonation zone. Figure 4.10 shows the calculated detonation temperatures at the 

sonic point for 10, 20, and 50 Jlm aluminum particles as a function of Al mass 

fraction. The larger the particles, and the higher the Al mass fraction, the lower the 

temperatures at the sonic point. Therefore, for conventional aluminum additives, 

which typically have diameters in the range of 10-100 Jlm,the particles cannot react 

within detonation zone, i.e., the particles are effectively inert within the reaction zone. 

The inert property of 10 Jlm Al particles in the detonation zone has been 

experimentally demonstrated by Brousseau et al. (2002) in TNT/Al explosives. 

It is desirable to compare the model predictions with the available experimental 

data for aluminized liquid explosives. The experimental detonation velocity for a 

NMlPMMA gel with 10 Jlm aluminum particles was reported by Kato (1983). Figure 

4.8 shows the detonation velocity of aluminized nitromethane predicted by the two­

phase model in comparison with Kato's experiments. The predicted detonation 

velocity is in reasonable agreement with the experiment for an aluminum mass 

fraction of up to 15%. If the experimental data are interpolated to larger values of 

aluminum mass fraction, the results of the model will not fit with the experimental 

trend. This suggests that when the mass loading of aluminum particles is high, other 

effects such as the compaction work of aluminum particles and the hot-spot effect of 
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the aluminum partic1es on the chemical kinetics of the fluid phase may play a role in 

the detonation process. The modification of the reaction rate model to simulate the 

hot-spot effect of aluminum additives will be addressed in section 4.6. 

With this two-phase flow model, Figure 4.8 clearly shows the effects of aluminum 

concentration and partic1e size on the predicted detonation velocity. Due to the low 

temperature attained within the reaction zone, the micron-sized aluminum partic1es 

are effectively inert within the whole detonation zone and hence provide no thermal 

contribution to the detonation products. The effect of micron-sized partic1es is 

therefore endothermic, i.e., the particles absorb momentum and energy. Therefore, the 

larger the concentration and smaller the aluminum partic1e size, the more the 

momentum and heat losses influence the detonation process, and hence the larger the 

decrease in the detonation velocity. As seen from Fig. 4.8, for typical 10 /Jlll 

aluminum additives up to a mass fraction of 15%, the detonation velocity decreases 

up to 7% in comparison with that of pure nitromethane. Compared with the velocity 

deficit of less than 2.1 % that occurs near failure for pure NM (see Chapter 2), the 

effects of momentum and heat exchange on the detonation process are obvious and 

contribute to a significant detonation velocity deficit in aluminized liquid explosives. 

Figures 4.9 and 4.10 show the detonation pressure and temperature at the sonic 

point as functions of aluminum mass fraction. The detonation temperature and 

pressure at the sonic point both decrease for an increase in aluminum concentration or 

decrease in partic1e size, due to the partic1e/fluid interaction in the detonation zone. 

For typicall0 J..lm aluminum additives within a 15% mass concentration the decreases 

in detonation pressure and temperature are up to 4.4% and 2.9% compared with the 

values for pure nitromethane. 

It is interesting to note from the calculations of the two-phase flow mode1 that the 

increase in the detonation zone timescale is quite significant as the aluminum mass 

fraction increases and the aluminum partic1e size decreases. For typical 10 /Jlll size 

particles, Figure 4.11 shows that the detonation zone time may be up to 320 ns with a 

30% aluminum mass fraction, 16 times longer than the value for pure nitromethane. 
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So far no data is available to detennine the change of the detonation zone time due to 

the addition of aluminum into explosives. However, the experiments by Haskins 

(2002) in 35%NMl65%AI explosive with 10.3 J..lm Al partic1es on detonation failure 

diameter have demonstrated that the addition of aluminum increases the sensitivity 

and decreases the failure diameter from 20 mm for pure NM to less than 15 mm for 

aluminized NM. Since the failure diameter for a given explosive is proportional to its 

detonation zone time from equation (2.67), this indicates that the detonation zone 

time should decrease with the addition of aluminum partic1es rather than increase as 

predicted by the Arrhenius law. Lee et al. (1995) also measured the failure diameter 

of NM in packed beds of glass beads with different sizes. They found that in the 

"small-bead" regime (from 66 J..lm to 1 mm) the failure diameter decreases as the 

partic1e size decreases. Following the relationship that the failure diameter for a given 

explosive is proportional to its detonation zone time, the experimental results from 

Lee indicate that micron sized particle additives reduce the detonation zone time of 

the explosive. However, our calculations with the Arrhenius reaction law show the 

opposite result. As shown in Fig. 4.11, the detonation zone time of the aluminized 

NM with 10 J..lm particles is longer than that with 50 J..lm partic1es. This indicates that 

the calculations for the detonation zone time assuming an Arrhenius reaction rate law 

do not capture the correct reaction mechanism and hence a more sophisticated 

reaction rate law must be considered. 

4.4 Detonation Properties of Nitromethane with Dispersed Nano-Sized 

Aluminum Particles 

As calculated for micron-sized partic1es, the detonation properties of aluminized 

nitromethane with nano-sized partic1es (with a small mass loading) can also be 

predicted by the two-phase flow model with an assumed ignition temperature of 825 

K. Since the reaction rate of nano-sized aluminum is not c1ear, the reaction rate will 

be considered a parameter and several arbitrary values of the reaction rate constant k2 
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ranging from 0 to 2x 107 will be assumed in the calculations. Figures 4.12 and 4.13 

show the profiles of detonation pressure and temperature when reaction rate constant 

for the aluminum particles is k2 =lx107
. As for the case ofmicron-sized particles, the 

concave shape and the sudden drop near the sonic point in detonation pressure and 

temperature are characteristic of the assumed Arrhenius rate law. Unlike the case of 

micron-sized particles, momentum balance of both phases for nano-sized particles is 

quickly reached within half of the detonation zone time due to the violent momentum 

exchange for small particles. For example, with k2 =lx107 
, the times for accelerating 

the particle velocity of the solid phase to that of the fluid phase are 12 and 22 ns for 

the cases of 5 and 35% Al concentrations, respectively, as shown in figure 4.14. The 

most important characteristic of nano-sized aluminum particles in comparison with 

micron-sized particles is their ignition within the detonation zone. As shown in Fig. 

4.15, nano-sized aluminum particles are heated to their assumed ignition temperature 

(825 K) and start to react with the fluid phase within 2 nanosecond after the shock 

front due to the violent heat exchange which is inversely proportional to the square of 

the particle diameter (Equation (3.50». Although the exact reaction rate of the 

aluminum particles is not clear, that the temperature of the detonation products is 

increased by the heat release of aluminum particle reaction is clearly demonstrated in 

Fig. 4.13 and 4.16 for the case of k2 =lx107
. With the assumed values of the reaction 

rate constant, the increase of the detonation temperature at the sonic point is 

proportional to the aluminum concentration as shown in Fig. 4.16. Ifit is deliberately 

assumed that the nanoscale aluminum particles remain inert (i.e., k2 =0) within the 

detonation zone, the calculated detonation temperature at the sonic point is always 

lower than if sorne reaction of the Al occurs (see Fig. 4.16). The temperature at the 

sonic point for 80%NMl20%Al explosive may be as low as 2000 K if the Al particles 

are inert. Compared with the detonation temperature for pure NM of about 3677 K 

temperature of pure liquid explosive, it is unlikely that a steadily propagating 

detonation could be sustained with a 45% decrease of the detonation temperature. 

For the cases of aluminum particle reaction as seen in Fig. 4.16, the larger the 
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reaction rate constant k2, the more violent the reaction, and hence the higher the 

detonation temperature at the sonic point. For a typical value of k2 =lx107
, the 

detonation temperature of aluminized nitromethane at the sonic point is as high as 

4124 K, compared with 3677 K for pure nitromethane. 

Fig. 4.17 shows the aluminum consumption in the detonation zone. It is expected 

that with a higher reaction rate, more Al will be consumed within the reaction zone. 

However, the results show that the dependence of aluminum consumption within 

detonation zone on Al mass fraction has a different trend, depending on the reaction 

rate. For the slower reaction case k2 =5x106
, the particle consumption increases 

monotonically with particle concentration. However the opposite result is obtained 

for the faster reaction case k2=1 X 108
• The main factor for this behavior is perhaps due 

to the variation in the detonation zone time, as shown in Fig. 4.18 for several reaction 

rate constants. This figure clearly shows that increasing the Al reaction rate narrows 

the detonation zone. Combining the information in Figs. 4.17 and 4.18, it can be 

shown that increasing the detonation zone time leads to an increase in the Al 

consumption within the detonation zone, as shown in Fig. 4.19. 

Although nano-sized aluminum particles are reactive and are expected to release 

heat within the detonation zone, the calculated detonation velocities and pressure of 

aluminized nitromethane explosives still decrease with an increase of aluminum mass 

fraction, as shown in Figs. 4.20 and 4.21, respectively. Experiments with Alex by 

Baudin et al. (1998) also demonstrated this characteristic of aluminized explosives. 

This phenomenon may be explained from the point of view of the two-phase mode!. 

According to the two-phase model, the detonation velocity is determined by the 

competition between the heat release from both detonation products and aluminum 

reaction and the heat loss to heating the particles prior to particle reaction and the 

momentum 10ss that goes to accelerating the particles. For small particles such as 

nano-sized aluminum, although the thermal energy from the particle reaction supports 

the detonation propagation, the large drag from the particles and the rapid heat 

exchange between both phases may surpass the positive contribution of the particle 
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reaction and result in a continuous decrease in the detonation velocity with an 

increase of Al particle concentration in the liquid explosive mixture. Due to the 

relatively narrow detonation zone for liquid NM, the extent of the reaction of the 

aluminum is not sufficient to dominate the heat and momentum losses. For 

explosives with a long reaction zone (such as ADN), the detonation velocity may 

actually increase with the addition of nanoscale Al partic1es as demonstrated in the 

experiments by Miller (1998). 

If we compare the calculated detonation velocity with the experimental data from 

Baudin et al. (1998) in Fig. 4.20, the model results are consistent with the 

experiments with a choice of the reaction rate constant k2 in the range of 5x106 to 

lx107
. Fig. 4.20 also shows that the measured detonation velocities are always higher 

than if the powder is assumed to be inert within the reaction zone. 

4.5 Detonation of Aluminized Nitromethane with Heat Transfer only 

The effect of aluminum on the propagation of a detonation has been analyzed by 

drawing the analogy with steady one-dimension compressible fluid flow subjected to 

drag and heat transfer. Momentum and heat losses are thought to be responsible for 

the velocity decrease of aluminized liquid explosives. On the other hand, heat release 

from the aluminum reaction will possibly counteract these velocity deficits. An 

attempt is made in the present section to model the propagation of the aluminized 

nitromethane subject to inc1uding a heat transfer source term only (i.e., ignoring 

momentum transfer between the phases). To consider this change, it is simply 

assumed thatf=O and U1 = U2 exist in equations (3.35)-(3.43). The generalized C-J 

conditions, Arrhenius reaction rate law and partic1e ignition criterion and burning rate 

are kept the same as sections 4.2 and 4.3. 

The calculated detonation velocity and other parameters at the sonic point are 

shown in Figs. 4.22 - 4.25. Unlike for the non-equilibrium model of both partic1e 

velocity and temperature which results in a large deficit of detonation velocity, the 
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two-phase flow model with temperature non-equilibrium between the phases only 

predicts a very small decrease in the detonation velocity for the case of 10 ).Ull 

aluminum partic1es as shown in Fig. 4.22. A small decrease (for k2 = 0) or a slight 

increase (for k2 =lx107
) in the detonation ve10city for 100 nm partic1es can also be 

seen in this figure. These results for detonation velocities as a function of aluminum 

mass fraction are not in agreement with the trends of the experimental data. This 

illustrates that heat losses alone could not account for the large departure in 

detonation velocity for aluminized liquid explosives in comparison with their pure 

liquid counterparts. Large momentum losses to accelerate the aluminum particles are 

therefore primarily responsible for the velocity deficits of detonation waves observed 

experimentally. 

Figs. 4.23 and 4.24 show the detonation pressure and temperature at the sonic 

point, again with the assumption of velocity equilibration in whole detonation zone. 

Once again, only slight changes in detonation pressure and temperature can he seen 

when 10 /lm partic1es are added to the liquid explosive. Since they are inert within the 

detonation zone, 10. /lm aluminum partic1es provide no heat contribution to the 

detonation zone, and heat losses to the 10 /lm size partic1es are not sufficient to affect 

the detonation as weil. For the case of 100 nm aluminum partic1es, the heat release 

from the particles burning within detonation zone may overcome the heat losses to 

the partic1es and result in a slight increase of detonation pressure and temperature for 

the case of kr 1xlO7
. Even if the 100 nm partic1es are assumed to be inert within the 

detonation zone (i.e., setting k2 = 0), heat los ses do not result in a large decrease of 

detonation pressure and temperature at the sonic point. For example, for aluminized 

nitromethane with a 35% aluminum concentration, the detonation pressure decreases 

only 3.6%, from 12.84 GPa for pure liquid nitromethane to 12.35 GPa; while the 

detonation temperature only decreases from 3677 K for pure nitromethane to 3400 K. 

This 8% decrease in temperature is relatively smaller than the 45% decrease for the 

case in which both momentum and heat los ses are considered. However, heat transfer 

can significantly affect the detonation zone time, as shown in Fig. 4.25. For 10 J..lm 
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aluminum particles, the detonation zone time for aluminized nitromethane is about 40 

ns, twice as much as for pure liquid nitromethane. For 100 nm particles, heat losses 

for the case of k2 = 0 can extend the detonation zone of aluminized nitromethane to a 

value triple that of liquid nitromethane. On the other hand, heat release from the 

aluminum reaction accelerates the detonation process and reduces the detonation zone 

time as seen in Fig. 4.25 for kr1xlO7. 

Overall, the heat transfer source term by itself does not affect the detonation 

velocity, pressure and temperature as strongly as observed in experiments. Rence, the 

non-ideal detonation characteristics of aluminized liquid explosives are primarily due 

to the mechanism of momentum transfer between the phases. 

4.6 Detonation of Aluminized Nitromethane with a Hot-Spot Reaction Rate Law 

As an additive of to explosives, the effects of aluminum particles to the detonation 

of explosive mixtures have been simulated through a two-phase momentum and heat 

transfer model with a simple reaction rate law of aluminum for the case of aluminum 

temperature beyond the ignition point. The reaction rate law for the fluid phase is 

kept in the same Arrhenius form as for pure nitromethane. Chemical kinetics effects 

on explosives due to the addition of aluminum particles are not assumed in the 

previous calculations. It has long been known that adding particles to explosives 

influences the detonation behavior of condensed-phase explosives through the 

generation of "hot spots". The most commonly observed hot-spot effect is the 

sensitization of a homogenous liquid explosive with the addition of micron-sized 

particles and the reduction of failure diameter in heterogeneous liquid explosives 

compared with homogenous liquid explosives (Engelke, 1983, Raskins, 2002). This 

sensitizing effect exists for different particle materials over a wide range of particle 

concentrations (Lee et al., 1995). These hot-spot effects have also been observed 

directly in pioneering experiments by Campbell et al. (1961), in which they reported 

that 150 J.lm heterogeneities separated by 200 J.lm reduced the initiation distance of 
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NM by 15%. Therefore a modified chemical reaction law to account for the hot-spot 

effect for the fluid phase is proposed. This hot-spot reaction rate law of the fluid 

phase consists oftwo parts: 

dA· . - = Rbulk + Rhs 
dt 

(4.4) 

The first part of equation (4.4) is the Arrhenius law of pure nitromethane with the 

form of 

E* 

Rbu1k = Z (1- A)e RT (4.5) 

The second part is due to the hot-spot effect of aluminum particles, which is related to 

the detonation pressure, particle size and the numbers of particles per unit volume. 

The more particles per unit volume and the larger the contact surface of both phases, 

the stronger the hot-spot effect. Therefore, 

• <1> 
Rhs =K(I-A)PAon=6K(I-A)P-2 

d 
(4.6) 

Where P is the detonation pressure~ Ao is the surface area of the particle, Ao = mJ2 ~ n 

is particle number per unit volume, n = 1<1>2 ~ and K is a reaction rate constant. 
_mJ3 
6 

Substituting (4.5) and (4.6) into (4.4), the hot-spot reaction rate law for the fluid 

phase has the final form 

E* 

dA = Z(1- A)[e -RT + khsP <1>2] 
dt d 

(4.7) 

Here khs is the single variable parameter due to hot-spot effect, which mainly depends 

on the particle shape and material. Through matching the calculated detonation 

velocities to the measured data, khs = 3xlO-2o is an appropriate choice for spherical 

Al additives. 

With the new chemical kinetics equation (4.7),jump conditions for the two-phase 

flow across the shock, equations (3.52)-(3.58), and the no-temperature jump condition 

of the solid phase across the shock front considering that the solid phase is dispersed 
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in the fluid phase, the detonation of aluminized nitromethane explosives is simulated 

by solving equations (3.35)-(3.43). Figure 4.26 shows the comparison of the 

calculated detonation velocities with the experimental results. The good agreement is 

achieved even for large Al concentrations (up to 35%). The calculations with this 

two-phase flow model and hot-spot reaction rate law also clearly demonstrate the 

characteristics of aluminized liquid explosives, i.e., the effect of aluminum mass 

fraction and particle size on the detonation properties. In general, the detonation 

velocity decreases with increasing particle concentration and decreasing particle size. 

Unlike the Arrhenius law, the calculated detonation zone time with the hot-spot 

law decreases with increasing aluminum mass fraction, as shown in figure 4.27. For a 

given aluminum concentration, the detonation zone time with the small particles (i.e., 

100 nm) is shorter than the one with the large particles (i.e., 10 J.l.m). This is perhaps 

due to the fact that more hot spots per unit volume exist when the size of the particles 

is small and the aluminum concentration is large. Therefore, hot spots indeed have the 

effect of accelerating the detonation process. This conclusion could also be 

demonstrated if we compare the results for the hot-spot law with that using the 

Arrhenius rate law. For example, for a 70% NMl30% Al explosive with 10 J.l.m 

particles, the detonation zone time with hot-spot chemical kinetics is only 5 ns, which 

is much shorter than the 320 ns with Arrhenius law. 

So far, there is still no experimental data of detonation zone timescale to 

quantitatively verify the proposed hot-spot reaction rate law, However, experimental 

data on detonation failure diameter may provide useful information since the failure 

diameter for a given explosive is proportional to its detonation zone time as in 

equation (2.67) (Chariton, 1947, Dremin, 1999). The change of detonation zone time 

should have the same trend as the failure diameter when the heterogeneity is added to 

an explosive. 

It is worth recalling the experiments of Engelke (1983). He examined the 

dependence of the failure diameter of NMlglass bead explosives on the number 

density ofheterogeneities. The results showed that the addition of 35-45 /-lm and 105-
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125 J..lm diameter glass beads in amounts up to 9.0 wt. % produces no evident critical­

diameter reduction. In contrast, the addition of 1-4 J..lm diameter beads, in amounts as 

small as 0.5 wt. %, produced a failure diameter reduction. The effect was enhanced as 

the number density of 1-4 J..lm diameter heterogeneities was increased up to, at least, 

9.0wt. %. 

Although the failure diameter, df, for a given explosive cannot be directly 

obtained by this two-phase flow model, the detonation zone timescale of the 

explosives with various sizes of partic1e additives can be calculated as long as the 

initial density Po and the specific heat capacity Cv of the heterogeneities are known. 

For glass beads, the values Po ~ 2450 kg/m3 and Cv=835 J/(kg.k) are applied. Fig. 

4.28 shows the calculated detonation zone time with the two-phase flow model and 

the measured failure diameter 4t by Engelke (1983) with various mass fractions of 

heterogeneities. The trend of the calculated detonation zone time with the mass 

fraction of heterogeneities agrees with the measured detonation failure diameter vs. 

mass fraction of heterogeneity. On the other hand, the sizes of the partic1e additives 

play an important role in accelerating the detonation process. As shown in Fig. 4.29, 

glass beads from 120 to 30 J..lm result in no evident reduction of the detonation zone 

time. The detonation zone time with 3 J..lm glass beads is much shorter than that with 

30-120 J..lm silica beads. The change of the calculated detonation zone time with glass 

beads almost reproduces the trend of the measured failure diameter with these sizes of 

heterogeneity. The same results are obtained with Al particles as shown in Fig. 4.30. 

These comparisons with the experimental data provide additional support that the hot­

spot reaction rate law is qualitatively reproducing the correct dependence on partic1e 

size and number density. 

As prediction using the Arrhenius rate law, the calculation on the behavior of 

aluminum partic1es in detonation zone with the hot-spot rate law also shows that 10 

J..lID aluminum particles are effectively inert and cannot be heated to the assumed 

threshold ignition temperature of 1300 K as shown in Fig. 4.3l. In contrast, 100 nm 
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partic1es are quickly heated to the assumed 825 K ignition temperature within the frrst 

2 nanosecond due to the heat exchange which is proportional to the inverse of particle 

diameter as shown in Fig. 4.32. 

The rapid reaction of nano-sized aluminum in NM has been experimentally 

demonstrated by Haskins (2002). Figure 4.33 contains single frames from the high­

speed record showing the detonation of cylindrical charges of NM and NM/ Alex in 

25 and 15 mm diameter glass tubes, respectively. From the photographs, we can see 

that the brightness of the detonation zone for NM/ Alex is much stronger than that of 

pure NM. Although we cannot determine if there is any significant reaction of Alex 

within the detonation zone from this figure, the afterbuming of the aluminum is 

c1early visible and appears to he present just downstream of the detonation front. The 

effect of aluminum partic1e size on the detonation process in Tritonal 

(80%TNTI20%Al) explosives is shown dramatically in the photographs of aquarium 

tests presented by Dorsett et al. (2001). As shown in figure 4.34, at times Ilt =18 and 

37 J..ls, both the detonation zone and the expansion zone for Alex-Tritonal explosive 

show considerably more luminosity (presumably due to the burning of the nanoscale 

Al) that those of regular Tritonal with 17 J..lm aluminum particles. The reaction of 

Alex in the detonation zone immediately after the detonation front as weIl as in the 

expansion zone is clearly visible. In contrast, no apparent "specks" of light due to the 

buming of micron-sized aluminum particles can be seen in the expansion zone at both 

Ilt = 18 and 37 J..ls. The "specks" oflight due to the buming ofregular aluminum are 

evident only at a time of Ilt = 82 J..lS, as shown in figure 4.35. Therefore, these 

experiments (as weIl as our theoretical model) demonstrate that nano-sized aluminum 

partic1es react significantly more quickly than micron-sized partic1es within the 

detonation products. 

If particles are reactive within the detonation zone, the heat release from the 

particle reaction generally increases the detonation temperature (at the sonic point), 

depending on the reaction rates, as shown in Fig. 4.36 for the cases k2 = lx108 and k2 

= 5x107
• From this figure, it is evident that there exists a particular nanoscale 
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aluminum mass fraction, i.e., about 10%, that leads to a maximum in the detonation 

temperature. For nanoscale particle mass fractions greater than this value, energy 

losses to the particles dominate over the energy release from the particle reaction. If 

nanoscale particles do not react within the detonation zone (i.e., k2 = 0), then the 

detonation temperature decreases monotonically with increasing Al mass fraction. 

Figs. 4.37 and 4.38 show the partic1e velocity profiles within the detonation zone 

for the solid and tluid phases, for 10 J-lm and 100 nm partic1es, respectively. For 10 

J.lm sized aluminum (Fig. 4.37), no equilibrium between the partic1e velocities is 

attained within the detonation zone. The momentum transfer to the 10 J.lffi particles is 

not sufficient for the particle velocity to equilibrate with the tlow before the end of 

the detonation zone. In contrast to the case of micron-sized partic1es, the rapid 

momentum transfer for the case of nano-sized partic1es results in partic1e velocity 

equilibrium within the detonation zone (Fig. 4.38). 

With this two-phase model, the detonation pressure profiles for aluminized 

nitromethane are quite different from the c1assical ZND theory as shown in Fig. 4.39. 

In the c1assical ZND structure, the detonation pressure continuously decreases from 

the Von Neumann spike to the C-J pressure as for the case of pure NM (i.e., 0% Al 

concentration). The calculated results with the two-phase tlow model shows that a 

corresponding Von Neumann spike does not exist for detonation in aluminized 

nitromethane. Instead, the pressure behind the shock front remains relatively constant 

for sorne time, then abruptly drops near the end of the detonation zone for Al partic1e 

concentrations from 5-35%. 

In general, with the proposed hot-spot reaction rate law, the qualitative 

predictions of the two-phase tlow model agree weIl with experimental results for 

detonation velocity, Al behavior and failure diameter in aluminized NM. However, 

to determine if the predicted structure within the detonation zone (i.e., variation in 

temperature, pressure, and particle velocity) is realistic, more detailed experimental 

results are required. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

In thls thesis, a detailed investigation of detonation propagation in liquid and 

aluminized liquid explosives has been carried out by solving the I-D conservation 

equations with source terms for mass, momentum and energy exchange. The 

detonation of these explosives may be an ideal detonation (governed by the classical 

C-J criterion) or non-ideal. In the latter case, to choose among the spectrum of 

possible solutions to the differential equations for the detonation structure, the so­

called "generalized C-J condition" is applied, i.e., when source term are present in the 

conservation equations, a regular solution can be found for whlch the numerator and 

denominator of the particle velocity equation vanish simultaneously, which 

corresponds to the detonation products flowing at a sonic velocity relative to the 

shock front. 

For liquid explosives (e.g., NM) with an infinite diameter, the ideal C-J 

detonation solution can be found from the global conservation laws and equilibrium 

thermodynamics. In this thesis, for liquid NM, the detonation parameters and detailed 

ZND structure were determined using an appropriate JWL equation of state and 

reaction rate law. The calculated detonation velocity and C-J pressure are in good 

agreement with the experimental data. With different chemical kinetic rate laws, the 

same Von Neumann peak and C-J state are obtained, but the variation of the fluid 

properties within the detonation zone are different. A realistic reaction rate law for 

the explosive cannot be determined without measuring detonation profiles or having 

data for the failure diameter of the explosive. 

For finite diameter liquid explosive charges, small detonation velocity deficits and 

failure diameters have been observed experimentally. The eigenvalue behaviour is 

accounted for by including source terms in the I-D conservation equations in 

differential form. These source terms of mass, momentum and energy represent the 

detonation front curvature, wall friction and heat loss to the wall. Regular solutions 

are found when the numerator of the duldx equation vanishes as the rates of the 
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chemical heat release and heat losses from the shock front curvature, wall friction and 

heat transfer to the wall balance each other at the sonic point. A detonation velocity 

deficit near failure of less than 2.1 % is predicted, which agrees weIl with the 

experimental results. The most important result obtained from solving the differential 

conservation equations with source terms is the prediction of the critical curvature 

and failure diameter of the explosive. For a finite diameter explosive, the detonation 

front is no longer plane but curved due to the laterai rarefaction wave. The flow 

downstream the shock front is radial. Although it is impossible to discern the exact 

nature of the radial flow without solving the fully coupled 2-D hydrodynamic 

problem, it is possible to roughly estimate its magnitude with source terms in the I-D 

hydrodynamic equations. The radial flow model of Wood and Kirkwood is applied in 

this thesis to predict the existence of a critical curvature for the liquid explosive. The 

empirical relationship between detonation front curvature and charge diameter is used 

to convert the critical curvature value to a failure diameter. Although the calculated 

results shows that the detonation front curvature provides the primary contribution to 

the detonation failure, the effects of wall friction and heat loss play a lesser role and 

may modify the calculated failure diameter for NM. If the so-called simple reaction 

law is used, the existence of a failure diameter is not predicted, and hence this 

reaction law does not reproduce the detonation failure behavior of NM. With the 

Arrhenius reaction law, failure diameters of 15 - 22 mm are predicted for activation 

energies in the range of 30-53 kcallmol. If we take the experimental value of failure 

diameter (about 18 mm), this corresponds to an activation energy for nitromethane of 

about 40 kcallmol. 

Detonation propagation in liquid explosives containing dispersed aluminum 

partic1es is much more complicated than in pure liquid explosives. Some 

experimental results for the detonation velocity in aluminized nitromethane are 

available, e.g., the velocity decreases from 6300 to 5760 mis for a variation from 0 to 

40% concentration of nanoscale Alex powder. The velocity deficit also depends on 

the size of the aluminum particles. The dependence of velocity on partie le size cannot 
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be predicted by standard equilibrium codes such as Cheetah. Many researchers have 

indicated that endothermic effects that are present in these complicated flows are 

responsible for the velocity deficits observed. 

A consideration of the characteristic times for momentum and heat transfer in the 

detonation zone shows that relaxation times will typically be longer than the 

characteristic reaction zone times. Rence non-equilibrium effects are important 

within the detonation zone. The combination of endothermic processes due to 

momentum and heat transfer between the liquid explosive and aluminum particles, 

and exothermic processes due to heat release from the aluminum reaction accounts 

for the variation of the detonation properties in the aluminized liquid explosives, in 

comparison with a homogeneous liquid explosive. 

A two-phase flow model was proposed to predict the non-ideal detonation 

properties of aluminized liquid explosives. The principle of phase separation is 

invoked and each phase is separately assumed to be in local thermodynamic 

equilibrium, described by a density, specific internaI energy and partic1e velocity and 

characterized by a separate equation of state. The phases are not, however, in 

equilibrium with each other. The dynamics are determined by a system of differential 

equations. Bach phase separately satisfies conservation of mass, momentum and 

energy. The non-equilibrium interactions between the phases are described by source 

terms for the exchange of mass, momentum, and energy between the phases. A 

regular solution of these differential equations is determined by the generalized C-J 

criterion in the fluid phase. Regard1ess of the computing approach, the specification 

of the interphase interactions remains the essence and challenge of multiphase 

continuum modeling. To simplify the problem, pressure equilibrium and insignificant 

mass exchange between the two phases are assumed. The energy source term 

consists of an endothermic effect due to heating of the aluminum partic1es and an 

exothermic effect from heat release of aluminum reaction, if any. Regardless of the 

detailed mechanism of the aluminum reaction, TGA tests were carried out to 

determine the dependence of partic1e size on the temperature at which a significant 
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degree of oxidation occurs in a quiescent atmosphere. The thermal analysis 

experiments with 100 nm and 50 J..lm aluminum partic1es in air exhibited reaction 

onset temperatures for the partic1es of about 825 and 1350 K, respectively. With the 

specification of these reaction onset temperatures in the two-phase flow model, the 

dependence of the detonation profiles on partic1e size was then determined. The 

calculated results in aluminized nitromethane show that typical micron-sized 

aluminum partic1es (10 J..lm or larger) are effectively inert within detonation zone 

while 100 nm Alex particles start to react within 2 nanosecond of the passage of the 

detonation wave front. For inert particles of micron size, it is the dissipative effects 

occurring during the partic1e acceleration and heating that contribute to the decrease 

in the detonation velocity, pressure and temperature. Smaller partic1es and larger 

partic1e mass concentration lead to a larger decrease in the detonation properties 

noted above. The qualitative theoretical predictions regarding the effects of partic1e 

size and mass on the detonation properties are in agreement with the experimental 

data. For nano-sized partic1es, reaction within the detonation zone counteracts to 

sorne extent the endothermic processes. As a result, an increase of the detonation 

temperature is predicted although detonation velocity and pressure are stilliower than 

that for pure liquid. 

To determine the relative contribution of momentum and heat exchange to the 

detonation properties, detonation of aluminized nitromethane was simulated with the 

two-phase flow model inc1uding only the energy source term. The results show that 

the heat 10ss to the solid phase plays a relatively minor role and hence the momentum 

transfer is the primary factor in determining the deficit in the detonation properties. 

Besides introducing non-equilibrium effects, addition of aluminum particles to a 

liquid explosive also may influence the chemical kinetics of the liquid explosive. 

Due to shock interact(ons with the particles, so-called "hot-spot" mechanisms are 

important and a strictly Arrhenius form for the reaction rate law for the fluid phase is 

no longer appropriate. A new hot-spot reaction rate law for the fluid phase which 

depends on the number density of the partic1es, and contains a single adjustable 
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constant is proposed. Calculations of the two-phase flow model with this hot-spot 

reaction rate law show that the predicted trends for the variation of detonation 

velocity of aluminized nitromethane with Al mass fraction are in agreement with 

experimental results. One parameter that is particularly sensitive to the choice of the 

reaction rate law is the predicted detonation zone timescale which is a function of 

particle concentration and size. The hot-spot reaction law predicts a decrease of 

detonation zone timescale with an increase in partic1e concentration, while the 

Arrhenius rate law predicts the inverse. Similar contradictory results are obtained for 

the dependence of reaction zone timescale on particle size. From past experiments on 

failure diameter, the addition of small solid particles sensitizes the explosive and 

reduces the failure diameter which implies a reduction in the detonation zone time 

according to Chariton's failure diameter theory. As a result, the proposed hot-spot 

reaction law, rather than the Arrhenius law, captures the failure diameter behavior for 

the NMI Al system. 

Although the two-phase flow model predicts weIl the non-ideal detonation of 

aluminized liquid explosives and demonstrates the detailed detonation structure, there 

are several modifications to the model that could be made. Compressibility of the 

solid phase could be incorporated into the existing model to predict the detonation 

properties of heterogeneous explosives with concentrations of the additives that 

approach the maximum (i.e., packed-bed) case. The criterion for onset of the metal 

reaction mechanism and the subsequent reaction rate for the solid partic1es are treated 

in a simplistic manner in the present mode!. Additional, well-characterized 

experimental results for partic1e reaction rates are needed to refine these particle heat 

release terms. However, obtaining appropriate measurements of the particle reaction 

rates within the hostile, high pressure and temperature environment in the detonation 

reaction zone remains a formidable experimental challenge. 
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CONTRIBUTIONS TO KNOWLEDGE 

The non-ideal behavior of the detonation of liquid explosives containing Metal 

partic1e additives has been observed experimentally but is poorly understood from a 

theoretical standpoint. The contribution of this study is a thorough analysis of the 

dependence of detonation parameters and structure predicted by the proposed two­

phase flow model on Al partic1e properties (e.g., particle size and concentration), and 

a theoretical detennination of aluminum behavior in detonation zone. The results of 

the model indicate that the velocity deficit observed experimentally with metal 

additives is primarily due to momentum losses to the particles, with heat losses 

playing a relatively minor roie. For a homogenous charge ofliquid nitromethane, it is 

shown that with an appropriate choice for the reaction rate law of an Arrhenius form 

and accounting for detonation front curvature from the lateral expansion of the 

products, predicted values for the detonation failure diameter agree weIl with 

experimental results. In contrast, for an aluminized liquid explosive, an Arrhenius 

reaction rate fails to reproduce the dependence offailure diameter on particle size and 

concentration. In this case, a simple hot-spot reaction rate law is proposed which is in 

qualitative agreement with the observed behaviour of the failure diameter. 
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APPENDIX 1 I-D STEADY STATE ZND EQUATIONS OF 
EIGENV ALDE DETONATION MODEL 

I-D conservation equations of mass, momentum and energy with source terms 

can be written as the following form in laboratory coordinate (x', t') 

~ + B<;l!) = m (1) 

B(pU) + B(pU
2 

+ P) = mU _ f (2) 
Bt' Bx' 

U2 U2 P 
B[p(e + T)] o[pU(e+T+ p)] U2 P 

ot' + ox' = m(e+T+ p)-Uf -q (3) 

Where e is the specific internaI energy; P and p are the pressure and density. The 

primes indicate values relative to the Iaboratory frame; m, f and q are the mass, 

momentum and energy source terms. 

In reference frame (x, t) attached to the shock, the following transformations are 

made. 

x = Dt'-x' , t = t', u = D - U (4) 

Therefore 

o 0 0 0 0 
-=-+D- --=--
ot' ot Bx' ox' Bx 

(5) 

Substituting the transformation equations (4) and (5) into conservation equations (1)­

(3), we get 

op o(pu) 
-+--=m 
ot OX 

(6) 

Bpu + O(pu2 +P) = mu+ f + P BD 
ot OX ot 

(7) 
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2 U 2 P 
ô[p(e+~)] ô[pu(e+ 2 +-)] U 2 P ôD 
___ 2=--+ p =m(e+-+-)+uf-q+pD- (8) 

ôl ôx 2 P ôl 

To obtain a steady state solution, aIl the time derivative are set equal to zero, i.e., 

~ = 0, the goveming equations are reduced to a much simpler system 
ôl 

d(pu) = m 
dx 

d(pu2 +P) = mu+ f 
dx 

u2 P 
d[pu(e+-+-)] 2 

2 P u P 
----~-=m(e+-+-)+uf-q 

dx 2 p 

(9) 

(10) 

(11) 

To further simplif)r equations (9)-(11) and derive the explicit expression of 

derivatives of u, p, P and e, we do the following manipulation. Rearranging equation 

(11), we have 

d u2 1 
-(e+Pv+-)=-(uf -q) 
dx 2 pu 

where v = ~, is the specifie volume. 
p 

We may write equation (12) as 

de du dv dP 1 
-+u-+P-+v-=-(uf-q) 
dx dx dx dx pu 

From equation (10), we have 

d(pu) du dP 
u +pu-+-=um+f 

dx dx dx 

or 

du dP f 
u-+v-=-

dx dx P 

Substituting equation (15) into (13) yields 
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(14) 
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Reeall that 

de dv q 
-=-P--­
dx dx pu 

c2 = -V
2(:)s 

if we eonsider specifie energy e to be a funetion of P and v, we have 

de = Eydv + E pdP 

where 

At constant isentropie s, de = -Pdv. This means that 

- Pdv = Eydv + E pdP 

Whieh ean be rearranged to yield the result 

2 2 P+Ey c =v ---'-
Ep 

For e=constant, from equation (18) we have 

Sinee 

( dP) =_ Ey 

dv e E 
p 

dP ôp dv ÔP de ÔP dÂ 
dx = (av )e,..t dx + (ôe )y,,t dx + (ôÂ)e,v dx 

Substituting equations (16), (21) into equation (22) yields 

dP c2 dv q ôp ôp dÂ 
dx = -7 dx - pu (ôe )v,,t + (ôÂ)e,y dx 

Substituting equation (23) into equation (14) yields 

du c 2 dv q ôp ÔP dÂ 
pu dx -7 dx - pu (ôe)v,,t+(ôÂ)e,v dx =/ 

From equation (9), we have 
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(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 



dp du 
u-+p-=m 

dx dx 
(25) 

l.e., 

(26) 

Substituting equation (26) into equation (24) and then rearranging give the final form 

of differential equation of particle velocity 

du lf/ 
-=-
dx 11 

(27) 

Where 

ÔP ôÂ 2 q ÔP 
'''=u(-) --[ut/-me +-(-) ] 
'f' ÔÂ v,e ôx p ôe V,À. 

(28) 

(29) 

Rearranging equations (15), (16) and (26), we have the final differential forms of the 

density, pressure and specifie internaI energy 

dp m pdu 
-=----
dx u udx 

dP =/_pudu 
dx dx 

de P dp q 
dx = p2 dx - pu 

(30) 

(31) 

(32) 

Equations (27), (30), (31) and (32) are the differential forms to solve the eigenvalue 

detonation of liquid explosives 
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APPENDIX 2 STEADY STATE ZND EQUATIONS OF TWO-PHASE 
DETONATION MODEL 

The model under consideration treats the aluminized liquid explosive as a 

chemically reacting mixture with a fluid phase and a solid phase. Umeacted liquid 

explosive and detonation products are the fluid phase, and the aluminum partic1es are 

the solid phase. Since the full derivation of the governing equations is detailed 

elsewhere (Baer and Nunziato, 1986), we shall be content here with a very brief 

outline and focus on the case of steady state. In the sense of the continuum theory of 

mixtures, the two phases are assumed to coexist at each spatial location, and are 

assigned individual state variables such as density, velocity, specific internaI energy, 

and so on. Intra-phase diffus ive thermal and momentum transport are ignored. Since 

it is assumed that each phase is a continuum, consequently the partial differential 

equations resembling single-phase equations are written to describe the evolution of 

mass, momentum and energy in each constituent. An exchange of these phase 

variables across the phase boundaries appears as interaction terms in the balance 

equations. The heat release of the two-phase reaction will be considered as a source 

term in energy balance equations. Pressure disequilibrium between the phases is 

accommodated by introducing a compaction law. The model is described by the 

following set of equations in laboratory coordinate (x', t'). Conservation of mass, 

momentum and energy for the fluid phase are 

ÔPI ÔCP1U1) -+ =m 
ôt' ôx' 

(1) 

(2) 

ô(PIE1') Ô[U1(PIE1' +~)] _(D -{3) -RU ô<l>2 E '-U f- /' (3) 
--"-...!....:-!, -'-+ , - r 2 i 1 2 +m 2 2 q+~lqch 

ôt ôx ôx' 

Conservation of mass, momentum and energy for the solid phase are 

ÔP2 Ô(P2U2) -+ =-m 
ôt' ôx' 

(4) 
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(5) 

(6) 

The compaction equation for the solid phase is 

ô<l> 2 ô<l> 2 m 
--+U --=1'+-
ôt' 2 ôx' P2 

(7) 

The equation for the conservation of particle number is 

(8) 

u 2 

where E' = e + - is the total energy of each phase, e is the specifie internaI 
2 

energy~ P,p, are pseudo-pressure and bulk density, Pl = <PIPI' P2 = <P 2P2' 

~ = <P/~., P2 = <P 2P2 ~ P, P, and U are the pressure, true density and velocity 

respectively; <P is the volume concentration, for continuity, <Pl + <P2 = 1; n is the 

number of particles in unit volume, n = 4<P 2 ~ Subscripts "]" and "2" denote the 
_;rr3 

3 

fluid phase and the solid phase, respectively; The primes indicate values relative to 

the laboratory frame; m, f, and q are the mass, momentum and energy source terms, 

respective1y. The subscript "ch" represents the chemical reaction term for aluminum; 

r is the radius of the metal particles; ç is the effective coefficient of aluminum 

reaction heat release to each phase. l' is the rate of compaction with the following 

empirical form (Bdzil, 1999): 

<P I <P2 (P2 - ~ - fJ) 
~>fJ 

1'= (9) 
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where J.1c is compaction viscosity; f3 is the intragranular stress or configuration 

pressure. 

By combining the solid mass evolution equation (4) with the partic1e number 

conservation equation (8), an explicit equation is obtained for partic1e radius 

evolution: 

ar +u ar = rm _r_(ap 2 +U ap 2 ) 

at' 2 ax' 3<1> 2P2 3 P2 at' 2 ax' 
(10) 

In the reference fmme (x, t) attached to the shock, the following transformations 

are made: 

x=Dt'-x', t=t' 

U1 =D-U1 , u2 =D-U2 

Therefore the following transformations exist 

~=~+D~ 
at' at ax 

a a 
-=--
ax' ax 

(11) 

(12) 

Substituting the transformation equations (11) and (12) into the conservation 

equations (1)-(10), we get conservation equations ofmass, momentum and energy in 

the shock frame. 

For the fluid phase, the conservation equations of mass, momentum and energy 

are 

(13) 

(14) 

(15) 
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are 

For the solid phase, the conservation equations of mass, momentum and energy 

ôr ôr 
-+u -= 
ôt 2 ôx 

(19) 

(20) 

U
2 

where E = e + - is the total energy of each phase in the shock frame. 
2 

To obtain a steady-state solution, aIl the time derivatives are set equal to zero, i.e., 

~ = 0, and the goveming equations (13)-(20) are reduced to a much simpler system: 
ôt 

d(P1fP1UI ) = m (21) 
dx 

d(P1fP1U1
2 

+fP/D = mU
2 

+ f _~ dfP 2 (22) 
dx dx 

d[UIP1fPI (el + U~ + ~ )] 2 

2 Pl U2 ( 
dx =m(e2 +2)+u2f - q-r;lqch) (23) 

dfP 2 ) 
-U2~--+(~ -/3 T 

dx 

(24) 

99 



(27) 

déP 2 T m 
--=-+--

dx U2 P2U2 
(28) 

To further simplify equations (21)-(23) and derive the explieit expression of 

derivatives of u, p, P and e, we do the following manipulation. To make the 

expression simpler, we omit the subseript "1". 

Rearranging equation (23), we have 

u2 

d[up:t>(e+-+Pv)] 
2 -H 

- l 
dx 

(29) 

or 

(30) 

where 

1 u2 

H 2 =-[H1 -m(e+-+Pv)] (32) 
éPpu 2 

and v = J..., is the specifie volume. 
P 

We may write equation (30) as 
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de du dv dP 
-+u-+P-+v-=H (33) 
dx dx dx dx 2 

or 

du dP m(u2 -u)+ f 
u-+v-=~~~~ 

dx dx <Pp 

Substituting equation (35) into (33) yields 

where 

Recall that 

de =H _p dv 

dx dx 

if we consider specifie energy e to be a function of P and v, we have 

de = Evdv+ EpdP 

where 

E = (de) E _ (de) 
v dv P ' P-dpv 

At constant entropy (s=constant), de = -Pdv. This means that 

- Pdv = Evdv + E pdP 

which can be rearranged to yield the result 

2 2 P+Ev c =v ---"-
Ep 

For e=constant, we have 
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(37) 

(38) 

(39) 

(40) 

(41) 



Since 

dP ÔP dv ÔP de ÔP dl 
dx =(av)e,A.dx +(ôe)v,A.dx + (ôl)e,v dx 

Substituting equations (41), (42) into equation (43) yields 

dP __ ~ dv + ÔP H + ÔP dl 
dx- v2 dx (ôe)v,A. (ôl)e,vdx 

Substituting equation (44) into equation (35) yields 

du c
2 

dv ÔP H ÔP dl 1 f 
pu dx - v2 dx +( ôe)v,A. +(ôl)e,v dx = <I>[m(u2 -u)+ ] 

From equation (21), we have 

u dp +pdu =~(m_pud<I» 
dx dx <I> dx 

I.e., 

1 dv dp 1 d<I> p du 
---=-=-(m-pu-)---

v2 dx dx <I>u dx u dx 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

Substituting equation (47) into equation (45) and then rearranging them give the final 

form of differential ofparticle velocity with subscript "1" 

(48) 

Where 

(49) 

(50) 
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(51) 

differential fonns of the density, pressure and specifie internaI energy in the fluid 

phase: 

del =H+ ~ dPl 
dx Pl2 dx 

(52) 

(53) 

(54) 

To solve ordinary differential equations (48), (52), (53) and (54), U2. e2. P2 andP2 are 

needed to be detennined a priori. 

From equation (25) by means of equation (24), the rate of particle velocity in the 

solid phase can be expressed as 

(55) 

From equation (24), the derivative of particle velocity in sol id phase may also be 

expressed as 

dU2 1 dP2 d<p 2 
-=---(m+<P u -+pu --) dx m 22dx 22dx P2''V2 

(56) 

Comparing equation (55) with equation (56), we obtain 

dp2 1 f 2 d<P 2 dP2 -dx-= 2 [ +(P2 -~ -P2U2)--+<P2--u2m] 
<P2U2 dx dx 

(57) 

Through sorne manipulations, we can also reduce equation (26) to a simple ordinary 

differential equation: 
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de2 1 [P2 D d4>2 /" (D /3) 4>2u2P2 dp2] 
dx 

- m-+u2I 2--+Q+':>2Qch - I2 - 'l'+ 
4> 2P2U2 P2 dx P2 dx 

(58) 

To close the system requires equations ofstate of the constituents. 
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TABLES . 

Table 2.1 Coefficients of heat capacity as a function of temperature 

Name of Products a b c 

CO2 37.792 0.0047012 -4.1865xlO-7 

HzO 23.242 0.0067768 -5.6263xl0-7 

Hz 18.543 0.0024436 -1.5978xlO-7 

Nz 21.543 0.0022379 -1.9585xlO-7 

CO 21.572 0.0021387 -1.8778xlO-7 

Table 2.2 Detonation parameters of NM 

Detonation This model Cheetah Sheffield Blais 

Parameters Simple Arrhenius law E (kcal/mol) BKWC (1999) (1997) 

law 30 40 53.6 

D mis 6316.5 6316.6 6316.5 6316.8 6064 6335 6300 

Pcj GPa 12.84 12.85 12.84 12.84 11.37 13 

Tcj K 3718.7 3676 3674.7 3676.5 3664 

Pcj glm
3 1580 1580.5 1580 1579.8 1556 

Ucj mis 1799.2 1800.7 1798.9 1800.2 1666 
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Table 2.3 Failure diameters (mm) ofNM 

E* Considering Considering Data in 
kcal/mol Curvature only m, Fandq Engelke (1979) & 

Dremin(1999) 
30 13.31 15 16.2 
40 14.54 18 -

53.6 15.91 22 18 

Table 4.1 Constants and initial conditions of NM, Al and detonation 

Names ofParameters Numbers Units 
Reat capacity of fluid phase at constant volume: C vl 1800 J/(kg·k) 
Reat capacity of Al partic1es at constant volume: C v2 1000 J/(kg·k) 
Reat capacity of fluid phase at constant pressure: Cpl 2400 J/(kg·k) 
Reat capacity of solid phase at constant pressure: Cp2 1200 J/(kg·k) 
Chemical energy ofNM: QNM 5x106 

J/kg 
Chemical energy of Al: Qat 3.1x107 

J/kg 
Initial density of Al: P20 2700 Kg/m3 

Initial density ofNM: PlO 1130 Kg/m3 

Gruneisen gamma ofNM: r 2.1 
Initial temperature ofboth phases: To 300 
Coefficients of JWL EOS: A 2.092xlO11 K 

B 5.689x109 Pa 
Rl 4.4 Pa 
R2 1.2 
il 0.3 

Coefficient ofNM shock Rugoniot: Co 1760 
So 1.56 mis 

Coefficient of Al shock Rugoniot: Co 5325 
So 1.338 mis 

Efficiency of Al heat release: (J 1 
CJ 0 
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Figure 4.1 SEM (Scanning electron Microscopy image) of Alex and 
conventional aluminum particles 
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Figure 4.3 Mass gain and heat flow rate of Amp611 in air «(3=7 0 C/min.) 
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Figure 4.24 Detonation temperature at sonie point ofaluminized nitromethane 
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Figure 4.26 Detonation velocity of aluminized nitromethane 
with hot-spot reaction rate law 
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Figure 4.34 Aquarium test in Tritonal explosive (Courtesy Dorsett, H., 2001) 
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Figure 4.35 Aquarium test in Tritonal explosive (Courtesy Dorsett, H., 2001) 
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Figure 4.36 Detonation temperature at sonie point for aluminized nitromethane 
with hot-spot reaction rate law 
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Figure 4.38 Particle velocity profile ofboth phases with hot spot reaction 
rate law (d= 100 nm) 
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